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Foreword 
 

The 20th euspen conference was planned to be held in Geneva and CERN, Switzerland, during 8-

12 June 2020. In light with the COVID’19 pandemic, changes were made to the format of the 

conference. It was decided to deliver euspen 2020 conference as a “virtual online web-

conference”, from 8-11 June 2020, to ensure the participants remain safely connected. This 

decision was not easy to take and more challenging to implement than postponing or even 

cancelling the conference, with significant impact on euspen accounts as well. However the 

willingness to provide continuity in supporting the precision engineering community and 

spreading the new ideas and finding prevailed. We sincerely hope that you can take advantage 

of this action is such a turbulent period of our lives.  

Two live interactive workshops will be proposed on Monday the 8th of June: “Uncertainty in 

dimensional X-ray computed tomography” and “Ultra-precision high performance cutting”, 

followed by plenaries during the next 3 days. The plenaries will offer the possibility to see latest 

advances in precision engineering and nanotechnologies, in non-mechanical and mechanical 

manufacturing processes, measuring instruments and machine tools, metrology, mechatronics, 

control and automation. Furthermore, one session will be dedicated to precision manufacturing 

at CERN. These streamed-live sessions will consist of pre-recorded keynotes and oral 

presentations, followed by live Question and Answer sessions.  

The participants will also have the possibility to learn about the new products and latest 

developments by exhibitors; as well as to access in advance to the 3’ poster presentations, in 

order to be able to exchange with the poster presenters during a dedicated session with the 

poster presenters. Virtual coffees and virtual meeting rooms for discussions between the 

participants will be put into place as well. 

The keynotes presenters will offer a broad perspective of high precision engineering and 

nanotechnology from robotics to a very comprehensive review of dimensional calibrated artefacts 

and very complete state on the art on uncertainty statements for topographic surface 

measurements: 

- Prof. Darwin Caldwell, Deputy Director of the Italian Institute of Technology and the 

Director of the Department of Advanced Robotics: “Advanced robotics and AI in 

“demanding” industrial, and manufacturing environments” 

- Prof. Simone Carmignato, Professor of Manufacturing Engineering at the University of 

Padova: “Traceability in manufacturing metrology: do we still need artefacts?” 

- Prof. Richard Leach, Professor of Metrology at the University of Nottingham: “Why do we 

rarely see uncertainty statements with surface form and texture measurements?” 

We cordially invite you to discover this new format of conference and exhibition, and are really 

looking forward to meeting you via the web interfaces. 

Enrico Savio        Hélène Mainaud Durand 

Euspen president       Euspen vice-president 





 

 

 Keynotes 
 

 

K1 Advanced robotics and AI in “demanding” industrial, and manufacturing 
environments 
Prof. Darwin Caldwell 
Italian Institute of Technology (IIT), Italy 
 

37 

K2 Traceability in manufacturing metrology: do we still need artefacts? 
Prof. Simone Carmignato 
University of Padova, Italy 
 

38 

K3 Why do we rarely see uncertainty statements with surface form and texture 
measurements? 
Prof. Richard Leach 
University of Nottingham, UK 
 

39 

 
 

 

Session 1: Advances in precision engineering and nanotechnologies 
 

 

O1.01 Atomically smooth Si surface planarized using a thin film catalyst in pure water 
Pho Van Bui1,2, Daisetsu Toh1, Shinsaku Shiroma2, Taku Hagiwara1, Ai Isohashi 
Osaka4, Satoshi Matsuyama1, Yasuhisa Sano1, and Kazuto Yamauchi13  
1Department of Precision Science and Technology, Graduate School of Engineering, 
Osaka University, Osaka, Japan 
2JTEC Corporation, Osaka, Japan 
3Research Center for Ultra-Precision Science and Technology, Graduate School of 
Engineering, Osaka University, Osaka, Japan 
4Institute of Scientific and Industrial Research, Osaka University, Osaka, Japan 
 

43 

O1.02 Statically and dynamically balanced oscillator based on Watt’s linkage 
H. Schneegans1, I. Vardi1 and S. Henein1 

1EPFL, IMT, Instant-Lab Neuchatel, Switzerland 
 

45 

O1.03 Assessment of performances of optimized piezoelectric energy harvesters for 
wearables 
Petar Gljušćić1,2, and Saša Zelenika1,2 
1University of Rijeka, Faculty of Engineering, Vukovarska 58, 51000 Rijeka, CROATIA 
2University of Rijeka, Centre for Micro- and Nanosciences and Technologies, Radmile 
Matejčić 2, 51000 Rijeka, CROATIA 
 

49 

O1.04 Three-dimensional tracking and height verification of polystyrene particles with 
piezo actuator positioning by means of multi-wavelength evanescent fields 
Aran Blattler1, Panart Khajornrungruang2, Keisuke Suzuki2 and Thitipat 
Permpatdechakul1 

1Graduate School of Computer Science and Systems Engineering, Kyushu Institute of 
Technology, Fukuoka, Japan 
2Department of Intelligent and Control Systems, Advanced Mechanical Division,  
Kyushu Institute of Technology, Fukuoka, Japan 
 

53 



 

 

O1.05 Optimized design of a novel xy parallel micro/nano positioning stage with a 
concave-shape bridge amplifier       
Xingjian Jiang 1,2, Xiaomei Chen1, Weihu Zhou1,2     
1Institute of Microelectronics of the Chinese Academy of Sciences   
2University of Chinese Academy of Sciences 
    

57 

   
P1.01 An antistatic device to decrease friction induced electrostatic charge in precision

machining processes 
Martin Bohley1, Lukas Heberger1, Sonja Kieren-Ehses1, Benjamin Kirsch1,  
Jan C. Aurich1 

1TU Kaiserslautern; Institute for 1TU Kaiserslautern; Institute for Manufacturing Te
chnology and Production Systems 
 

61 

P1.02 Effect of high spindle speeds on micro end milling of commercially pure titanium
Sonja Kieren-Ehses1, Martin Bohley1, Tobias Mayer1, Benjamin Kirsch1,  
Jan C. Aurich1  
1TU Kaiserslautern; Institute for Manufacturing Technology and Production  
Systems  
 

63 

P1.03 Experimental study about the influence of preparation process on graphene films 
over steel-bonded carbide samples 
Shusen Guo1, Lina Suo1, Tao Sun1, Yongzhi Cao1, Xuesen Zhao1, Zhenjiang Hu1, Qiang 
Zhang1 
1Center for Precision Engineering, Harbin Institute of Technology, Harbin, 150001, 
China 
 

67 

P1.04 A supervised machine learning approach to a predictive model of nanoscale 
friction 
Marko Perčić1, Saša Zelenika1 and Igor Mezić1,2 
1University of Rijeka, Faculty of Engineering & Centre for Micro- and Nanosciences 
and Technologies, Vukovarska 58, 51000 Rijeka, CROATIA 
2UC Santa Barbara, Department of Mechanical Engineering, Santa Barbara, CA 
93105, USA 
 

69 

P1.05 Critical validation of design strategies for a compact upper limb mechatronics 
rehabilitation device 
Tomislav Bazina1, Saša Zelenika1, Ervin Kamenar1 and Tea Schnurrer Luke Vrbanić2 
1University of Rijeka, Faculty of Engineering & Centre for Micro- and Nanosciences 
and Technologies, Vukovarska 58, 51000 Rijeka, CROATIA  
2University of Rijeka, School of Medicine & Clinical Hospital Centre, Braće 
Branchetta 20, 51000 Rijeka, CROATIA 
 

71 

P1.06 Wireless actuation within hermetically enclosed precision systems     
Mario André Torres Melgarejo1, René Theska1 

1Precision Engineering Group, Department of Mechanical Engineering, Technische 
Universität Ilmenau, Germany 
 

73 

P1.07 The study of void effect on the microstructure evolution process in 
nanoindentation   
Yongbo Guo, Pengyue Zhao, Yang He, Huan Liu, Yongda Yan 
School of Mechatronics Engineering, Harbin Institute of Technology, No.92, Xidazhi 
Street, Nangang District, Harbin 150001, China 
 

75 



 

 

P1.08 Submerged Power Generation using Mono-Crystalline Silicon Solar Panel-
Possibility of electric power generation under seawater  
A. Yui1, S. Narasimalu2, A. Fitrianingrum3 and S.Enomoto4 
1Kanagawa University 
2Nanyang Technological University 
3Universitas Internasional Batam 
4Fukannkougaku Institute 
 

77 

P1.09 Metal effect pigments for reducing flow line visibility   
N. M. Demski1, M. Jagodzinski1, M. Malcher1, D. A. Rolon1, P. H. Kamm2, 3, T. R. Neu2, 
F. Garcia-Moreno2, 3, D. Oberschmidt1  
1Technische Universität Berlin, Chair of Micro and Precision devices MFG, Germany 
2Technische Universität Berlin, Institute of Material Sciences and Technology, 
Germany 
3Helmholz-Zentrum für Materialien und Energie Berlin, Institute of Applied 
Materials, Germany 
 

79 

P1.10 Ontology and signal analysis based fault identification for ultra-precision 
flycutting machines 
Chenhui An1, Jinlei Ma1,2, Wei Yang2, Qiao Xu1, Jianfeng Zhang1, Xiangyang Lei1, Jian 
Wang1  
1Research Center of Laser Fusion, China Academy of Engineering Physics, Mianyang, 
China 
2Department of Mechanical and Electrical Engineering, Xiamen University, Xiamen, 
China 
 

83 

P1.11 DEM-simulation of particle behaviour during cutting edge preparation of  micro-
milling tools by immersed tumbling 
E. Uhlmann1,2, M. Polte1,2,  J. Polte1, Y. Kuche2 

1Fraunhofer Institute for Production Systems and Design Technology IPK, Germany 
2Institute for Machine Tools and Factory Management IWF, Technische Universität 
Berlin, Germany 
 

85 

P1.12 Development of thermal nanospectroscopic system for THz evanescent wave 
Ryoko Sakuma1, Kuan-Ting- Lin2, Sunmi Kim2,3, Fuminobu Kimura1,2, Yusuke 
Kajihara1,2  
1Department of Precision Engineering, The University of Tokyo, Hongo 7-3-1, 
Bunkyo-ku, Tokyo 113-8656, JAPAN 
2Institute of Industrial Science, The University of Tokyo, Komaba 4-6-1, Meguro-ku, 
153-8505, Japan 
3National Institute of Information and Communications Technology, Nukui-
Kitamachi 4-2-1, Koganei, Tokyo 184-8795, Japan 
 

87 

P1.13 Increased efficiency and accuracy in ultra-precision machining through adapted  
CAM software  
E. Uhlmann1,2, J. Polte1, C. Hein1, Y. Kuche2, M. Dörr1 

1Fraunhofer Institute for Production Systems and Design Technology IPK, Germany 
2Institute for Machine Tools and Factory Management IWF, Technische Universität 
Berlin, Germany 
 

91 



 

 

P1.14 A new manufacturing chain for ceramic shaping: sequential combination of 
milling and laser machining in green ceramic 
Anthonin Demarbaix1, François Ducobu1, Fabrice Petit2, Edouard Rivière-Lorphèvre1 

1Univesity of Mons- Faculty of Engineering-Machine Design and Production 
Engineering Lab, Place du Parc 20 7000 Mons (Belgium)    
2BCRC–INISMa (member of EMRA) Research and Technological Support 
Department, Av. Gouverneur Cornez 4 7000 Mons (Belgium) 
 

93 

P1.15 Corner loading and its influence on the tilt sensitivity of precision weighing cells 
Maximilian Darnieder1, Markus Pabst2, Thomas Fröhlich2, René Theska1  
Technische Universität Ilmenau, Department of Mechanical Engineering 
1Institute for Design and Precision Engineering, Precision Engineering Group 
2Institute for Process Measurement and Sensor Technology, Process Measurement 
Technology Group 
 

95 

P1.16 An investigation on laser-induced damage resistance of KDP optics repaired by 
different micro-milling strategies 
Qi Liu1,2, Jian Cheng1, Hao Yang1, Linjie Zhao1, Chao Tan1, Mingjun Chen1  
1State Key Laboratory of Robotics and System, Harbin Institute of Technology, 
Harbin 150001, China   
2 Machining and Condition Monitoring Group, Faculty of Engineering, University of 
Nottingham, NG7 2RD, UK 
 

99 

P1.17 A new method for edge collapse prevention in bound-abrasive lapping 
Jiang Guo1, Bo Pan1, Bin Wang1, Nan Yu2, Xiaoguang Guo1, Renke Kang1  

1Key Laboratory for Precision and Non-traditional Machining of Ministry of 
Education, Dalian University of Technology, Dalian 116024, China 
2Centre of Micro / Nano Manufacturing Technology (MNMT-Dublin), University 
College Dublin, Dublin 4, Ireland 
 

101 

P1.18 Non-destructive roughness analysis of high aspect ratio rectangular grating 
sidewalls for nanostructured silicon wafer 
Dario Loaldi1, Danilo Quagliotti1, Matteo Calaon1, Ilja Czolkos2, Alicia Johansson2, 
Theodor Nielsen2, Jørgen Garnæs3 and Guido Tosello1  

1Department of Mechanical Engineering, Technical University of Denmark, Kgs. 
Lyngby, Denmark 
2NIL TECHNOLOGY ApS, Kgs. Lyngby, Denmark 
3Danish Fundamental Metrology A/S, Hørsholm, Denmark 
 

103 

P1.19 Design of electro permanent magnetic chuck for the curved surface of large 
workpiece 
H.S. Kim, S.K. Ro 

Advanced Manufacturing Systems Research Division, Korea Institute of Machinery 
& Materials, Korea 
 

105 

P1.20 Data-driven fault diagnosis of industrial robots with a cloud computing 
framework 
Soonyoung Han, Van Huan Pham, KiHoon Lee, SeungYon Cho and Hae-Jin Choi 
School of Mechanical Engineering, Chung-Ang University, Seoul, Korea 
 

107 



 

 

P1.21 Characterisation of a novel plasma system for application in ultra-precision 
processes 
Katherine Gobey1, Dr Adam Bennett2, Professor Chris Sansom3, Dr Peter King4 

1Doctoral Researcher, Cranfield University, Bedford, Bedfordshire, MK43 0AL, UK 
2Director, Cranfield Plasma Solutions, Brooks Close, Burton Latimer, NN15 5PX, UK 
3Professor, Renewable Energy Systems Centre, Cranfield University, Bedford, 
Bedfordshire, MK43 0AL, UK 
4Research Fellow, Renewable Energy Systems Centre, Cranfield University, Bedford, 
Bedfordshire, MK43 0AL, UK 
 

109 

P1.22 Manufacture of novel all‐ceramic micro end mills  
Tobias Mayer1, Sonja Kieren‐Ehses1, Marius Heintz1, Benjamin Kirsch1,  
Jan C. Aurich1  
1TU Kaiserslautern; Institute for Manufacturing Technology and Production  
Systems  
 

113 

P1.23 High-throughput nanoscale mechanical property mapping under high 
temperature and high vacuum environment 
Bartosz K. Nowakowski1, Eric Hintsala1, Douglas Stauffer1, Bernard R. Becker1  
1Bruker Nano Surfaces, Eden Prairie, MN, USA  
 

115 

P1.24 
 

Best method to achieve high total thickness variance and high flatness in double-
sided polishing 
K. Yoshitomi1, A. Une1  
1Dept. of Mechanical Engineering, National Defense Academy, Japan 
 

117 

 
 
 
 

Session 2: Non-mechanical manufacturing processes 
   

 

 

O2.01 
 

Additive manufacturing using renewable materials: concept of upcycling peach 
kernels for use in Binder Jetting and FFF 
Marko Jerman1*, Stefan Krinke2, Lisa Kühnel2, Magdalena Müller2, Joško 
Valentinčič1, Henning Zeidler2  
1Faculty of Mechanical Engineering, University of Ljubljana, Slovenia 
2IMKF, Chair for Additive Manufacturing, TU Bergakademie Freiberg, Germany  
 

123 

O2.02 Additive manufacturing of sensors - printing of conductor paths in loaded 
structures     
Kim Torben Werkle, Walther Maier; Stephen Mayer, Hans-Christian Möhring 

Institute for Machine Tools, University of Stuttgart, 70174 Stuttgart  
   

125 

O2.03 Simulation and experimental study on the effect of interelectrode gap on the 
cavities machined by hybrid laser-electrochemical micromachining process 
Krishna Kumar Saxena1,3, Xiaolei Chen1,2, Jun Qian1,3, Dominiek Reynaerts1,3 
1Manufacturing Processes and Systems (MaPS), Department of Mechanical 
Engineering, KU Leuven, Leuven, Belgium 
2School of Electromechanical Engineering, Guangdong University of Technology, 
Guangzhou, 510016, PR China 
3Member Flanders Make, Leuven, Belgium 
 

129 



 

 

O2.04 
 

Localized surface functionalization of steel by jet-plasma electrolytic polishing 
Susanne Quitzke1, André Martin1, Andreas Schubert1   
1Chemnitz University of Technology, Professorship Micromanufacturing Technology, 
09107 Chemnitz, Germany 
 

133 

O2.05 Additive manufacturing: innovative concept of compliant mechanisms 
Lionel Kiener1, Hervé Saudan1, Florent Cosandier1, Gérald Perruchoud1, Peter 
Spanoudakis1, Julien Rouvinet1 
1Centre Suisse d'Electronique et de Microtechnique (CSEM), Neuchâtel, Switzerland 
 

137 

   
P2.01 Characterization and usability of powders from renewable raw materials for 3D 

printing 
Lisa Kühnel1, Henning Zeidler1 
1TU Bergakademie Freiberg, IMKF, Chair for Additive Manufacturing, Agricolastasse 
1, 09599 Freiberg, Germany 
 

141 

P2.02 Efficiency improvement for injection molded direct joining by dynamic control of 
mold temperature 
Fuminobu Kimura1 and Yusuke Kajihara1 
1Institute of Industrial Science, the University of Tokyo 
 

143 

P2.03 Oxidized tool electrodes for optimized electro-discharge drilling  
E. Uhlmann1,2, M. Polte1,2, J. Streckenbach1, N.C. Dinh1, J. Börnstein2, C.-S. Wolf1,  
B. Camin3  
1Institute for Machine Tools and Factory Management IWF, Technische Universität 
Berlin, Germany   
2Fraunhofer Institute for Production Systems and Design Technology IPK, Germany 
3Institute for Materials Science and Technology, Chair of Metallic Materials, 
Technische Universität Berlin, Germany 
 

145 

P2.04 Additive manufactured injection moulds with optical quality surfaces 
Max Schneckenburger1,2, Markus Hofele1,3, Jonas Raab1, Simon Ruck1,3, David 
Harrison3, Harald Riegel1, Rainer Börret1 
1Hochschule Aalen, Centre for Optical Technologies, Aalen, BW 73430, Germany 
2Technische Universität Ilmenau, Ilmenau, TH 98693, Germany 
3Glasgow Caledonian University, Glasgow, Scotland 
 

147 

P2.05 Patterned hydrothermal synthesis of TiO2 to produce droplet repelling forces 
Nobuyuki Moronuki1, Kazuya Hirano2 
1Tokyo Metropolitan University 
2Graduate School of Systems Design, Tokyo Metropolitan University 
 

151 

P2.06 Influence of surface hydroxyl groups on the direct joining of metal and polymer 
via injection molding    
Shuaijie Zhao1, Fuminobu Kimura1, Eiji Yamaguchi2, Nayuta Horie2, and Yusuke 
Kajihara1  
1Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba, Meguro-ku, 
Tokyo 153-8505, Japan  
2SINTOKOGIO, LTD.  
 

153 



 

 

P2.07 Effect of process parameters on the surface topography formation in precision 
additive metal manufacturing  
Aditi Thanki1,2, Ann Witvrouw1,2, Han Haitjema1 

1KU Leuven, Department of Mechanical Engineering, Celestijnenlaan 300B, 3001 
Heverlee, Belgium, 
2Member Flanders Make, Leuven, Belgium 
 

157 

P2.08 Feasibility using ethanol-added argon instead of helium as the carrier gas used in 
atmospheric-pressure plasma chemical vaporization machining 
Rongyan Sun1, Keiichiro Watanabe2, Shiro Miyazaki3, Toru Fukano3, Masanobu 
Kitada4, Kentaro Kawai1, Kenta Arima1, and Kazuya Yamamura1 
1Department of Precision Science & Technology, Graduate School of Engineering, 
Osaka University,2-1 Yamadaoka, Suita, Osaka 565-0871, Japan 
2Keihanna Research Center, Corp, R & D Group, KYOCERA Corporation, 6 Takeda 
Tobadono, Fushimi, Kyoto, Kyoto 612-8501, Japan 
3Crystal Components Division, Corporate Electronic Components Group, KYOCERA 
Corporation, 6 Takeda Tobadono, Fushimi, Kyoto, Kyoto 612-8501, Japan 
4Solar Energy Development Division, Corporate Solar Energy Group, KYOCERA 
Corporation, 6 Takeda Tobadono, Fushimi, Kyoto, Kyoto 612-8501, Japan 
 

159 

P2.09 Prototype of a high dynamic precise axis system based on flexure hinges for the 
micro positioning of an electrode in the near dry EDM process 
Mathias Lorenz1, Tassilo-Maria Schimmelpfennig1,2, Daniela Schwerdt1   
1Hochschule Wismar, University of Applied Sciences Technology, Business and 
Design/ Faculty of Engineering, 23966 Wismar, Germany 
²IPT – Institut für Polymer- und Produktionstechnologien e. V., IPT – Institute for 
Polymer and Production Technologies, 23966 Wismar, Germany 
 

161 

P2.10 Trajectory simulation of ion beams focused by magnetic lens for figuring small 
optics 
Hideo Takino1, Hiroki Yagami1, and Toshijyu Kunibe2   
1Chiba Institute of Technology, Japan      
2Metal Technology Co. Ltd., Japan  

 

165 

P2.11 Effects of process parameters on the replica shape in glass hot embossing    
Gao Yang1*, Chi Fai Cheung1, Man Cheung Ng1 and Feng Gong2   
1State Key Laboratory of Ultraprecision Machining Technology, Department of 
Industrial and Systems Engineering, The Hong Kong Polytechnic University, 
Kowloon, Hong Kong 
2School of Mechatronics and Control Engineering, Shenzhen University, Shenzhen, 
China  

 

167 

P2.12 Characterization of hybrid laser-electrochemically machined cavities by areal 
surface roughness parameters 
Krishna Kumar Saxena1,2, Maxim Vanrusselt1, Jun Qian1,2, Dominiek Reynaerts1,2, 
Han Haitjema1 

1Manufacturing Processes and Systems (MaPS), Department of Mechanical 
Engineering, KU Leuven, Leuven, Belgium 
2Member of Flanders Make, Leuven, Belgium 
 

171 



 

 

P2.13 Metal additive manufacturing of multi-material dental strut implants  
M. Kain1, V. K. Nadimpalli1, A. Miqueo2, M. C. May3, J. A. Yagüe-Fabra2, B. Häfner3, 
D. B. Pedersen1, M. Calaon1, G. Tosello1 

1Department of Mechanical Engineering, Technical University of Denmark, Building 
427A, Produktionstorvet, 2800 Kgs. Lyngby, Denmark 
2Escuela de Ingeniería y Arquitectura, Universidad de Zaragoza, Calle María de Luna, 
50018 Zaragoza, Spain 
3wbk Institute of Production Science, Karlsruhe Institute of Technology, Kaiserstraße 
12, 76131 Karlsruhe, Germany 
 
 

175 

P2.14 Pressure driven filling in the injection molding process of micro structured parts 
Dario Loaldi1, Santiago Ezquerra Quiroga1, Matteo Calaon1, Yang Zhang1, Guido 
Tosello1  
1Technical University of Denmark, Department of Mechanical Engineering, DK-2800 
Kgs. Lyngby, Denmark 
 

177 

 
 
 Session 3: Precision manufacturing at CERN 

 

 

O3.01 Niobium micro-mechanical polishing for superconductive radio-frequency 
applications  
Pavlina Trubacova1, Said Atieh1, Frédéric Bajard2, Adria Gallifa Terricabras1, 
Guillaume Jonathan Rosaz1,   Jean-Philippe Rigaud1 
1CERN, Geneva, Switzerland 
2BinC Industries, Saint-priest, France  

 

183 

O3.02 Supplier capability assessment as a tool for product and process optimization 
Joel Sauza Bedolla1, Said Atieh1, Nuria Catalan Lasheras1, Hikmet Bursali1 

1CERN 
 

187 

   
P3.01 Machining of bulk 1.3 GHz cavity 

Karol Scibor, Said Atieh, Pavlina Trubacova, Miguel Gonzalez, Philippe Richerot 
CERN, Geneva, Switzerland 
 

191 

P3.02 PIXE-RFQ modulation and cavity machining 
Karol Scibor, Said Atieh, Serge Mathot, Pierre Naisson, Philippe Richerot,  
Bartosz Bulat 
CERN, Geneva, Switzerland 
 

195 

 
 
 Session 4: Mechatronics, control and automation 

 

 

O4.01 Mould-integrated mechatronic fixture for error compensation in injection 
overmoulding of optoelectronic devices 
Hendrik Rentzsch1, Stephan Perz1, Martin Schwarze1 
1Fraunhofer Institut for Machine Tools and Forming Technology IWU, Reichenhainer 
Straße 88, 09126 Chemnitz, Germany 
 

201 



 

 

O4.02 T-Flex: A large range of motion fully flexure-based 6-DOF hexapod 
M. Naves, W.B.J. Hakvoort, M. Nijenhuis, D.M. Brouwer 
Chair of Precision Engineering, University of Twente, Enschede, The Netherlands 
 

205 

O4.03 Degradation monitoring of machine tool ballscrew using deep convolution neural 
network 
Nurudeen Alegeh1, Abubakar Shagluf1, Andrew Longstaff1, Simon Fletcher1 
1Centre for precision Technologies, University of Huddersfield 
 

209 

O4.04 Fixture design using reinforcement learning 
Dennis Wee Keong Neo1, Darren Wei Wen Low2, A. Senthil Kumar2, Kui Liu1 

1Joining and Machining Group, Singapore Institute of Manufacturing Technology, 73 
Nanyang Drive, Singapore 637662 
2Department of Mechanical Engineering, National University of Singapore, 9 
Engineering Drive 1, Singapore 117576 

213 

O4.05 Microscopic behaviour of positioning mechanism driven by preloaded ball screw 
with external disturbance from ultraprecision turning process 
Shigeo Fukada1, Soichiro Koike1, Shodai Hirokawa1 

1Shinshu University, Japan 
 

217 

   
P4.01 Magneto-structural modelling of micro machining spindles supported by active 

magnetic bearings 
Andreas Lange1, Daniel Müller1, Benjamin Kirsch1, Jan C. Aurich1  
1Technische Universität Kaiserslautern; Institute for Manufacturing Technology and 
Production Systems 
 

221 

P4.02 Development of a novel maglev stage system with Z-assist actuation mechanism 
Motohiro Takahashi1, Hironori Ogawa1 

1Research and Development Group, Hitachi, Ltd 
 

225 

P4.03 Study of Z-direction performance of a XY nanopositioning stage 
L.C. Díaz-Pérez1, M. Torralba2, J.A. Albajez1, J.A. Yagüe-Fabra1  
1I3A, Universidad de Zaragoza, Zaragoza, Spain 
2Centro Universitario de la Defensa, Zaragoza, Spain 
  

229 

P4.04 A universal adjustment platform to position the High Luminosity LHC components 
according to 6 degrees of freedom 
Tomasz Blaszczyk, Hélène Mainaud Durand1, Mateusz Sosin1, Vivien Rude1 

1CERN, Geneva, Switzerland 
 

231 

P4.05 Efficient ultraprecision machining system by means of industrial robot 
Meng Xu1, Keiichi Nakamoto1, Yoshimi Takeuchi2 

1Tokyo University of Agriculture and Technology, Japan  
2Chubu University, Japan  
 

233 

P4.06 Master select control method for parallel-connected dual PMSMs fed by a single 
inverter in hydraulic driver system of machine tools 
Chul Yun1, Taeho Oh1, Jooyong Park1, Taesung Jang1, Nakwon Choi1, Seongdae Kim1, 
Myongsu Oh1 and Naesoo Cho2 

1Doosan Machine Tools,  2Keimyung College University  
  

235 



 

 

P4.07 Micro device with force sensing for manipulate system of palpation  
Tohru Sasaki1, Kaoru Tachikawa2, Atsushi Murakami2, Bilal Ahmed Mir2,  
Yudai Fujiwara2, Kenji Terabayashi1, Mitsuru JiIndai1 and Kuniaki Dohda3  
1Department of Mechanical and Intellectual Systems Engineering, University of  
Toyama 
2Graduate School of Science and Engineering, University of Toyama  
3Department of Mechanical Engineering, Northwestern University  
 

239 

P4.08 Design of Piezo-Flexure stage for machining error compensation  
HyoYoung Kim1, Hakjun Lee1, Dahoon Ahn2 and Jaehyun Park1 

1Manufacturing System R&D Group, Research Institute of Sustainable 
Manufacturing System, KITECH 
2Department of Mechanical & Automotive Engineering, Kongju National University 
 

241 

P4.09 Logarithmic spiral for referencing a camera-screen micro positioning system  
O. de Francisco Ortiz1, G. Azzopardi2, I. Ortiz Sánchez1 

1Engineering and Applied Techniques Department, University Center of Defense, San 
Javier Air Force Base, MDE-UPCT, Spain 
2L’École de l’air, French Air Force Academy, Salon-de-Provence, France 
 

243 

P4.10 Precise radioactive source installation using dual-manipulator remote mobile 
robot for the AD ATRAP experiment at CERN   
M. Di Castro, L. Buonocore, G. Lunghi, A. Masi  

CERN 
  

245 

P4.11 Use of virtual reality for robotic intervention preparation in unstructured and 
hazardous environments    
Mario Di Castro, Giacomo Lunghi, Alessandro Masi  

European Organization for Nuclear research (CERN)  
 

247 

P4.12 Feedback control of a levitation actuator used in a non-contact mechatronic 
system 
Akihiro Torii1, Ayaka Nakazato1, Suguru Mototani1, Kae Doki1  
1Aichi Institute of Technology, 1247 Yachigusa, Yakusa-cho Toyota 470-0392 Japan  
 

251 

P4.13 Advances in soft robot actuation and their morphological control  
E. Milana1, B. Van Raemdonck1, S. Peerlinck1, D.Reynaerts1, B. Gorissen1,2 

1Department of Mechanical Engineering, KU Leuven and Flanders Make 
2John A. Paulson School of Engineering and Applied Sciences, Harvard University 
 

253 

P4.14 High-precision motion system design by topology optimization considering 
additive manufacturing 
Arnoud Delissen1, Dick Laro2, Harry Kleijnen3, Fred van Keulen1, Matthijs Langelaar1   
1Delft University of Technology, Delft, the Netherlands 
2MI-Partners, Eindhoven, the Netherlands 
3Additive Industries, Eindhoven, the Netherlands 
 

257 

P4.15 Initial nano-tomo-ptychography 3D-imaging results on the SWING beamline at 
Synchrotron SOLEIL 
Christer Engblom1,, Yves-Marie Abiven1, Filipe Alves1, Felisa Berenguer1, Thomas 
Bizien1, Arnaud Gibert1, Florent Langlois1, Alain Lestrade1, Javier Pérez1  
1Synchrotron SOLEIL, St Aubin, France 
 

259 



 

 

P4.16 Dreaming neural networks for adaptive polishing 
Marc-André Dittrich1,4, Bodo Rosenhahn2,4 , Marcus Magnor3,4, Berend Denkena1,4, 

Talash Malek1,4, Marco Munderloh2,4, Marc Kassubeck3,4  
1Institute für Fertigungstechnik und Werkzeugmaschinen, Leibniz Universität 

Hannover, Germany 
2Institut für Informationsverarbeitung, Leibniz Universität Hannover, Germany 
3Institut für Computergraphik, Technische Universität Braunschweig, Germany 
4Cluster of Excellence PhoenixD (Photonics, Optics, and Engineering – Innovation 

Across Disciplines), Hannover, Germany 
 

263 

P4.17 
 

A real-time control system for mirrors local slope errors using thermal actuators: 
design concept and performance estimation 
Nicolas Jobert1, Muriel Thomasset2, Gilles Cauchon2, David Dennetiere2, Sylvain 
Brochet2  
1 AlmaConsulting 
2Synchrotron SOLEIL 
 

267 

 
 
 Session 5: Metrology 

 

 

O5.01 High accuracy continuous position determination of large accelerator components 
Jan Gabka1, Andreas Herty1, Hélène Mainaud Durand1, Mateusz Sosin1, Vivien Rude1, 
Kacper Widuch1 

1European Organization for Nuclear Research (CERN), Geneva, Switzerland 
 

273 

O5.02 Reduction of noise bias in 2.5D surface measurements  
Maxim Vanrusselt1, Han Haitjema1      
1KU Leuven, Dept. of Mechanical Engineering, Celestijnenlaan 300, 3001 Leuven, 
Belgium  

 

277 

O5.03 METAS-CT: Metrological X-ray computed tomography at sub-micrometre 
precision 
Benjamin A. Bircher1, Felix Meli1, Alain Küng1 and Rudolf Thalmann1 
1Federal Institute of Metrology METAS, Laboratory for Length, Nano- and 
Microtechnology, Bern-Wabern, Switzerland 
 

281 

O5.04 A new sub-nanometer error separation technique 
Saint-Clair T. Toguem1,2, Alain Vissière1, Charyar Mehdi-Souzani2, Mohamed 
Damak3, Nabil Anwer2, Hichem Nouira1 

1Laboratoire Commun de Métrologie, Laboratoire National de Métrologie et 
d’Essais (LNE-CNAM), 1 Rue Gaston Boissier, 75015 Paris, France  
2LURPA, ENS Paris-Saclay, Univ. Paris-Sud, Université Paris 13, Sorbonne Paris Cité, 
Université Paris-Saclay, 94235 Cachan, France 
3GEOMNIA: 3D Metrology Engineering and Software Solutions, 23d rue Denis PAPIN, 
59650 Villeneuve d’Ascq, France 
 

285 

O5.05 Combined partitioning and approximation for optimized gear inspection 
Axel von Freyberg1, Andreas Fischer1 
1University of Bremen, Bremen Institute for Metrology, Automation and Quality 
Science (BIMAQ), Linzer Str. 13, 28359 Bremen, Germany 
 

289 

   



 

 

P5.01 
 

Multi-target frequency scanning inteferometry to determine the position of 
components inside a vessel at a cryogenic temperature     
Jan Gabka1, Hélène Mainaud Durand1, Jaroslaw Rutkowski1, Mateusz Sosin1, Vivien 
Rude12, Kacper Widuch1  
1CERN, Geneva, Switzerland 
 

291 

P5.02 
 

Thermal deflection decoupled 6-DOF pose measurement of hexapods 
Vinayak J. Kalas1,3, Alain Vissière2, Olivier Company1, Sébastien Krut1, Pierre Noiré3, 
Thierry Roux3, François Pierrot1 
1LIRMM, University of Montpellier, CNRS, 34095 Montpellier, France 
2Laboratoire Commun de Métrologie (LNE-CNAM), 61 Rue du Landy, 93210 La 
Plaine-Saint Denis, France 
3Symétrie, 10 Allée Charles Babbage, 30035 Nîmes, France 
 

293 

P5.03 
 

Superiority of lonsdaleite to diamond in wear resistance as abrasive grain based 
on molecular dynamics analysis of grinding silicon carbide 
H. Tanaka, S. Shimada  
Osaka Electro-Communication University, Japan 
 

297 

P5.04 
 

Modulation-based long-range interferometry as basis for an optical two-color 
temperature sensor 
Anni Röse1,2, Yang Liu1,3, Paul Köchert1, Günther Prellinger1, Eberhard Manske2, 
Florian Pollinger1 

1Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 
Braunschweig, Germany 
2Ilmenau University of Technology, Max-Planck-Ring 14, 98693 Ilmenau, Germany 
3State Key Laboratory of Precision Measurement Technology and Instruments, 
Tianjin University, 300072 Tianjin, China 
 

299 

P5.05 
 

Measurement error model for laser line scanners     
M. Vlaeyen1, B. Boeckmans1, H. Haitjema1, W. Dewulf1    
1KU Leuven, Department of Mechanical Engineering, Celestijnenlaan 300, B-3001 
Leuven, Belgium 
 

301 

P5.06 
 

Conceptional design of a positioning device with subatomic resolution and 
reproducibility 
Roman Hebenstreit1, René Theska1, Karin Wedrich2, Steffen Strehle2  
1Technische Universität Ilmenau, Department of Mechanical Engineering, Institute 
for Design and Precision Engineering, Precision Engineering Group 
2Technische Universität Ilmenau, Department of Mechanical Engineering, Institute 
of Micro- and Nanotechnologies, Microsystems Technology Group 
 

305 

P5.07 
 

A phase retrieval inspired approach for the determination of optical aberrations 
in microscopy      
Jan Krüger, Rainer Köning, Bernd Bodermann   

Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Brunswick, 
Germany  
 

307 



 

 

P5.08 
 

In-situ displacement measurement for use in LHC collimators     
Tom Furness1, James Williamson1, Simon Fletcher1, Ali Iqbal1, Andrew Bell1, Andrew 
Henning1, Haydn Martin1, Xiangqian Jiang1, Alessandro Bertarelli2, Federico Carra2, 
Michele Pasquali2, Stefano Radaelli2 

1The Univeristy of Huddersfield, Queensgate, Huddersfield, HD1 3DH, United 
Kingdom 
2CERN, Espl. des Particules 1, 1211 Meyrin, Switzerland     
 

309 

P5.09 
 

Improvement of an optical fiber stylus for microstructure and surface roughness 
measurement 
Kosuke Uchiyama1, Hiroshi Murakami1, Akio Katsuki2, Takao Sajima2, Takahiko 
Yamamoto3 and Kunitaka Fujiyoshi4 

1The University of Kitakyushu  
2Kyushu University 
3Inatsuki Science Co., Ltd 
4Fukuoka Industrial Technology Center 
 

313 

P5.10 
 

Quantification of defects in CFRP plates using active Lock-In thermography and 
artificial neural networks 
Dominik Wolfschläger1, Konstantin Kromberg1, Martin Peterek1, Robert H. Schmitt1 

1Laboratory for Machine Tools and Production Engineering WZL of RWTH Aachen 
University, Germany 
 

317 

P5.11 
 

Simultaneous dual-axis error measurement and corresponding compensations 
Yung-Cheng Wang1, Yi-Chieh Shih2, Lih-Horng Shyu3, Yu-Fen Fu4 

1Department of Mechanical Engineering, National Yunlin University of Science and 
Technology, Yunlin 640, Taiwan 
2Department of Mechanical Engineering, National Central University, Taoyuan 320, 
Taiwan 
3Department of Electro-Optical Engineering, National Formosa University, Yunlin 
632, Taiwan 
4Department of Information Management, China University of Technology, Taipei 
116, Taiwan 
 

321 

P5.12 
 

High presicion measurement of elalon optical length using optical comb pulsed 
interference      
Shusei Masuda1, Tomohiko Takamura1, Satoru Takahashi1, Hirokazu Matsumoto2 
and Kiyoshi Takamasu1  
1Department of Precision Engineering, The University of Tokyo, Hongo 7-3-1 Bunkyo, 
Tokyo , Japan 
2TOKYO SEIMITSU CO., LTD., 2968-2, Ishikawa-machi, Hachioji-shi, Tokyo 192-8515, 
Japan 
 

323 

P5.13 
 

In-situ measurement of electrochemical jet machining using low coherence 
interferometry 
Tom Hovell1, Jon Petzing1, Laura Justham1, Peter Kinnell1 

1Wolfson school of Mechanical, Electrical & Manufacturing Engineering, 
Loughborough University, Loughborough, LE11 3TU, UK 
 

325 

P5.14 
 

A metrologic approach for camera calibration using traceable artefact 
Safouane El Ghazouali1, Alain Vissière1, Hichem Nouira1  
1Laboratoire commun de métrologie (LNE – CNAM) 
 

327 



 

 

P5.15 
 

Small footprint high-speed optical 3D profiler 
Pol Martínez, Carlos Bermudez, Manel Moya, and Roger Artigas  

Sensofar Tech SL, Barcelona, Spain 
 

329 

P5.16 
 

Study of the influence of filter material on the roughness evaluation by means of 
CT    

N. Ortega1, S. Plaza1, A. Pascual2 I. Holgado2, L.N. López de Lacalle1   
1Department of Mechanical Engineering, Aeronautics Advanced Manufacturing 
Center (CFAA), Faculty of Engineering of Bilbao, Plaza Ingeniero Torres Quevedo 1, 
48013 Bilbao, Spain 
2Aeronautics Advanced Manufacturing Center (CFAA), Parque tecnológico de 
Bizkaia, 202, 48170 Zamudio, Spain 
 

331 

P5.17 
 

A sensitivity analysis of the rotation stage misalignments effect on X-ray 
computed tomography dimensional measurements 
E. Sbettega1, F. Zanini1, S. Carmignato1 

1Department of Management and Engineering, University of Padova, Vicenza, Italy 
 

335 

P5.18 
 

Interferometric calibration of a high-accuracy piezo actuator at FSB-LPMD  
Marko Katic1, Vedran Simunovic1, Gorana Barsic1  

1University of Zagreb, Faculty of mechanical engineering, Laboratory for precise 
measurement of length (FSB-LPMD 
 

337 

P5.19 
 

Pose estimation from a monocular image for automated photogrammetry    
Joe Eastwood1, Danny Sims-Waterhouse2, Samanta Piano1, Ralph Wier2 and Richard 
Leach1,2 

1Manufacturing Metrology Team, Faculty of Engineering, University of Nottingham, 
UK 
2Taraz Metrology, UK 
 

339 

P5.20 
 

Grejda optimization for radial, tilt, and face error motion of an air bearing spindle 
Byron Knapp, Dave Arneson, and Dan Oss  
Professional Instruments Company, Hopkins, Minnesota USA 
 

343 

P5.21 
 

Coaxial beams homodyne interferometer based on a truncated corner cube for 
accurate measurements at the sub-nanoscale       
Marco Pisani, Massimo Zucco and Milena Astrua1     
1INRIM, Istituto Nazionale di Ricerca Metrologica, Strada delle Cacce, 91, 10135 
Torino, Italy 
 

347 

P5.22 
 

Digital calibration certificate in metrology 
Tuukka Mustapää1, Thomas Wiedenhöfer2, Clifford Brown3, Raine Viitala1, Pekka 
Nikander4, Petri Kuosmanen1  
1Aalto University School of Engineering, 2Physicalisch-Technische Bundesanstalt, 
3National Physical Laboratory, 4Aalto University School of Electrical Engineering 
 

349 

P5.23 
 

Development of a reference object for accuracy evaluation of CT measurements 
of additively manufactured metal lattice structures 
F. Zanini1, M. Sorgato2, E. Savio2, S. Carmignato1 

1Department of Management and Engineering, University of Padua, Vicenza, Italy 
2Department of Industrial Engineering, University of Padua, Padua, Italy 
 

351 



 

 

P5.24 
 

Mathematical approach to the validation of surface texture filtration software 
Luke Todhunter1, Richard Leach1, François Blateyron2  
1Manufacturing Metrology Team, Faculty of Engineering, University of Nottingham, 
UK 
2Digital Surf, Besançon, France 
 

353 

P5.25 
 

AdvManuNet: a networking project on metrology for advanced manufacturing 
Harald Bosse1, Alexander Evans2, Vit Zeleny3, Darisz Czułek4, Alessandro Balsamo5, 
Daniel O’Connor6, Tanfer Yandayan7, David Billington8, Felix Meli9, Carlo Stefano 
Ragusa9, Olena Flys 11 
1Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany; 
2Bundesanstalt für Materialforschung und -prüfung (BAM), Berlin, Germany; 3Cesky 
Metrologicky Institut (CMI), Prague, Czech Republic 
 4Central Office of Measures / Glówny Urzad Miar (GUM), Warsaw, Poland; 5Istituto 
Nazionale di Ricerca Metrologica (INRIM), Torino, Italy 
6National Physical Laboratory (NPL), Teddington, United Kingdom 
7Tubitak Ulusal Metroloji Enstitüsü (UME), Gebze Yerleşkesi, Turkey;  
8European Society for Precision Engineering and Nanotechnology (euspen), 
Cranfield, United Kingdom 
9Federal Institute of Metrology (METAS), Wabern, Switzerland 
10Politecnico di Torino (POLITO), Torino, Italy 
11RISE Research Institutes of Sweden AB (RISE), Borås, Sweden 
 

357 

P5.26 
 

Study of automated procedures for surface defects analysis on die-cast 
components by using fringe projection systems 
Marco Menoncin1, Andrea Nicolini2, Giorgio Cavaliere3, Enrico Savio1 
1Università di Padova, Department of Industrial Engineering, via Venezia 1, 35131 
Padova, Italy 
2GOM Italia S.r.l., via della Resistenza 121/A, 20090 Buccinasco (MI), Italy 
3Alupress AG, A.-Ammon-Str. 36, 39042 Bressanone (BZ), Italy 
 

359 

P5.27 
 

Flatness measurement by scanning deflectometric profiler  
Yohan Kondo1 and Youichi Bitou1 

1Length Standards Group, National Metrology Institute of Japan, National Institute 
of Advanced Industrial Science and Technology (NMIJ/AIST) 
 

361 

 
 
 
 

Session 6: Mechanical manufacturing processes 
 

 

O6.01 
 

Performance of ultraprecision milling with thermally adjustable cutting edges 
Lars Schönemann1,2, Oltmann Riemer1 and Bernhard Karpuschewski1,2 
1Laboratory for Precision Machining LFM, Leibniz Institute for Materials Engineering 
IWT, Badgasteiner Straße 2, 28359 Bremen, Germany 
2MAPEX Center for Materials and Processes, University of Bremen, Germany 
 

367 

O6.02 Design and hard machining of a high performance ceramic impeller  
E. Uhlmann1, 2, J. Polte1, S. Koprowski1, J. Kochan1, T. Borsoi Klein1 
1Fraunhofer Institute for Production Systems and Design Technology IPK, Pascalstr. 
8-9, 10587 Berlin, Germany  
2Institute for Machine Tools and Factory Management IWF, Technische Universität 
Berlin, Pascalstr. 8-9, 10587 Berlin, Germany 
 

371 



 

 

O6.03 Precision cutting of structured moulds of tungsten carbide with PCD milling tool 
Akihiro Suzuki1, Mutsumi Okada1, Hirofumi Suzuki1, Toshimichi Moriwaki2, Yohsuke 
Itoh3, Katsuji Fujii3 
1Department of Mechanical Engineering, Chubu University, Kasugai, Japan 
2Kobe University, Kobe, Japan 
 3NS Tool Co. Ltd. Miyagi, Japan 
 

375 

O6.04 Suitability of electroless nickel for diffractive optics manufacturing    
M. Jagodzinski1, S. Kühne1, J. Weber2, D. Rolon1, M. Malcher1, D. Oberschmidt1  
1Technische Universität Berlin, Department Micro and Precision devices MFG, 
Germany  
2Technische Universität Berlin, Germany, Institute of optics and atomic physics 
 

377 

O6.05 Ultra-precision direct diamond shaping of composite polygonal Fresnel lenses 
Nicholas Yew Jin Tan1, Ye Han Ng2, A Senthil Kumar1, Kui Liu2 

1Department of Mechanical Engineering, National University of Singapore, 10 Kent 
Ridge Crescent, 9 Engineering Drive 1, Block EA, Singapore 117576, 
Singapore 
2Singapore Institute of Manufacturing Technology, 71 Nanyang Drive, Singapore 
638075, Singapore 
 

381 

O6.06 Investigations of non-circular turning using a high-acceleration drive unit based 
on aerostatic bearing principle 
Benjamin Clauß1, Stephan Schaller2, Andreas Schubert1 
1Chemnitz University of Technology, Professorship Micromanufacturing Technology, 
Reichenhainer Str. 70, 09126 Chemnitz, Germany 
2AeroLas GmbH, Grimmerweg 6, 82008 Unterhaching, Germany 
 

385 

   
P6.01 A model-free machining error compensation method for symmetric free form 

component 
Jun Zha1,2, Yipeng Li1, Kejia Liu1, Yaolong Chen1  
1School of Mechanical Engineering, Xi’an Jiaotong University, West Xianning Road 
28, Xi’an, 710049, China 
2Shenzhen Research School, Xi’an Jiaotong University, Hi-Tech Zone, Shenzhen, 
China 
 

389 

P6.02 Selection method of CNC machine tools based on big data cloud database 
Qing Liu1, Dun Lyu1,Wanhua Zhao1    
1School of Mechanical Engineering, Xi’an Jiaotong University  
 

391 

P6.03 Estimation of magnetic polishing rate on additive manufactured Ti-6Al-4V 
Tatsuya Furuki1, Takamasa Hirano1 and Hiroyuki Kousaka1 

1Gifu University 
 

395 

P6.04 Design and manufacturing of large range, discrete step chirp standards 
Rudolf Meeß, André Felgner, Stefan Verhülsdonk   

Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 
Braunschweig, Germany     
 

397 



 

 

P6.05 Effect  of  turning  parameters  on  surface  quality  of  ultra-precision  machining  
of progressive multifocal lens 
Rongkai Tan1, Tao Sun1, Zhanbiao Qin1, Xuesen Zhao1, Xicong Zou2, Zhenjiang Hu1 

1Center for Precision Engineering, Harbin Institute of Technology, Harbin 150001, PR 
China 
2School of Mechatronics Engineering, Heilongjiang University, Harbin 150080, PR 
China 
 

401 

P6.06 Technological investigation for production of metallic micro-optics employing 
embossing process 
D. A. Rolón1, M. Jagodzinski1, S. Kühne1, S. Gebauer1, M. Malcher1,  
D. Oberschmidt1 

1Berlin Institute of Technology, department of Micro and Precision devices MFG, 
Germany 
 

403 

P6.07 Investigation of the influence of carbon dioxide cryogenic cooling on surface 
pollution, surface roughness and tool wear during turning   
Katja Mannßhardt, Pierre Naisson, Said Atieh 
EN Department, CERN European Organisation for Nuclear Research Geneva, 
Switzerland 
 

407 

P6.08 Surface quality after EDM cutting and qualification of damaged layer removal   
Pavlina Trubacova1, Guilhem Copel1, Said Atieh1, Adria Gallifa Terricabras1, Karolina 
Bogdanowicz1, Jean-Philippe Rigaud1   
1CERN, Geneva, Switzerland 
 

411 

P6.09 Finite element study of two-dimensional ultrasonic vibration-assisted cutting 
Rendi Kurniawan1, Saood Ali1, Gun Chul Park1, Tae Jo Ko1    
1School of Mechanical Engineering, Yeungnam University, 214-1 Dae-dong, 
Gyeongsan-si, Gyeongsangbuk-do, 712-749, South Korea  
  

415 

P6.10 Compression effects of epoxy coating in microcutting of calcium fluoride single 
crystals  
Yan Jin Lee and Rou Ting Tan   
Department of Mechanical Engineering, National University of Singapore, 9 
Engineering Drive 1, Singapore 117575, Singapore 
 

417 

P6.11 Ultrasonic assisted diamond turning of conventional and additive manufactured 
steel materials for optical components 
T. Zielinski1, K. Rickens1, O. Riemer1, B. Karpuschewski1 

1Leibniz Institute for Materials Engineering, Laboratory for Precision Machining, 
Badgasteiner Str. 3 28359 Bremen, Germany 
 

421 

P6.12 Analysis of surface integrity of orthogonal diamond cut single-crystal Calcium 
Fluoride for ultraviolet and vacuum ultraviolet wavelength applications   
Kai Rickens1, Oltmann Riemer1, Don A. Lucca2    
1Leibniz Institute of Materials Engineering IWT, Laboratory for Precision Machining 
(LFM), MAPEX Center for Materials and Processes, University of 
Bremen, Germany 
2School of Mechanical and Aerospace Engineering, Oklahoma State University, 
Stillwater, OK 74078 USA 
 

423 



 

 

P6.13 Development of an Ultrasonic Vibration Cutting system for Stavax mould 
machining 
Nan Yu1,2, Hélène Mainaud Durand2, Jinghang Liu1, Fengzhou Fang1  

1Centre of Micro / Nano Manufacturing Technology (MNMT-Dublin), University 
College Dublin, Ireland   
2Survey, Mechatronics and Measurements (SMM) Group, the European 
Organization for Nuclear Research (CERN), Switzerland 
 

425 

P6.14 Development of monolithic ceramic milling tools for machining graphite 
E. Uhlmann1,2, M. Polte1,2, J. Polte1, Y. Kuche2, T. Hocke2 

1Fraunhofer Institute for Production Systems and Design Technology IPK, Germany 
2Institute for Machine Tools and Factory Management IWF, Technische Universität 
Berlin, Germany   
 

427 

P6.15 Evaluation of computer-aided manufacturing software accuracy for high 
precision machining    
Alan Saillet, Karol Scibor, Pierre Naisson, Said Atieh 

EN Department, CERN European Organisation for Nuclear Research Geneva, 
Switzerland 
 

429 

P6.16 Development of a machining strategy for diamond slide burnishing burnishing 
tools made of polycrystalline diamond (PCD) 
E. Uhlmann1,2, M. Polte1,2, J. Polte1, Y. Kuche2, S. Wendorf3, D. Siebel2 

1Fraunhofer Institute for Production Systems and Design Technology IPK, Germany 
2Institute for Machine Tools and Factory Management IWF, Technische Universität 
Berlin, Germany 
3Baublies AG, Renningen, Germany 
 

433 

P6.17 Study of CFRP grinding method with electrical discharge machining  
Yuichi Kitamura1, Takayuki Kitajima1, and Tatsuki Ikari1 

1Mechanical Systems Engineering, National Defense Academy, Japan 
 

435 

P6.18 Micromechanical characterization of ultrasonic assisted plasma oxidized Ti-6Al-
4V by means of nanoscratching test        
Haohao Cui1,2, Sisi Li2,3, Jiang Zeng2, Shibo Zhang1,2,Shijing Wu3 & Yongbo Wu2 
1Harbin institute of technology 
2Southern university of science and technology 
3Wuhan university 
 

437 

P6.19 Diamond machining of optical functional surface 
D. Li1, Y. Zhang1, X. Zhang2, Dennis Neo2, A. Davoudinejad1, G. Tosello1 

1Technical University of Denmark, Department of Mechanical Engineering, DK-2800 
Kgs. Lyngby, Denmark 
2Singapore Institute of Manufacturing Technology, 71 Nanyang Drive, 638075, 
Singapore 
 

441 

P6.20 Tool concept for structure rolling to improve tribologically stressed components 
Torsten Schmidt1, Jörg Schneider1, Jan Edelmann1 
1Fraunhofer Institute for Machine Tools and Forming Technology IWU, Chemnitz, 
Germany 
 

445 



 

 

P6.21 Mechanism of shape recovery phenomenon of work material in cutting of NiTi 
alloy  
Hao Yang1, Katsuhiko Sakai1, Hiroo Shizuka1, Kunio Hayakawa1, Yuji Kurebayashi1 
and Tetsuo Nagare2  
1Shizuoka University,3-5-1 Johoku Naka-ku Hamamatsu Shizuoka 432-8561 Japan 
2National Institute of Technology, Numazu College, 3600 Ooka Numazu Shizuoka 
410-8501 Japan 
 

447 

P6.22 In-situ tool wear monitoring using semiconductor strain sensor in diamond 
cutting 
Hiroo Shizuka1, Katsuhiko Sakai1, Kohei Honda1, Ryoji Okada2 and Kentaro 
Miyajima2 

1Shizuoka University, 3-5-1 Johoku Naka-ku Hamamatsu Shizuoka 432-8561 Japan  
2Glosel Co.,Ltd, 1 Kanda Tsukasa-machi 2-chome Chiyoda-ku Tokyo 101-0048 Japan 
 

449 

P6.23 Increasing the cutting performance of CVD-coated diamond abrasive tools in 
micromachining by creating additional chip space 
K. Dröder1, H.-W. Hoffmeister1, T. Tounsi1 

1Institute of Machine Tools and Production Technology, Technische Universität 
Braunschweig, Germany 
 

451 

P6.24 Tool wear prevention in ultra-precision polymer machining 
E. Uhlmann1, F. Fang2, J. Polte1, C. Hein1, M. Lai2, M. Dörr1, C. Jahnke1 

1Fraunhofer Institute for Production Systems and Design Technology IPK, Germany 
2Tianjin University, China 
 

455 

P6.25 Comparison of edge formation between conventional and ultrasonic assisted 
grinding 
Volker Herold, Enrico Gnecco 
Friedrich Schiller University Jena 
 

457 

P6.26 Replication of micro-structured surfaces by integrating AM with PIM 
Alberto Basso1, Simon Emil Christensen1, Macarena Méndez Ribó1, Peter 
Kjeldsteen2, Peter Valler2, David Bue Pedersen1, Yang Zhang1 

1Technical University of Denmark, Department of Mechanical Engineering, Denmark 
2Sintex A/S, Denmark 
 

461 

P6.27 Performance evaluation of the developed 5-axis machining center for carbon fiber 
reinforced plastics       
Jungsoo Nam1, Kangwoo Shin1, Tae-Gon Kim1, Hyo-Young Kim1, Seok-Woo Lee1  
1Korea Institute Industrial Technology (KITECH)  
 

465 

P6.28 A synergistic approach towards the application of nanofluids in machining with 
laser micro-textured cutting tools 
Sarvesh Kumar Mishra, Sudarsan Ghosh, Sivanandam Aravindan  
Department of Mechanical Engineering, Indian Institute of Technology-Delhi (IIT 
Delhi), Hauz Khas, New Delhi, India, 110016 
 

467 



 

 

P6.29 A three-dimensional flow analysis of film/ sheet extrusion dies coupled with die 
body deflection analysis  
Dastan Igali1, Asma Perveen1, Dongming Wei2 & Dichuan Zhang3   
1Department of Mechanical and Aerospace Engineering, School of Engineering and 
Digital Sciences, Nazarbayev University, Nur-Sultan city 010000, Republic of 
Kazakhstan 
2Department of Mathematics, School of Sciences and Humanities, Nazarbayev 
University, Nur-Sultan city 010000, Republic of Kazakhstan 
3Department of Civil and Environmental Engineering, School of Engineering and 
Digital Sciences, Nazarbayev University, Nur-Sultan city 010000, Republic of 
Kazakhstan 
 

471 

P6.30 A precise milling of integral blade rotors by using different strategies 
H. González-Barrio1, A. Calleja-Ochoa2, G. Gómez-Escudero1, P. Fernández-Lucio1, R. 
Polvorosa3, L.N. López de Lacalle3  
1Department of Mechanical Engineering, University of the Basque Country 
(UPV/EHU), Alameda de Urquijo s/n, 48013 Bilbao, Spain   
2Department of Mechanical Engineering, University of the Basque Country 
(UPV/EHU), Nieves Cano 12, 01006 Vitoria, Spain 
3CFAA, University of the Basque Country (UPV/EHU), Parque Tecnológico de 
Zamudio 202, 48170 Bilbao, Spain 
 

473 

P6.31 Dressing of grinding wheel utilizing laser cleaning    
Manabu Iwai1, Shinichi Ninomiya2 

1Toyama Prefectural University 
2Nippon Institute of Technology 
 

475 

P6.32 Study on sequential machining of EDM and grinding for the end face of cemented 
carbide round bar using EC-PCD tool  
Yoji Yamada1, Shinichi Ninomiya1, Fumio Koga2, Manabu Iwai 3  

1Nippon Institute of Technology      
2KOGA Co. Ltd.      
3Toyama Prefectural University 
 

477 

P6.33 Investigation on grinding of tungsten heavy alloy with the assistance of 
electrochemical modification 
Lin Niu1, Zhuji Jin1, Zhongzheng Zhou1, Jiang Guo1   

1Key Laboratory for Precision and Non-Traditional Machining Technology of 
Ministry of Education, Dalian University of Technology, Dalian 116024, China 
 

479 

P6.34 UV-light assist chemical mechanical polishing of GaN with mesh polisher made of 
chemical durable plastics       
Shinsuke Matsui1, Mizuki Akahori1,Takuma Suzuki1, Eiichi Yamamoto2, Tsubasa 
Bando2, Yasutoshi Yajima3 and Daisuke Ninomiya3  
1Chiba Institute of Technology 
2Okamoto Machine Tool Works, Ltd.  
3Maruishi Sangyo co., Ltd.  
 

481 

P6.35 Innovative mass standards for the worldwide transfer of the redefined unit 
kilogram 
Katharina Lehrmann1, Dorothea Knopf1, Frank Härtig1 

1Physikalisch-Technische Bundesanstalt 
 

483 

 



 

 

 
 
 

Session 7: Measuring instruments and machine tools 
 

 

O7.01 Multi-dimensional interferometric stage encoder using range-resolved 
interferometry 
Kieran B. Wiseman, Thomas Kissinger and Ralph P. Tatam  

Engineering Photonics, Cranfield University, Cranfield, MK43 0AL, United Kingdom 
 

487 

O7.02 
 

Development of an all-optical dimensional measuring system 
Richard Leach1,2, Waiel Elmadih1, Samanta Piano1, Mohammed A. Isa1, Danny Sims-
Waterhouse1,2, Nicholas Southon1, Wahyudin P. Syam1  
1Manufacturing Metrology Team, University of Nottingham, UK 
2Taraz Metrology, Nottingham, UK 
 

489 

O7.03 
 

Active hydraulic actuators for vibration reduction in machine tool applications  
Harkaitz Urreta1, Lander Rodriguez1 
1IDEKO Technological Centre, Arriaga Industrialdea 2, Elgoibar (Basque Country) 
Spain 
 

493 

O7.04 Measurement and identification of translational stiffness  matrix for static loads  
in machine tools 
Nikolas Theissen1, Theodoros Laspas1, Károly Szipka1, Andreas Archenti1 

1KTH Royal Institute of Technology, Department of Production Engineering, 
Brinellvägen 68, 10044 Stockholm, Sweden 

 

497 

O7.05 Novel method and device to minimize the high-order roundness error of large 
cylindrical rotors 
Mikael Miettinen1, Raine Viitala1, Heikki Kettunen2   

1Aalto-University 
2Valmet Technologies Oy      
 

499 

   
P7.01 Inner circumference measurement with point autofocus probe 

Katsuhiro Miura1, Atsuko Nose1, Takao Tsukamoto1 

11‐18‐8, Nozaki, Mitaka‐shi, Tokyo 181‐0014 Japan  
 

503 

P7.02 Prediction of tool wear during linear feed milling using multi-sensorial data fusion 
Tianhang Pan1, Dun Lu1, Wanhua Zhao1  
1State Key Laboratory for Manufacturing Systems Engineering, Xi’an Jiaotong 
University, Xi’an 710049, China 
 

507 

P7.03 Foucault pendulum properties of spherical oscillators      
Patrick Flückiger1, Ilan Vardi1, Simon Henein1      

1EPFL, Instant Lab, Rue de la Maladière 71b,  Neuchâtel, Switzerland 
 

511 

P7.04 Criticalities of iterative calibration procedures for indentation testing machines in 
the nano-range 
Giacomo Maculotti1, Gianfranco Genta1, Maurizio Galetto1  
1Department of Management and Production Engineering, Politecnico di Torino, 
Italy 
 

513 



 

 

P7.05 Prediction of tool breakage in small diameter drilling with acoustic emission 
technique 
Kenji Otsu1, Yasuhiro Fujiyama2 

1R&D group, Hitachi, Ltd. 
2Hitachi Industrial Products, Ltd. 
 

517 

P7.06 Development of the principle for the angle measurement using the two-track 
scale 
Yuri Ueyama1, Ryoshu Furutani1, Tsukasa Watanabe2  
1Department of Mechanical Engineering, Graduate School of Engineering, Tokyo 
Denki University Senju-Asahi-cho 5, Adachi-ward, TOKYO, 120-8551, JAPAN  
2Dimensional Standards Group, Research Institute for Engineering Measurement, 
National Institute of Advanced Industrial Science and Technology, Cyuou-dai-3, 
Umezono 1-1-1, Tsukuba, IBARAKI, 305-8563, JAPAN 
 

519 

P7.07 Gear wheel magnetic rotary encoder with shaft run‐out detection function 
Tsukasa Watanabe1, Yoshinori Watanabe2, Yasuharu Onuki2, Takaomi Kojima3, 
Katsunori Shimodaira3, and Kenichi Tamura3 

1National Institute of Advanced Industrial Science and Technology, Cyuou‐dai‐3, 1‐
1‐1 Umezono, Tsukuba‐shi, Ibararki, 305‐8563, JAPAN  
2e‐motionsystem, inc., 5‐21‐3, Nishigotanda Shinagawa‐ku, Tokyo, 141‐0031, 
JAPAN  
3Tamagawa seiki Co., Ltd.,1020, Kega, Iida‐shi, Nagano, 395‐8520, JAPAN 
 

521 

P7.08 A compact and calibratable von Hamos X-Ray Spectrometer based on two  
full-cylinder HAPG mosaic crystals for high energy-resolution XES and RIXS 
Ina Holfelder1, Rolf Fliegauf1, Yves Kayser1, Matthias Müller1, Malte Wansleben2, 
Jan Weser1, Burkhard Beckhoff1  
1Physikalisch-Technische Bundesanstalt, Abbestr. 2-12, 10587 Berlin 
2Helmholtz Zentrum Berlin für Materialien und Energie, Department of Optics and 
Beamlines, Albert-Einstein-Str. 15,12489 Berlin, Germany 
 

523 

P7.09 Inspection of a machined metal surface adopting scanned contrast image toward 
unmanned lapping process 
Dinuka Ravimal1, Jaeyoon Shim1, Hanul Kim1 and Sun-Kyu Lee1 

1School of Mechanical Engineering, Gwangju Institute of Science & Technology, 
Gwangju, Korea 
 

527 

P7.10 Effect of oil film thickness on motion errors for closed hydrostatic guideway with 
four pads 
Chenchun Shi, Yunfeng Peng, Zhenzhong Wang, Ping Yang, Guo Bi, Wei Yang, 
Chenlei Li  
Department of Mechanical and Electrical Engineering, Xiamen University, Xiamen 
361005, China   
 

531 

P7.11 Performance evaluation of low-cost vibration sensors in precision manufacturing 
applications     
Ali Iqbal1∗, Naeem. S. Mian1, Andrew. P. Longstaff1, Simon Fletcher1 
1Centre for Precision Technologies, School of Computing and Engineering, University 
of Huddersfield, Queensgate, Huddersfield HD1 3DH, UK 
 

535 



 

 

P7.12 Effect of grinding wheel safety guard thickness in the collision of a conical 
projectile 
Takuya Fukui1, Akinori Yui2, Tatsuki Ikari1 and Takayuki Kitajima1   
1Mechanical Systems Engineering, National Defense Academy, Japan 
2Department of Mechanical Engineering, Kanagawa University, Japan 
 

539 

P7.13 Error identification and compensation for on-machine measurement using a laser 
displacement sensor 
Dawei Ding1, Zhengcai Zhao1, Yucan Fu1 
1College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics 
of Astronautics, Nanjing 210016, China  
 

541 

P7.14 Machine tool design based on dynamics of design-for-assembly (DFA)    
Harshad Sonawane, Manjunath Muddangaudra   
Dr. Kalam Center for Innovation, Bharat Fritz Werner Ltd., Bengaluru, India   
 

543 

P7.15 Influence of the accuracy between thin-walled fixture and parts in ultra-precision 
grinding 
Lai Hu1, Jun Zha1, Yaolong Chen1 
1School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049，China 
 

547 

P7.16 Analysis of vibration-based degradation of the spatial resolution of a nanometer-
X-ray fluorescence analysis setup 
Florian Peinl, Ina Holfelder, Janin Lubeck, Jan Weser, Burkhard Beckhoff 
Physikalisch-Technische Bundesanstalt, Abbestr. 2-12, 10587 Berlin 
 

551 

P7.17 Development of pressure sensor using P(VDF-TrFE) thin film  
Haruka Harazaki1, Ganesh Kumar Mani2 & Kazuyoshi Tsuchiya2,3   

1Graduate School of Engineering, Tokai University, Japan 
2Micro/NanoTechnology Center, Tokai University, Japan 
3Department of Precision Engineering, Tokai University, Japan 
 

553 

P7.18 Development of a compact Raman spectrometer for the real-time analysis of 
chemical substances 
A. Marckwardt1, M. Jagodzinski1, S. Kühne1, M. Malcher1, A. Alam2, D. Oberschmidt1 

1Technische Universität Berlin, Department Micro- and Precision Devices MFG, 
Germany 
2Drugfindr GmbH 
 

555 

P7.19 Investigations on kinematic couplings for tool-changing interfaces in highest-
precision devices 
Florian Weigert1, René Theska1  

1Technische Universität Ilmenau, Department of Mechanical Engineering 
Institute for Design and Precision Engineering, Precision Engineering Group 
 

557 

P7.20 Real-time compensation of a 5-axis CNC milling centre thermal errors considering 
different spindle units 
Otakar Horejš1, Martin Mareš1, Lukáš Havlík2 

1Czech Technical University in Prague, Faculty of Mechanical Engineering, 
Department of Production Machines and Equipment, RCMT, Horská 3, 128 00 
Prague, Czech Republic 
2KOVOSVIT MAS Machine Tools, a.s., náměstí T.Bati 419, 391 02, Sezimovo Ústí, 
Czech Republic   

559 



 

 

P7.21 Image-based helium spill detection during LHC warm-up procedure for Long 
Shutdown 2 at CERN    
Giacomo Lunghi, Mario Di Castro, Leanne Attard, Alessandro Masi 

CERN 
 

563 

P7.22 An in-process, layer wise surface metrology system for a new E-Beam additive 
manufacturing machine 
Liam Blunt1, Yue Liu1, Zonghua Zhang2, Chris Smith3, David Knight3, Feng Gao1, 
Andrew Townsend1, Xiangqian Jiang1  

1EPSRC Future Metrology Hub, University of Huddersfield UK 
2School of Mechanical Engineering, Hebei University of Technology, Tianjin, China 
3Wayland Addive, UK 
 

565 

P7.23 Novel designing of super abrasive wheel for dynamic motion control in grinding 
Kiyoshi Yanagihara1, Kousuke Umezaki1, Kensuke Tsuchiya2   
1Faculty of Creative Engineering,  National Institute of Technology, Ariake College 
2Institute of Industrial Science, The university of Tokyo  
 

569 

P7.24 Development of a powertrain for hexapods for ultra-high vacuum environment 
Christian Sander1, Philipp Mahl1, Christian Rudolf1 

1Physik Instrumente (PI) GmbH & Co. KG, Germany 
 

571 

P7.25 Axial calibration of an on-machine focus variation surface texture and form sensor 
Subbareddy Darukumalli1,2, Teguh Santoso1, Wahyudin P. Syam1, Franz Helmli2 and 
Richard Leach1 

1Manufacturing Metrology Team, University of Nottingham, UK 
2Alicona Imaging GmbH, Dr Auner Straße 21a, 8074 Raaba, Austria 
 

575 

P7.26 Novel design of a kinematic coupling precision fixture for repeatable multiple-
inclined repositioning 
M. Kain1, J. E. M. Christensen1, M. Gani1, M. K. Thompson1, B. Bjørke1, A. M. 
Nielsen1, M. N. Todorovic1, D. Quagliotti1, G. Tosello1   
1Department of Mechanical Engineering, Technical University of Denmark, Building 
427A, Produktionstorvet, 2800 Kgs. Lyngby, Denmark 
 

579 

P7.27 Effect of feeding speed to the motion behaviour of a machine tool examined by 
a real‐time position acquisition device (PAD)             
Yung‐Tien Liu1 and Wei‐Hsuan Su1  
1Department of Mechatronics Engineering, National Kaohsiung University of  
Science and Technology, Taiwan  
 

583 

P7.28 Dimensional evaluation of additive manufactured polymer extrusion dies 
produced by continuous liquid interface production 
A. Turazza1, A. Davoudinejad2, M. Calaon1, D. B. Pedersen1, G. Tosello1 

1Department of Mechanical Engineering, Technical Unviersity of Denmark, Building 
427A, Produktionstorvet, 2800 Kgs. Lyngby, Denmark 
23Shape, Holmens Kanal 7, 1060 København 
 

585 

P7.29 Tool/workpiece contact detection via acoustic emission in micro grinding  
Marius Heintz1, Tobias Mayer1, Benjamin Kirsch1, Jan C. Aurich1 

1TU Kaiserslautern; Institute for Manufacturing Technology and Production Systems 
 

587 



 

 

P7.30 Synchrotron vacuum diffractometer     
Gheorghe Olea, Norman Huber, Johannes Demberger     
HUBER Diffraction and Positioning GmbH & Co.KG  
 

589 

 





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Keynotes 
 





 

          
 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

Advanced robotics and AI in “demanding” industrial, and manufacturing 
environments    
 
Prof. Darwin Caldwell 
 
Italian Institute of Technology (IIT), IT 

  
Abstract 
Early robots were commonly used for tasks that were often described as dull, dirty and dangerous: essentially jobs that were 
unpopular with humans. After more than 50 years of development, robots are now common in industrial production, and they are 
increasingly seen in the domestic, service and transportation sectors.  Indeed, the target applications in which robots may be used, 
now and in the future, is increasingly switching from the dull and repetitive, to the challenging and diverse. With these new 
operational demands, there is a need for new, increasingly sophisticated robots that combine advanced physical design and 
capabilities with enhanced cognitive capacities. 
 
In this presentation we will consider the use of advanced robotic systems including “general purpose” robots such as humanoids, 
centaurs and quadrupeds, and also more specialized crawler and snake-like robots. The presentation will explore some of the key 
aspects of the hardware and software design and show how developments in these core technologies will move the use of robots 
from the dull and repetitive to the unexpected, unpredictable and challenging, where they can be effectively integrated into future 
designs for use in “demanding” environments and advanced manufacturing (Industry 4.0).    
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Traceability in manufacturing metrology: do we still need artefacts?    
 
Prof. Simone Carmignato 
 
University of Padova, IT 

  
Abstract 
Today, dimensional artefacts – ranging from measurement standards to calibrated workpieces – might look dusty in comparison to 
some of the most evident innovations in advanced manufacturing, including cyber-physical systems and Industry 4.0 concepts that 
seem light years away from material artefacts. However, dimensional artefacts continue to play a fundamental role to establish the 
traceability of measurements in production, which is an essential prerequisite to control manufacturing processes and assure the 
quality of products, as well as for the comparability of the properties of components in global manufacturing environments. In fact, 
metrological traceability becomes even more important in today’s manufacturing contexts, where reliable and accurate digital 
models of products, processes and production systems are needed. In this keynote, dimensional artefacts are discussed, 
encompassing their characteristics, design, availability, selection and role in supporting production by establishing metrological 
traceability.          
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Why do we rarely see uncertainty statements with surface form and texture 
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Abstract 
We all understand the concept and need for measurement uncertainty. As educators, we often tell our students that a measurement 
is simply not complete without a quantitative statement about uncertainty. So, why do we rarely see uncertainty statements with 
surface topography (form and texture) measurements or specifications for engineering drawings? The only answer I have to this 
question is: “because it is a very tricky thing to do, especially if trying to follow international guidelines” (i.e. the GUM). In this keynote 
presentation I want to summarise the state of the art in uncertainty quantification for surface topography measurement, lay out 
some of the issues that make it a tricky problem and present some potential ways forward.  
 
Surface topography, measurement uncertainty, point clouds        
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Abstract 
A catalytically assisted etching method was applied to planarization of Si surfaces for the ultra-precision fabrication of X-ray mirrors. 
The study demonstrates that an atomically smooth surface with less than 0.1 nm root-mean-square roughness could be achieved on 
a Si substrate using a thin metal film and pure water as the catalyst and etching solution, respectively. The removal rate using a Pt 
catalyst can reach to over 500 nm/h. Density functional theory calculations is carried out to understand the initial steps of the 
catalyzed hydrolysis reaction at catalyst-Si interface during the planarization. The removal mechanism is expected to be similar to 
that in SiC and SiO2. 
 
Catalyst-referred etching (CARE), planarization, catalyst, X-ray mirror, hydrolysis     

  
 

1. Introduction   

There is a growing demand on ultra-precision optical 
components for scientific and industrial applications, especially 
in extreme ultraviolet (EUV) and X-ray regimes. Using the short-
wavelength light, scientific imaging of cutting-edge 
materials/biological samples and nanoscale lithography have 
become possible thanks to the ultra-precision optical 
components [1, 2]. Low thermal expansion materials such as 
glass and Si are still the main materials used for fabricating 
optical components. Compared to glass, Si possesses more 
attractive properties, such as higher cleanliness, machinability, 
and workability. Accordingly, ultra-precision surface machining 
for Si surfaces has been achieved significant advances in 
accuracy and smoothness. A highly ordered surface with a root 
mean square (rms) roughness at the level of several tens of 
picometer is greatly desired for the highest reflectivity and the 
lowest unwanted scattering [3, 4].  

Chemical mechanical polishing (CMP) is generally employed as 
a final polishing method to finish these surfaces. CMP method 
employs a slurry containing chemicals and abrasives to machine 
the surface. The mechanical effects are primarily contributed to 
the removal. Accordingly, mechanical damage and irregularities 
can be induced on the finished surface that potentially 
decreases the device’s performance [5, 6]. 

Thus, an abrasive-free polishing method employing catalyzed 
chemical etching, known as catalyst-referred etching (CARE), has 
been developed [7-10]. CARE employs a catalytic pad by 
depositing a thin catalyst film on its surface. The etching only 
takes place chemically at contact areas of a work piece and the 
catalyst pad. Accordingly, the topmost parts are preferentially 
etched, ensuring a highly ordered surface.  

This method with Pt and pure water as the catalyst and the 
etching solution has successfully applied to planarize SiC, GaN 

and SiO2 glass [8-10]. Atomically smooth surface with the step-
and-terrace structure having a one bilayer step height was 
obtained. The removal mechanism of CARE for SiC and SiO2 has 
been clarified to be hydrolysis reaction using first-principles 
calculations, as shown in Fig. 1 [9, 10]. Pt catalyzed the hydrolysis 
reaction via the assistance with water dissociation and 
stabilization of the hypervalent state through chemical Pt-O 
bond at the interface. 

 

 
  

Figure 1. CARE reaction pathway for the etching of (a) SiC and (b) SiO2 
using Pt catalyst and water. 

 
The CARE method is expected to be applicable to Si because 

the Si-Si bond is a weak chemical bond which is more vulnerable 
to a chemical attack (Fig. 2). Therefore, this study is to 
demonstrate the potential of Si planarization using CARE in 
water and understand the removal characteristics. Additionally, 
the removal mechanism of Si is also discussed using first-
principles calculations. 

 

 
 
Figure 2. Proposed reaction pathway for the etching of Si via CARE 
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2. Experimental methods 

A 2-in. Si(100) wafer is employed as a typical surface used for 
X-ray mirrors. The schematic of CARE setup is shown in Fig. 3. A 
Pt thin film was deposited on an elastic pad. The sample was 
placed into a wafer holder and pressed onto the pad with a 
pressure of ca. 40 kPa by an airbag. The sample and the pad were 
immersed in pure water and independently rotated at a speed 
of 20 rpm. The rotational speeds of the sample and the pad were 
slightly different to maximize the randomness of the contact 
areas between that sample and the pad. Thanks to the random 
effect of the contact areas, a highly ordered surface could be 
achieved. 

The pre-processed and processed surface via CARE were 
observed with a phase-shift interference microscope (ZYGO 
Newview 200CHR) and a scanning probe microscope (Shimadzu; 
SPM 9700).  

 
Figure 3. Schematic outline of CARE apparatus  

3. Results and discussion      

3.1. Surface planarization 
Figures 4(a) and (b) show the surface topography of pre-

processed and CARE-processed surfaces of the Si(100) surface, 
respectively. The roughness in peak-to-valley (P-V) and rms is 
markedly improved.  
 

 
 
Figure 4. Optical profiler images of the (a) pre-processed surface (P-
V: 4.244 nm, rms: 0.628 nm, Ra: 0.486 nm ) and (b) CARE-processed 
surface of Si(100) (P-V: 1.252 nm , rms: 0.094 nm, Ra: 0.106 nm ) 

 

Figure 5(a) and (b) respectively show atomic force microscopy 
(AFM) images of pre-processed and CARE-processed Si surface. 
The surface roughness (rms and Ra) is markedly improved after 
CARE processing. 
 

 
 
Figure 5. Atomic force microscopy images of the (a) pre-processed 
surface (rms: 0.225 nm, Ra: 0.175) and (b) CARE-processed surface 
(rms: 0.052 nm, Ra: 0.041 nm). 

The removal rate is approximately 500 nm/h, which is faster 
than that for SiC and SiO2 processing. The results suggest that 
the hydrolysis reaction on a Si surface might have a lower 
activation barrier than that on SiC and SiO2 surfaces. 

3.2. First-principles calculations 
To confirm the hydrolysis reaction and role of the catalyst in 

CARE of Si, we performed first-principles calculations to 
estimate the activation barriers of the relevant reaction 
pathways. The calculation methods are explained elsewhere [9, 
10]. At the first trial, we investigated the activation barrier of the 
reaction pathway without a Pt catalyst. The initial state (IS), 
metastable state (MS), and final state (FS) are shown in Fig. 6. 

 

 
 
Figure 6. Atomic geometries of the initial state (IS), metastable state 
(MS), and final state (FS) for the reaction without a Pt catalyst. 
 
The activation barrier of the reaction pathway in Fig. 6 is 

calculated to be 1.0 eV, which is smaller than that for SiC (1.9 eV) 
and SiO2 (1.5 eV), indicating that the hydrolysis reaction on a Si 
surface is easier. The calculated results suggest the feasibility of 
the Pt-catalyzed hydrolysis reaction in Si processing via CARE. 
The removal mechanism of CARE of Si is expected to be similar 
to that of SiC and SiO2. 

4. Summary      

The study demonstrated the feasible application of CARE 
planarization to Si substrates using a Pt catalyst in pure water. 
The CARE-processed surfaces were atomically smoothed with an 
rms roughness of less than 0.1 nm over the whole surface. From 
the first-principles calculations, the hydrolysis reaction is 
feasible, indicating that the similarity of the removal mechanism 
of CARE of Si is expected.  

With the elucidated mechanism, the CARE of Si becomes not 
only a practical ultra-precision polishing method for X-ray 
mirrors but also an environmentally friendly and sustainable 
polishing technology because of its abrasive- and chemical-free 
character. 
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Abstract 
We present a new mechanical oscillator architecture that can be made insensitive to linear and angular accelerations while keeping 
constant oscillation frequency. The oscillator has the kinematics of a Watt linkage, so we call it a Watt oscillator. 
In order to predict its behaviour when it is subjected to external forces, we propose an analytical model using simplifying hypotheses. 
The solutions given by the analytical model were tested using an FEM model in order to obtain a dynamically balanced mechanism  
with frequency insensitive to external forces. A satisfactory correspondence between theory and FEM was found. 
 
Conceptual design, Dynamic, Modelling, Silicon 

 

1. Introduction  

In previous work, we introduced 2-DOF oscillators as time 
bases for mechanical timekeepers [1,2,3,4]. These remove the 
complex and inefficient escapement used in all previous 
mechanical timekeepers and replace it with a simple crank 
mechanism. In order to obtain a suitable watch time base. The 
oscillator should be insensitive to the orientation of gravity, so 
we have pursued research on 2-DOF oscillators satisfying this 
condition. One method of constructing a 2-DOF oscillator is to 
combine in parallel two 1-DOF oscillators, see [5], and in this 
paper we study a particular 1-DOF oscillator to produce a gravity 
insensitive 2-DOF combination.  

The 1-DOF oscillator considered here is based on the four-bar 
linkage invented by James Watt and presented in his 1784 steam 
engine patent, see [6]. In this linkage, the point 𝑀 at the center 
of 𝐴𝐵 moves in an approximate straight line for small rotations 
around 𝑂1and 𝑂2, see Fig. 1.  

 

 
 

Fig. 1. Classical Watt four-bar linkage 

 
We consider here the Watt oscillator shown in Fig. 2, where 

identical inertial masses (1) and (2) rotate around 𝑂1and 𝑂2 and 
there are torsional springs at 𝑂1, 𝑂2 and at 𝐴, 𝐵. 

 
By acting on both the centers of mass and the inertia of the 

linkages, our oscillator is intended to be 

 Balanced: the mechanism is insensitive to linear and 
angular accelerations. 

 Frequency is insensitive to gravity: the force of gravity 
modifies stiffness and affects the  frequency of the 
oscillator.  We claim that our oscillator can be made 

insensitive to gravity orientation in the plane of the 
oscillator. 

 

 
 

Fig. 2. Watt oscillator 

 
We provide a pseudo-rigid model to quantify analytically the 

effects of accelerations on a Watt oscillator. We deduce a 
configuration minimizing the effect of external acceleration on 
the oscillator's behavior. We then give equations indicating how 
to tune frequency. The results are validated using an FEM model. 
Finally, coupling two Watt oscillators in parallel based on this 
structure yields a 2-DOF oscillator that is dynamically balanced 
with frequency insensitive to gravity. 

2. Modelling and balancing the Watt oscillator      

2.1. Parametrization 

 
Fig. 3 shows the Watt oscillator with its corresponding analysis 
graph, using SI units. Here AA’ (solid x,1) and BB’ (solid x,2) are 
the two inertial levers connected by A’B’ (solid x,3), which we 
call the  Wattbar X. These segments are connected to each other 
by revolute joints with rotation angles satisfying 
 

𝜃𝑥,1 = 𝜃𝑥,1
′  

𝜃𝑥,2 = 𝜃𝑥,2
′  

𝜃𝑥,1 = −𝜃𝑥,2 = −𝜃 
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Fig. 3. Watt oscillator kinematics with its analysis graph 

 
As in Fig. 3, torsion springs are placed at each joint and they 
produce torque proportional to their rotation 
 

𝑇𝑘𝑥,1
= 𝑘𝑥,1𝜃𝑥,1 

𝑇𝑘𝑥,1
′ = 𝑘𝑥,1

′ 𝜃𝑥,1
′  

𝑇𝑘𝑥,2
= 𝑘𝑥,2𝜃𝑥,2 

𝑇𝑘𝑥,2
′ = 𝑘𝑥,2

′ 𝜃𝑥,2
′  

 

 
Fig. 4. Parametrization of the center of mass of solid i 

 
For 𝑖 = 1,2 the solid 𝑥, 𝑖 has mass 𝑚𝑥,𝑖  and  inertia 𝐽𝑥,𝑖   at its 

center of mass 𝐸𝑥,𝑖 (see Fig. 4 for parametrization), where 

𝐴𝐸𝑥,𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑒𝑥,𝑖([cos(𝜑𝑥,𝑖) − sin(𝜑𝑥,𝑖) 𝜃𝑥,𝑖]𝑥 

+ [sin(𝜑𝑥,𝑖) + cos(𝜑𝑥,𝑖) 𝜃𝑥,𝑖]𝑦 ) 

The solid 𝑥, 3 has a mass 𝑚𝑥,3 and center of mass 𝐸𝑥,3, where 

𝐴′𝐸𝑥,3
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝑒𝑥,3(cos(𝜑𝑥,3) 𝑥 + sin(𝜑𝑥,2) + cos(𝜑𝑥,2) 𝑦 ) 

 
and 

𝐴𝐴′⃗⃗ ⃗⃗⃗⃗  ⃗ = −𝐻𝜃𝑥,1𝑥 + 𝐻𝑦  

𝐴′𝐵′⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = −𝐿𝑥  

𝐵𝐵′⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐻𝜃𝑥,2𝑥 − 𝐻𝑦  

 
The gravity acceleration is 

𝑔 = 𝑔(cos(𝜑𝑔) 𝑥 + sin(𝜑𝑔)𝑦 ) 

The dashed lines represent the Watt oscillator in its deformed 
shape, for small rotations.  
 
2.2. Analytical model 

 
We assume that all solids are considered infinitely rigid. Gravity 
acts on all solids except the frame in the xy plane. The revolute 
joints are ideal frictionless joints. A small angle assumption is 
used. 

Using Newton’s laws, we find the static force that gravity 
applies to the Wattbar X. The equation has form 

𝐾(𝜑𝑔) ⋅ 𝑋 = 𝐹(𝜑𝑔)  

where 

𝐹(𝜑𝑔) = 𝐴 ⋅ cos(𝜑𝑔) + 𝐵 ⋅ sin (𝜑𝑔) 

 

(1) 

and 

𝐴 =
𝑔

𝐻
(𝑒𝑥,1𝑚𝑥,1 sin(𝜑𝑥,1) − 𝑒𝑥,2𝑚𝑥,2 sin(𝜑𝑥,2) + 𝐻𝑚𝑥,3)  

(2) 
𝐵 =

𝑔

𝐻
(𝑒𝑥,2𝑚𝑥,2 cos(𝜑𝑥,2) − 𝑒𝑥,1𝑚𝑥,1 cos(𝜑𝑥,1))  

 
and 

𝐾(𝜑𝑔) = 𝐾𝑒𝑞 + 𝐶 ⋅ cos(𝜑𝑔) + 𝐷 ⋅ sin(𝜑𝑔) (3) 

 
where 

𝐾𝑒𝑞 =
𝑘𝑥,1 + 𝑘𝑥,1

′ + 𝑘𝑥,2 + 𝑘𝑥,2
′

𝐻2  (4) 

 
and 

𝐶 =
𝑔

𝐻2𝐿
(𝑒𝑥,1𝑚𝑥,1 cos(𝜑𝑥,1) 𝐿 + 𝑒𝑥,2𝑚𝑥,2 cos(𝜑𝑥,2) 𝐿

− 2𝑒𝑥,3𝑚𝑥,3 sin(𝜑𝑥,3) 𝐻) 
(5) 

𝐷 =
𝑔

𝐻2𝐿
(𝑒𝑥,1𝑚𝑥,1 sin(𝜑𝑥,1) 𝐿 + 𝑒𝑥,2𝑚𝑥,2 sin(𝜑𝑥,2) 𝐿

+ 𝑚𝑥,3𝐿𝐻 + 2𝑒𝑥,3𝑚𝑥,3 cos(𝜑𝑥,3)𝐻) 
 
2.3. Balancing 

To statically balance the Watt oscillator, first, the term 𝐹(𝜑𝑔) 

in Equation 1 should be zero, implying that the 𝐴 and 𝐵 
coefficients of Equation 2 should equal zero. We then have the 
solution : 

 
ex,1

=

√(ex,2mx,2)
2
+ (mx,3H)

2
− 2ex,2mx,2mx,3 𝑐𝑜𝑠(φx,2)H

mx,1
 

(6) 

 

𝜑𝑥,1 = 𝑎𝑟𝑐𝑡𝑎𝑛2(𝑒𝑥,2𝑚𝑥,2 𝑠𝑖𝑛(𝜑𝑥,2)

− 𝑚𝑥,3𝐻, 𝑒𝑥,2𝑚𝑥,2 𝑐𝑜𝑠(𝜑𝑥,2)) 
(7) 

 
Then, to finish the static balancing procedure, the effect of 

gravity on the global stiffness of the Watt oscillator should be 
nullified meaning the coefficients 𝐶 and 𝐷 of Equation 4 should 
equal zero. This yields equations  

 

𝑒𝑥,2 = 𝑒𝑥,3

𝐻

𝐿

𝑚𝑥,3

𝑚𝑥,2
 (8) 

𝜑𝑥,2 = 𝜑𝑥,3 −
𝜋

2
 (9) 

 
To dynamically balance the Watt oscillator, its angular 

momentum should remain constant or be set to zero. This 
means that the entire mechanism will no longer export torques 
to the frame. It also means that the frame will no longer be able 
to excite the mechanism via angular accelerations. These imply 
an increase in the quality factor of the oscillator, as for a tuning 
fork.  
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We calculate the angular momentum of the Watt oscillator at 
the point 𝐴 and project the result along the 𝑧 axis 

 

𝜎𝐴,Σ/𝑅 = [𝐽𝑥,2 − 𝐽𝑥,1 + 𝑚𝑥,2𝑒𝑥,2
2 − 𝑚𝑥,1𝑒𝑥,1

2 − 𝑚𝑥,3𝐻
2

+ 𝑚𝑥,2𝑒𝑥,2(2 sin(𝜑𝑥,2)𝐻 − cos(𝜑𝑥,2) 𝐿)

− 𝑚𝑥,3𝑒𝑥,3 sin(𝜑𝑥,3) 𝐻]�̇� 

 
In order to dynamically balance the Watt oscillator we have 

𝐽𝑥,1 = 𝐽𝑥,2 + 𝑚𝑥,2𝑒𝑥,2
2 − 𝑚𝑥,1𝑒𝑥,1

2 − 𝑚𝑥,3𝐻
2

+ 𝑚𝑥,2𝑒𝑥,2(2 sin(𝜑𝑥,2) 𝐻

− cos(𝜑𝑥,2) 𝐿)

− 𝑚𝑥,3𝑒𝑥,3 sin(𝜑𝑥,3)𝐻 

(10) 

 
The frequency 𝑓𝑊𝑎𝑡𝑡  of the Watt oscillator is given  

𝑓𝑊𝑎𝑡𝑡 =
1

2𝜋
√

𝐾𝑒𝑞

𝑀𝑒𝑞
 

 
The linear equivalent stiffness 𝐾𝑒𝑞  is given by equation (4) and 

the equivalent mass 𝑀𝑒𝑞 is found using an energy-based 

approach 
 

1

2
𝑀𝑒𝑞𝑉𝐴′,𝑅

2 =
1

2
𝐽𝑥,1,𝑒𝑞�̇�

2 +
1

2
𝐽𝑥,2,𝑒𝑞�̇�

2 +
1

2
𝑚𝑥,3𝑉𝐴′,𝑅

2  

 
where 

𝐽𝑥,1,𝑒𝑞 = 𝐽𝑥,1 + 𝑒𝑥,1
2 𝑚𝑥,1 

𝐽𝑥,2,𝑒𝑞 = 𝐽𝑥,2 + 𝑒𝑥,2
2 𝑚𝑥,2 

𝑉𝐴′,𝑅
2 = 𝐻2�̇�2 

 
so that 

𝑀𝑒𝑞 =
𝐽𝑥,1,𝑒𝑞 + 𝐽𝑥,2,𝑒𝑞

𝐻2
+ 𝑚𝑥,3 

3. FEM verification 

In order to validate our analytical results, we created an 
unbalanced Watt oscillator Comsol FEM software using the 
Multibody dynamics physics module. 

 
 

Fig. 5. Comsol model of an unbalanced rigid body Watt oscillator 
based on the kinematic shown in Fig. 3. The mechanism is represented 

in its nominal position (solid line) and deformed position (colored 
blocs). The circles represent movable counter weights used to balance 

the structure. Displacement in mm. 

 
The parameters of the FEM model are given in Table 1 

Table 1. Numerical values of the Watt oscillator 

Fixed 
parameters 

Numerical value 
Fixed 

parameters 
Numerical value 

H 10e-3 𝒎𝒙,𝟏 325e-6 

L 20e-3 𝒎𝒙,𝟐 325e-6 

𝒌𝒙,𝟏 0.2e-3 𝒎𝒙,𝟑 219e-6 

𝒌𝒙,𝟏
′  0.2e-3 𝒆𝒙,𝟑 8.66e-3 

𝒌𝒙,𝟐 0.2e-3 𝝋𝒙,𝟑 3.01 

𝒌𝒙,𝟐
′  0.2e-3 Thickness 1e-3 

 
3.1. Static balancing 

 
Fig. 6. Static balancing results 

 

We used Equations (6) and (7) to compute the position of the 
center of mass of solid 𝑥, 1 which cancels out the sag of the Watt 
oscillator. 
 

3.2. Frequency insensitivity 

 
Fig. 7. Frequency insensitization results 

 

We used Equations (6), (7), (8) and (9) to compute a new 
position of the center of mass of solids 𝑥, 1 and 𝑥, 2 which 
statically balance the Watt oscillator and render it insensitive to 
the direction of gravity.  
 
3.3. Dynamic balancing 
 
Table 2. Numerical values for the rotating stage 

Fixed parameters Numerical value 

RS inner diameter 13e-3 
RS outer diameter 15e-3 

RS density 1e-6 
RS thickness 1e-3 

 
In order to evaluate the effect of dynamic balancing, we placed 
the Watt oscillator on a rotating stage centered in the middle of 
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the structure, see Fig. 8. When the oscillator is not dynamically 
balanced, the torque it generates while oscillating is transferred 
to the rotating stage (RS), which will then rotates on itself. 
Following the dynamic balancing procedure using equation (10), 
it is expected that the torque transmitted to the rotating stage 
is reduced so its displacement is also be reduced. The 
parameters used for rotating stage are given in Table 2. 
 

 
Fig. 8. Comsol model of the Watt oscillator mounted on a rotative 

stage (larger ring). While oscillating, if not dynamically balanced, the 
Watt oscillator will transmit torque to the rotative stage and make it 

rotate. The colors represent the total displacement in mm. 

 

 
Fig. 9. Dynamic balancing results 

 
The simulation results (see Fig. 9) indicate a factor of 5 

reduction in  exported torque produced by the Watt oscillator. 

4. Conclusion and perspectives     

We defined and analyzed a 1-DOF Watt oscillator and showed 
it could be balanced to be insensitive to linear and angular 
accelerations, including the direction of gravity.  
These results allow us to generate 2-DOF oscillators composed 
of two Watt oscillators kinematically connected in parallel, 
which we have named Wattwins, see Fig. 10.  

 
Fig. 10. The 2-DOF Wattwins oscillator 

 
We have designed and constructed this oscillator in silicon and Fig. 11 

shows this construction with 25mm outer diameter.  

 
Fig. 11. Constructed Wattwins oscillator 
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Abstract 

Wearable electronics, generally comprising low-power sensors, often aimed at Internet-of-Things solutions, can be powered by 

transforming low-level kinetic energy, induced by human motion, into electrical energy generated via piezoelectric energy harvesting 

principles. Such a design approach can lead to a significant increase of the autonomy of wearable devices. The main drawback in 

using piezoelectric energy harvesters is the narrow area of optimal operation around their eigenfrequency, which, due to the random 

nature of human motion, is particularly noticeable in wearable applications. In order to deal with this challenge, in this work the 

conventional rectangular bimorph cantilever is hence segmented into optimized shapes that allow achieving an increased specific 

power output and an adaptation to the foreseen applications, whereas the frequency up-conversion principle is employed. A complex 

coupled-field finite element model is used to simulate the electromechanical response of the resulting harvesters’ designs, and 

experimental measurements, on a suitably developed experimental set-up, are performed. A wrist-worn kinetic energy harvesting 

solution is hence proposed, combining the mentioned approaches. It is primarily aimed at powering ultra-low power wearable 

devices for medical applications, e.g. telemedicine, drug delivery and health monitoring. 
 

Kinetic energy harvesting, broadband piezoelectric energy harvesting, wearable technology, biomedicine, miniaturized devices 

 

1. Energy harvesting and wearable technology 

In recent times, for gadgets and Internet-of-Things (IoT) 

components, a trend towards rapid miniaturization, as well as 

increased power autonomy, can be observed. A very interesting 

feature in this framework is the possibility of such devices to be 

worn by the users as an accessory (e.g. a watch) or a clothing 

element. Such devices, also known as wearables, can comprise 

different sensors, widely broadening their field of application. 

One of the niches where wearables could have a noticeable 

impact, is the field of telemedicine, which involves remotely 

monitoring patients’ states by using the existing 

telecommunications infrastructure. This may include monitoring 

of patients’ heart rates, blood pressure, blood sugar levels or 

even employing drug delivery systems [1]. 

Wearable devices require a wearable power source as well. 

Apart from the conventional battery, characterised by several 

shortcomings, a suitable power source for such devices could be 

the body itself, i.e., they can rely on energy harvesting principles. 

The chosen energy harvesting approach largely depends in this 

frame on the energy form, e.g. photovoltaic modules can be 

used for harvesting solar energy, thermoelectric generators are 

used for thermal energy sources, whereas kinetic energy, 

induced by the motion of living beings or machinery, can be 

collected by using piezoelectric or electromagnetic devices [2, 

3]. The possible application of piezoelectric energy harvesters, 

in the form of bimorph cantilevers, is considered in this this work 

as a viable power source for wearable devices in medical 

applications. 

2. Broadband piezoelectric energy harvesting 

The main issue when using piezoelectric bimorphs as energy 

harvesters, is the narrow area of optimal operation around the 

eigenfrequencies of a specific device. In this area, a high voltage 

level is generated, but it rapidly decreases with even a slight 

variation of the excitation frequency [2]. On the other hand, 

when collecting kinetic energy from human motion, the 

excitation varies across a wide range of frequencies, thus 

reducing the possible power outputs of the harvester. Several 

approaches to solve this problem, i.e., to achieve the broadening 

of the optimal frequency spectrum, have recently been 

suggested, the most promising being: 

• changing the conditions around the cantilever free end (e.g. 

damping control or active tuning), 

• changing the geometry of the cantilever (by using complex 

geometries with bi-stable or nonlinear responses, or a large 

number of differently tuned cantilevers) [2, 3], or 

• frequency-up conversion, i.e., “plucking” the free end of a 

cantilever and letting it oscillate at its eigenfrequency [4]. 

A novel combination of design configuration variants given by 

geometric variations, while exciting the harvesters by using 

frequency-up conversion, is considered in this work. 

 

 
 

Figure 1. Scheme of the studied energy harvesters. 
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2.1. Influence of harvester’s geometry and modelling of the 

device 

In order to comply with the realistic case, as well as to avoid 

the potential damage of the piezoelectric layers due to stress 

concentrations [1], all studied design configurations are 

assumed to be clamped on the steel substrate of the 

piezoelectric bimorph, as shown in Figure 1. What is more, in the 

initial analyses no tip mass is considered at the free end of the 

harvesters, thus simplifying the needed simulations and 

reducing their number. This allows focusing the work on the 

influence of the geometry of the harvester on its dynamical 

electromechanical response, whereas the considerations on an 

optimised tip mass for each harvester’s shape configuration, 

allowing to increase further the obtainable specific powers, will 

be performed in future work. 

In the conventional rectangular bimorph piezoelectric energy 

harvesters (cf. Figure 2 – variant A), the bending moment, which 

causes the mechanical stress and, therefore, the generation of 

charge in the piezoelectric layers, decreases linearly towards the 

free end of the cantilever. As it is well known, by modifying the 

bimorph to an optimized triangular shape, a uniform stress 

distribution along the surface of the cantilever can be achieved. 

When the clamping and the usual tip mass location at the free 

end are taken into account, the triangular shape can be 

approximated with a trapezoidal one. It has been shown that the 

specific power outputs of piezoelectric energy harvesters can be 

significantly increased by using such trapezoidal shapes. What is 

more, by inverting the trapezoidal shape, i.e., by clamping the 

cantilever at the narrow end of the harvester, so as to induce a 

marked stress increase near the fixation, while placing the tip 

mass on the wider end, an even more pronounced growth in 

specific power is achieved [5]. 

 

 
 

Figure 2. Shape variations aimed at the increase of compliance. 

 

To enable the optimization of different cantilever 

configurations, having as goal the maximization of the 

obtainable power output levels, while concurrently overcoming 

the limitations of the analytical CMEDM approach [6], a suitable 

numerical (FEM) model, comprising modal and coupled 

harmonic analyses, is thus developed in ANSYS® [1]. The 

variation of cantilever shapes can hence be studied, while all 

analysed cantilevers are constrained in the same dimensional 

envelope (30 mm x 15 mm) and have the same layers’ 

thicknesses (substrate: 0.1 mm, PZT: 0.2 mm). The addition of 

notches (or similar shape variations), increasing cantilever’s 

compliance, thus inducing a boosting of charge generation, with 

the resulting increase of the power outputs, is thus considered. 

The first analysed design configuration variant includes, hence, 

adding a V shaped notch at the clamped end of a rectangular 

cantilever (variant B in Figure 1). The second one (designated as 

design configuration C) consists, in turn, in segmenting the 

cantilever in an inverse trapezoidal and two half-trapezoidal 

shapes, while the third one is based on adding a wavy edge on 

the segmented cantilevers (design variant D). Multiple 

numerical analyses, aimed at obtaining the optimal load 

resistances (RL), i.e., those where the output voltages and 

powers are maximal for each harvester’s shape and segment, 

are thus performed. The respective clamping points for each 

considered design configuration are marked again in Figure 2 for 

clarity purposes according to the boundary condition set in 

Figure 1. 

The benefits of using the segmented design configurations can 

be boosted by using a frequency up-conversion principle of 

plucking the free end of the cantilevers [1]. Several excitation 

concepts are being considered and developed from the 

mechanical engineering design point of view in this frame, all 

based on a watch-like device, as shown on Figure 3 [7], where a 

rotating flywheel converts the random kinetic energy generated 

from human motion into rotational motion. The latter is then 

used to “pluck” the cantilever segments, inducing the oscillatory 

excitation of the piezoelectric harvesters at their 

eigenfrequency, thus decoupling their response from the 

evidenced problems and generating electrical energy in the 

optimal dynamical conditions [8]. Such watch-like devices, being 

developed in collaboration with medical institutions, can 

comprise one (Figure 3a) or multiple (Figure 3b) segmented 

piezoelectric cantilevers, thus increasing energy density. The 

produced electrical energy can thus be used to operate low-

power sensors, aimed at biomedical applications or IoT 

solutions. 

 

 
 

(a) 

 

 
 

(b) 
 

Figure 3. Design concepts of a watch-like wearable energy harvesting 

device: with a single (a), and with multiple cantilevers (b) [7]. 
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2.2. Results 

The specific power outputs of the studied harvester shapes are 

obtained numerically from the output voltages and optimal load 

resistances, and, given the constant layers’ thickness, 

normalized over the surface of the harvesters. 

Figure 4 shows the thus obtained specific power outputs for 

each considered shape and segment. A clear increase can thus 

be observed for shapes with added notches, i.e., with increased 

compliance. What is more, an expected eigenfrequency shift 

towards lower values can also be noticed. Considering the 

respective numerical data reported in Table 1, a slight change of 

the optimal load resistance values can be observed for the 

segmented shapes C and D of Figure 2, that is not noticeable for 

the design configurations A and B; the latter could be due to a 

larger increment step of load resistances used in the respective 

numerical sweeps. A further increase in specific power outputs 

is expected when the optimized tip mass (i.e., that inducing the 

maximal oscillating deflections compliant with the fatigue 

strength of the piezoelectric material) is introduced, resulting in 

larger vibrational bending of the energy harvesters. Thins will, 

obviously, imply the need to iteratively calculate again the 

dynamic response of the harvesters as well. 

 

 
 

Figure 4. Numerically calculated specific power outputs for multiple 

cantilever shapes. 

 

Table 1 Results of FEM analyses for multiple cantilever shapes. 
 

 A B C-1 C-2 D-1 D-2 

f1/Hz 239 210 123 375 173 271 

RL/kΩ 10 10 35 25 25 35 

PSmax/mW/m2 6.8 8.5 6.6 2.3 9.8 5.5 

3. Conclusions and outlook 

Based on the initial study of the possibility to increase the 

power outputs of piezoelectric energy harvesters for wearable 

applications by varying their design configurations, it can be 

concluded that novel harvester shapes with increased 

compliance could provide the means of significantly improving 

their performances. There is also a clear indication that, by 

increasing the compliance of already optimized (segmented) 

shapes, a further improvement could be achieved, while 

segmented configurations provide means of a versatile 

adaptation of the performances of each segment to multivariate 

loads (different sensors). Additional analyses are being carried 

on to determine the optimal tip masses for the analysed shapes. 

On the other hand, the experimental validation of the attained 

results is being performed. A plucking frequency up-conversion 

experimental set-up, comprising a controllable rotational exciter 

(1), a variable resistance box (2), an oscilloscope for monitoring 

and acquiring the output voltage levels (3), and a laser Doppler 

vibrometer for monitoring the dynamical response of the 

studied harvesters (4), has thus been developed (Figure 5). 

 
 

Figure 5. Experimental set-up for frequency up-conversion analyses. 

 

A closed-up view of the experimental setup, shown in Figure 

6, allows evidencing better the core elements of the set-up. It 

can thus be seen that the analysed piezoelectric energy 

harvester (5) is clamped to an adjustable clamping mechanism 

(6), enabling a precise positioning of the cantilever in relation to 

the excitation plectra (7). The rotational plectrum holder (8) is 

then coupled to a DC motor, enabling the variation of plucking 

frequency as well as of the direction of rotation. 

 

 
 

Figure 6. Detail of the frequency up-conversion “plucking” mechanism. 

 

 
 

Figure 7. Voltage output for a rectangular plucked harvester. 

 

As part of the iterative process of developing an adequate 

model and a suitable experimental configuration for the studied 

system, experimental measurements, aimed at analysing the 

effect of plucking intensity and frequency on the response of the 

harvesters, are thus currently under way. The influence of both 

plucking frequency and plectrum stiffness are analysed, as is the 

clamping of the plectrum itself and the direction of rotation. 
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Several plectrum materials are therefore being studied, ranging 

from metal, to wood and various polymers. 

Preliminary results (shown in Fig. 7) allow evidencing a 

significant dynamical effect of the impact of the plectrum on the 

harvester on the electromechanical response of the latter. This 

adds an even higher level of complexity to the task related to the 

adequate numerical modelling of the studied energy harvesting 

devices. 

In any case it is shown that the combined improvements of the 

two described piezoelectric energy harvester’s design 

approaches, namely the cantilever segmentation and the 

employment of the frequency up-conversion, have a marked 

potential in the development of a new class of optimised 

piezoelectric energy harvesters aimed at converting the random 

kinetic energy excitation, generated by human motion, into 

electric energy to be used for successfully powering various 

sensors. What is more, the proposed design approach allows 

anticipating the development of hybrid systems where 

piezoelectric energy harvesting could be synergistically coupled 

to energy harvesting technologies based on different energy 

sources, such as thermoelectric, RF or photovoltaic energy, 

further increasing the overall efficiency of the end product as 

well as its autonomy. 

Such harvesters, coupled to a carefully designed power 

management system and a cautious approach to privacy and 

data protection [1], could enable the development of a new class 

of autonomous wearable devices suitable to be used as 

biomedical sensors for remote patients’ monitoring, in industry 

4.0 applications as workers’ health and safety monitors, for 

monitoring training achievements of sportsmen, as well as for 

multiple IoT applications. 
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Abstract 
To understand the nanoparticle motion behaviours on a surface, we have studied to investigate the three-dimension tracking of an 
individual nanoparticle with nanometre localisation accuracy. In three-dimensional nanoparticle moving position, the X and Y 
coordinates are on the parallel plane to the surface, which their coordinates can be tracked in general microscopy. However, the 𝑍 
coordinate is the nanoparticle height position perpendicularly to the surface plane, which could not be generally tracked without 
longitudinal scanning method. In this paper, the polystyrene 100 nm standard particles were used to investigate the three-
dimensional tracking. The individual standard nanoparticles were fixed on the tip, which was vertically travelled with the piezo 
actuator for movement control on the third dimension to verify the actual height 𝑍. Our developed optical microscopy apparatus has 
been applying multi-wavelength evanescent fields, and obtaining multi scattering light intensities from the observed nanoparticles 
near to surface. Commonly, the X and Y coordinates of nanoparticle were determined by the centre of mass of each scattering light 
intensity. The height 𝑍 was investigated from the integration of the detected scattering intensities of each wavelength. By using our 
method, the height 𝑍 uncertainty could be measured approximately less than ±20 nm, and the penetration height measurability was 
approximately 250 nm far from the reference surface. Consequently, we could three-dimensionally track the individual standard 
nanoparticle in recording speed higher than 50 frames per second. 
 
Keywords 
3D tracking, longitudinal position, polystyrene nanoparticle, optical multi-wavelength, evanescent fields  
   

 

1. Introduction   

Nowadays, nanoparticles have been developed and popularly 
used in chemical mechanical polishing (CMP) process for 
planarizing a substrate surface in the semiconductor manufac-
turing. The nanoparticles behaviours are the three-dimensional 
and ultra-speed movement in liquid solution during the CMP 
process. The optical microscopy tracking and imaging of 
individual nanoparticles can reveal their behaviour during the 
CMP process. Many studies and methods attempt to realize the 
nanoscale phenomena during the process of individual 
nanoparticle [1]. Besides, the ISO’s calibration and verification 
method for a light scattering is based on single-particle 
measurements, which is used to measure the number and size 
distribution of particle in liquid. The typical size range of particles 
measured by this standard method is between 0.1 µm and 10 
µm in particle size [2]. Furthermore, several studies have applied 
the evanescent field for detecting the scattering light from 
nanoparticles near a surface with high contrast [3-7]. There are 
not many studies on optical microscopy method for three-
dimension tracking of individual particle size smaller than 100 
nm near the surface [8].  

In our previous studies, we could determine the sub-100 nm 
particle size without fluorescent by applying the evanescent 
field [9]. We have been proposing the multi-wavelength 
evanescent fields to determine the three-dimensional tracking 
of individual particles smaller than 100 nm by using our 
developed apparatus because the single-wavelength could not 
determine the height 𝑍  from the reference surface [10-12]. 

However, those our experiments evaluated the 3D tracking of 
Brownian motion uncontrollable the height 𝑍.  There was the 
study of the height 𝑍  calibration and estimation fluorescent 
nanoparticle by using total internal reflection fluorescence 
microscopy (TIRFM) technique [13], but our method challenging 
is to trace the nanoparticle movement in a 3D position without 
fluorescent particle for using in several study fields and 
applications. 

In this paper, we focused on the validation of height 𝑍  to 
evaluate our developed apparatus and method. The standard 
polystyrene 100 nm particles were used to investigate the three-
dimensional tracking in water due to highly uniform particle size 
which the nanoparticles were fixed on the tip. We employed the 
piezo actuator to control the movement of the nanoparticles on 
the height position 𝑍 in nanoscale precision.  

2. Nanoparticle observation near-surface on an evanecent field 

The evanescent wave generated from the total internal 
reflection (TIR), that occurs when light is internally reflected off 
an interface from higher refractive index 𝑛!	material to the 
material with lower index 𝑛"	at an incident angle 𝑖 greater than 
the critical angle 𝜃# = sin$!(𝑛!/𝑛"). The Snell`s law is used to 
describe the relationship between the angles of incidence and 
refraction as follows; 𝑛! sin 𝜃! = 𝑛" sin 𝜃". The evanescent field 
occurs on the refraction surface at the lower refractive index 𝑛" 
side that it does not propagate in free space, but is generated 
only near the reference surface in a few hundred nanometers, 
as shown in figure 1. 
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2.1. In single-wavelength an evanescent field 

The observation occurs when the particle size of 𝑑 moves into 
the evanescent field that near to the reference surface. The 
intensity of the evanescent light decays exponentially with the 
height 𝑍  from the reference surface [9]. The scattering light 
intensity increased when the height 𝑍 decreased. The height 𝑍 
is the distance between the reference surface to the bottom 
surface of the particle, as shown in figure 1.  
 

 
Figure 1. Single-wavelenght an evanescent field 

 
Where 𝜆 and 𝐼% are the laser wavelength, and laser intensity, 

respectively, the 𝜉	is the parameter that relates to the reverse 
variation of the evanescent wave penetration depth value, 
where; 𝜉 = (4𝜋 𝜆⁄ ))𝑛!"𝑠𝑖𝑛"𝑖 − 𝑛"" . An objective lens can accu-
mulate the scattering light 𝐼&	from the observed particle by with 
a numerical aperture NA, and the scattering light intensity	𝐼& can 
be approximated by equation (1) [10]. 

 

𝐼#(𝑑, 𝑍) ≈ 𝐼$
𝜋𝑑
𝜉 exp	[−𝜉𝑍][1 − 𝑒𝑥𝑝 =−𝜉

1 − √1 − 𝑁𝐴"

2 𝑑B] 
 

𝐼#(𝑑, 𝑍) ≈ 𝐼$
1 − √1 − 𝑁𝐴"

2 𝜋𝑑"exp	[−𝜉𝑍] (1) 

 
2.2. In multi-eavelength evanescent fields      

We have been applying a multi-wavelength of evanescent 
fields to investigate the three-dimensional position tracking of 
nanoparticles that the scattering light intensity distribution of 
each wavelength from nanoparticles at different height 𝑍 , as 
shown in figure 2. The detected scattering light intensities 
(𝐼&!, 𝐼&")	of dual wavelengths will be written in equation (2) and 
(3), and then the height 𝑍 of unknown particle size of 𝑑 can be 
obtained by substituting ratio of both detected scattering light 
intensities (𝐼&!/𝐼&")  into equation (4). The laser intensities 
𝐼%!, 𝐼%"  are irradiated at incident angle 𝑖!, 𝑖"  (deg), which both 
laser beams are total internally reflected from the reference 
surface, and 𝜉!, 𝜉"  are composed of total internal reflection 
parameters. Hence, the position of height 𝑍  in the third 
dimension can be determined while observing the nanoparticle 
on a two-dimension tracking method from an area image sensor 
in an optical microscopy system. 

 

 
Figure 2. Multi-wavelength evanescent fields 

 

𝐼#!(𝑑, 𝑍) ≈ 𝐼$!
1 − √1 − 𝑁𝐴"

2 𝜋𝑑"exp	[−𝜉!𝑍] (2) 

𝐼#"(𝑑, 𝑍) ≈ 𝐼$"
1 − √1 − 𝑁𝐴"

2 𝜋𝑑"exp	[−𝜉"𝑍] (3) 

𝑍 =
1

𝜉" − 𝜉!
ln =

𝐼$"
𝐼$!

∙
𝐼#!
𝐼#"
B (4) 

3. Experimental and our developed apparatus     

3.1. The optical microscopy and particle displacement control 
In our experimental setup, there are two main parts: the 

optical microscopy observation part and the nanoparticle 
displacement control part, as shown in figure 3. For the 
observation part, the multi-wavelength of evanescent fields 
were used to detect the amount of the scattering light 
intensities from the observed nanoparticles by an 8-bit colour 
camera on the optical microscopy system. For the nanoparticle 
displacement control part, the piezo actuator (MESS-TEK: MPA-
UA1S with controller: M-2510) was used to control the particle 
displacement on the height 𝑍 . The stroke length and the 
repeatability positioning of the piezo actuator are 16 µm, and ±1 
nm, respectively. 
 

 
 
Figure 3. Our developed apparatus on the optical microscopy system 
with the multi-wavelength evanescent fields and the piezo stage for 
controlling the nanoparticles displacement 
 
3.2. The experimental methods 

The standard 100 nm of polystyrene particles were fixed on a 
tip surface, held with the piezo actuator to control the 
nanoparticle movement on the height 𝑍  direction, as seen in 
figure 3. We selected the optical resin material with a refractive 
index (ntip = 1.35) to create the tip, close to the refractive index 
of water (n2 = 1.33) for avoiding the scattering light signal from 
the tip itself. The X and Y coordinates are parallel to the plane of 
the reference surface, and the 𝑍  coordinate is the height 
position of a nanoparticle, perpendicularly distance from the 
reference surface to the bottom the nanoparticle, as shown in 
figure 4. In experiments, the nanoparticles on the tip were 
moved downward in the water in a range of evanescent fields 
until attaching to the reference surface for 3D position tracking 
of nanoparticles. For verifying the height 𝑍 , the tip and 
nanoparticles were controlled to move downward every 20 nm 
on the height 𝑍 direction, and the observed nanoparticles were 
recorded 400 frames in each height 𝑍 position in the rate of 50 
frames per second with an exposure time of 5 milliseconds. The 
parameters have set in our experiment with the optical 
microscopy system for particle tracking, as shown in Table 1. 
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3.3. The height Z position calculation 

The quantities of the detected scattering light of both 
wavelengths of each nanoparticle can be used to determine the 
height 𝑍. The amounts of the scattering light intensity between 
logarithm ratio of multi-wavelength ( 𝜆! =red, 𝜆" =blue) are 
separated to sum the integral area of each scattering light 
intensity 𝐼&! and  𝐼&", as shown in figure 5. Then 𝐼&!, 𝐼&"  were 
substituted in equation (4) to calculate the height 𝑍 [10-12]. 
 

 
 

Figure 4. Typical observed image from our developed apparatus   
 
 

Table 1. The optical microscopy parameters in experiment  
 

Laser Illumination 𝝀𝟏 𝝀𝟐 
 -Wavelength: l nm 640 450 
 -Power: I0 mW 11 11 
 -Incident angle: i deg 68 
Refractive index 
 -n1 (glass surface), n2 (water) 
 -ntip (optical resin)  
 -np (polystyrene particle) 

n1 = 1.52, n2 = 1.33 
ntip = 1.35 
np = 1.6 

Optical system 
 -Total magnification 70x 
 -Numerical aperture: NA 0.45 
CMOS camera (RGB) 8 Bits 
 -Frame rate fps 50 
 -Exposure time ms 5 
 -Pixel size µm" 6.9 

 

 
Figure 5. Determination method on the height position 𝑍  

 
3.4. The X,Y position calculation 

This method is different from the height 𝑍 determination, but 
we can use the same scattering light intensity data to measure 
the two-dimensional position (X, Y) of the nanoparticle. The X, Y 
coordinates tracking of particles are analysed by generally 
calculating the centre of mass of scattering light intensity [14]. 
In this paper, the scattering light intensity 𝐼&"	were used to 
determine the centre of mass of scattering light for estimating 
the X, Y coordinates accurately due to higher contrast signal than 
𝐼&!. 

4. Nanoparticles tracking results  

According to the experiment, we could estimate the three-
dimensional position tracking of 100 nm polystyrene particle of 
three particles in a different position on the tip surface. The 
observed three particles were namely Particle A, Particle B, and 
Particle C, which the location of the nanoparticles was shown in 
figure 6 (left). The observed three nanoparticles were moved 
downward every 20 nm of the piezo strokes from first stroke 
∆𝑍p1 to n-th stroke ∆𝑍pn, as shown in figure 6 (right). These 
nanoparticles were recorded in 400 images per stroke. Then we 
averaged the scattering light data from 400 images to determine 
the three-dimensional position of nanoparticles in each stroke.  

 

 
 
Figure 6. The location of nanoparticle on the tip (left) and the movement 
of nanoparticle in each stroke height of piezo ∆𝑍p (right) 
 
4.1. The three-dimensional tracking results 

We could continuously trace the position of the three 
nanoparticles in several strokes. The total number of stroke 
tracking of Particle A, Particle B and Particle C were 11, 6 and 6 
strokes, respectively. The 3D position tracking results of the 
three observed particles were plotted in figure 7. The movement 
on the X, Y coordinates of Particle A was larger than Particle C 
and Particle B, respectively. 
 

 
Figure 7. The 3D tracking results of the three nanoparticles and the 
scattering light images from Particle A were displayed in some stroke on 
the right hand side 
 
4.2. The verification results of the height Z 

From the foregoing, we have focused on the verification of the 
height 𝑍 to evaluate our method performance by controlling the 
nanoparticle displacement in the third-dimension with the piezo 
actuator. Figure 8 explains the main parameters that were used 
to verify the height 𝑍  in this paper. According to the experi-
mental results, the height 𝑍  of Particle A, to the reference 
surface, had not changed after stroke number 10 due to the 
elastic tip touched the reference surface. Therefore, we can 
assume that the height 𝑍 of Particle A was zero to compensate 
the height 𝑍 up by adding the 𝑘 factor into equation (4), and the 
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compensation of height 𝑍 was written in equation (5), whereas 
the 𝑘 factor was calculated to be 1.14.  
 

𝑍 =
1

𝜉" − 𝜉!
ln 7𝑘 ∙

𝐼&!
𝐼&"
9 (5) 

 
Then the height 𝑍 of the three nanoparticles were compensated 
by using the 𝑘  factor, as shown the results in figure 9. The 
compensation height 𝑍  results of the three nanoparticles 
decreased the same trend as the piezo movement. However, we 
could not track all of the nanoparticles in the same number of 
stroke because the nanoparticles’ locations were different, and 
their height 𝑍 positions were above than the penetration depth 
of the evanescent fields. 
 

 
 
    Figure 8. Describing the evaluated values that related to the height 𝑍 

 

 
 
Figure 9. The compensated height 𝑍  results of the three observed 
nanoparticles were plotted in each stroke   
 

 
 
Figure 10. The difference of height ∆𝑍 of ∆𝑍AB and ∆𝑍CA were plotted 
with an error bars comparison of three observed nanoparticles  
 

Moreover, we analysed the difference of height ∆𝑍 between 
each two-nanoparticles that related to the height 𝑍 to evaluate 
the accuracy of our method. The difference of height ∆𝑍AB and 

∆𝑍CA were the particle distance between Particle A to Particle B, 
and Particle C to Particle A, respectively, as seen in figure 8. The 
results of ∆𝑍AB and ∆𝑍CA were plotted together with the error 
bar, as shown in figure 10. The error values of the height 𝑍 were 
less than ±20 nm. However, the result at stroke number 11 was 
not analysed because Particle A already attached to the 
reference surface since stroke number 10.  

5. Conclusions 

 The multi-wavelength evanescent fields were used to 
investigate the 3D position tracking of observed polystyrene 
particles (φ100 nm) by controlling the nanoparticle displace-
ment. We could detect the scattering light intensities from 
nanoparticles by an 8-bit camera in a frame rate of 50 fps within 
an exposure time of 5 ms in which the penetration height 
measurability was 250 nm from the reference surface. After 
compensating the height 𝑍, we found that the measured height 
𝑍 uncertainty could be less than ±20 nm. 

Acknowledgements 

This work had been supported by KAKENHI Grant-in-Aid for 
Scientific Research (C) 16K06015. The conference participation 
is financially supported by Machine Tool Engineering Foundation 
(founded by MAKINO Milling Machine Co., Ltd.). 

References 

[1] Schermelleh L, Heintzmann R and Leonhardt H 2010 A guide to 
super-resolution fluorescence microscopy. J. Cell Biol. 190 165–75 

[2] International Standard ISO 21501-2 2019 Determination of Particle 
Size Distribution-Single Particle Light Interaction Methods - Part 2 
Light Scattering Liquid-borne Particle Counter 

[3] Temple P A 1981 Total internal reflection microscopy: a surface 
inspection technique Appl. Opt. 20 2656–64 

[4] McKee C T, Clark S C, Walz J Y and Ducker W A 2005 Relationship 
between scattered intensity and separation for particles in an 
evanescent field Langmuir 21 5783—89 

[5] Helden L, Eremina E, Riefler N, Hertlein C, Bechinger C, Eremin Y and 
Wriedt T 2006 Single-particle evanescent light scattering 
simulations for total internal reflection microscopy Appl. Opt. 45 
7299–308 

[6] Thorley J A, Pike J and Rappoport J Z 2014 Chapter 14 - Super-
resolution Microscopy: A Comparison of Commercially Available 
Options Fluorescence Microscopy pp 199–212 

[7] Kazoe Y and Yoda M 2013 Evanescent wave-based flow diagnostics 
J. Fluids Eng. Trans. ASME 135 1–11 

[8] Kurihara T, Sugimoto R, Kudo R, Takahashi S and Takamasu K 2012 
Height measurement of single nanoparticles based on evanescent 
field modulation Int. J. Nanomanuf. 8 419–31 

[9] Khajornrungruang P, Dean P J and Babu S V 2014 Study on dynamic 
observation of sub-50 nm sized particles in water using evanescent 
field with a compact and mobile apparatus Proceedings - ASPE 2014 
Annual Meeting  pp 73–74 

[10] Khajornrungruang P, Shirakawa H, Suzuki K and Takemoto R 2017 
Proposal of Individual Sub 100 nm Nano-Particle 3D-Tracking 
Method in Multi Wavelength Evanescent Fields Proceedings of 
ADMETA plus pp 86-87 

[11] Blattler A, Khajornrungruang P, Suzuki K and Permpatdechakul T 
2019 Study on On-Machine Visualization of Surface Processing 
Phenomena in Nanoscale Proceedings of JSPE Semestrial Meeting 
vol 2019S pp 459–60 

[12] Blattler A, Khajornrungruang P, Suzuki K and Permpatdechakul T 
2019 High-Speed Three-dimensional Tracking of Individual 100-nm 
Polystyrene Standard Particles in Multi-wavelength Evanescent 
Fields Proceedings of 14th ISMTII Japan pp 2–7 

[13] Kanda K, Ogata S, Jingu K and Yang M 2007 Measurement of particle 
distribution in microchannel flow using a 3D-TIRFM technique J. Vis. 
10 207–15 

[14] MK C, WF W and WH G 2001 Quantitative comparison of algorithms 
for tracking single fluorescent particles. Biophys. J. 81 2378–88 

56



 

          
 

 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

Optimized design of a novel xy parallel micro/nano positioning stage with a concave-
shape bridge amplifier           
 
Xingjian Jiang 1,2, Xiaomei Chen1, Weihu Zhou1,2    
  
1Institute of Microelectronics of the Chinese Academy of Sciences       
2University of Chinese Academy of Sciences 
       
 

chenxiaomei@ime.ac.cn       

  
Abstract 
This paper presents the design, analysis, optimization and verification of a novel two degree-of-freedom (2-DOF) micro/nano 
positioning stage actuated by piezoelectric (PZT) actuators. This micro/nano positioning stage can be used to establish an atomic-
force-microscope (AFM) measurement system. A kind of stacked parallel structure is adopted in order to realize a compact and  
relative symmetrical design. A novel concave-shape bridge amplifier is proposed and utilized in the positioning stage to amplify the 
stroke of PZT actuators. The amplifier can realize high lateral stiffness, which is an important factor in protecting PZT actuators. The 
amplifiers are integrated into decoupling mechanisms isolating the top plate motion in two directions. Finite-element analysis (FEA) 
and Multi-objective genetic algorithm (MOGA) are conducted on the proposed model to optimize and decide the value of the main 
design variables. The improved performances compared with the initial design are verified by FEA methodology. Results show that 
the stage can implement 2-DOF decoupled motion in a workspace of 100×100 μm2 with a mechanisim system surface of 
100×100mm2.        
 
 
Micro/nano-positioning, Flexure hinges, Finite-element analysis, Mechanism design, Concave-shape bridge amplifier   
        

 

1. Introduction   

Micro/nano positioning is an important technology widely 
applied in the field of micro-electro-mechanical systems 
(MEMS). Micro/nano positioning stages are broadly used in  
precision applications, such as biological micromanipulation, 
optical fiber alignment, nano-imprint lithography, scanning 
probe microscopes(SPM), micro/nano assembly and etc[1-2]. 

Atomic force microscopy (AFM) is a kind of SPM, with 
demonstrated resolution on the order of fractions of a 
nanometer. In general, the measurement object of AFM should 
be carried by a nanopositioning stage to guarantee the 
precision. Therefore, a novel XY nanopositioning stage is 
designed, it can carry the sample and control the precise 
displacement of the sample to realize two-dimensional 
scanning.  

Before design, the desired performance should be clear. In this 
AFM measument system, the workspace demand is 100×100 
μm2 at least. Besides, the demand towards positioning accuracy 
is 100 nm. In terms of the load limit of the stage, it is expected 
to be more than 500g. In addition, for operating in a limited 
space, the XY stage is expected to possess a compact structure. 
Thus, the compactness of the XY stage is an important design 
criterion. The compactness index can be defined as the ratio 
between the workspace and device area of the XY stage[3]. A 
larger compactness index implies that the stage can be 
fabricated with a smaller footprint size for achieving a defined 
workspace size. 

In practice, XY precision positioning stages have been 
intensively studied owing to their various applications[3-4]. They 
can be classified into two types on the basis of conventional 

mechanical transmission mechanism and flexure-based 
compliant mechanism. Flexure hinge can eliminate important  
factors including friction and backlash, which is benefitial to 
guarantee the positioning accuracy. In addition, the structure of 
flexure is simple and easy to fabricate. On the contrary, 
traditional transmission mechanism can not meet the demand 
of precison[5-6]. Therefore, flexure-based compliant mechanism 
is suitable for the micro/nano positioning platform of this 
measurement system. 

The two degree-of-freedom (2-DOF) compliant mechanism 
system can be classified into two types in terms of serial-
kinematic structure and parallel-kinematic structure. Parallel-
kinematic mechanism has various advantages, such as large 
stiffness, no cumulative error and the fast response. It is more 
suitable than the serial-kinematic mechanism to cater for the 
requirement of precision motion output[7-8]. 

However, it is still challenging to devise a compact parallel-
kinematic XY stage with larger travel stroke driven by 
piezoelectric actuators[9]. In the category of parallel flexible 
structure, single-layer structure, stacked structure and 3D 
overall structure are three main types. It is difficult to make full 
use of vertical space adopting single-layer structure, which 
means this structure is unlikely as compact as demanded. 3D 
overall parallel structure as an alternative needs to be fabricated 
by 3D printing technology. But the processing precision is not 
high enough with current technical level[9-10]. Through overall 
consideration, stacked structure is adopted. 

In the literature, parallel-kinematic XY stages with stacked 
structure have been developed[11-14]. However, the existing XY 
stages exhibit large crosstalk between the two working axes[9]. 

To this end, a new stack-type XY parallel nanopositioning stage 
is devised to realize a more compact structure with decoupled 
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motion. Analytical modeling, optimization, simulation testing 
are conducted to impove and verify the stage performance. The 
remaining parts of the paper are organized as follows. The 
mechanism design of the new XY stage is presented in Section 2 
. The optimization design is performed in Section 3 , where the 
structure improvement and FEA simulation are carried out. 
Section 4 shows the simulation verification results and 
comparison with existing stages. Section 5 concludes this paper. 

2. Mechanical structure      

The structure of the stacked parallel stage can be devided into 
four main parts including actuator, amplifier, guiding structure 
and decoupling structure. In this section, the mechanical design 
of the XY stage is presented.    
2.1. Displacement amplifier design 

Piezoelectric actuators (PZT) are adopted as the actuators of 
the micro/nano positioning stage. However, the stroke of a PZT 
is relatively small. In order to achieve a large workspace and a 
compact dimension, displacement amplifiers are needed. In 
general, displacement amplifiers can be classified into lever-type 
and bridge-type mechanisms according to different amplifying 
principles. 

Compared with the lever-type amplifier, bridge-type amplifier 
can offer a larger amplification ratio with a similar size. This 
means that a more compact structure can be obtained by 
adopting the bridgetype amplifier[9]. Therefore, the bridge-type 
displacement amplifier is used in this work. 

 
Figure 1. Comparison of different amplifiers: (a) BTA (b) CBTA (c) ASBTA 

 
Many existing stages adopt conventional bridge type amplifier 

(BTA) as the PZT actuation mechanism as shown in figure 1(a) 
[15]. However, the relatively low lateral stiffness of conventional 
BTA usually results in undesirable lateral motion when bearing 
external load, which may damage PZT actuators, and there is an 
undesired first order vibration mode with a low resonant 
frequency. To overcome the above shortcomings, compound 
bridge type amplifier mechanism (CBTA) is proposed[16], as 
shown in figure 1(b), which significantly increases the lateral 
stiffness and the first order natural frequency, but the extra 
bridges with conventional flexure hinges usually result in large 
dimension size, which enlarges the size of actuation mechanism. 
Alternatively, a kind of arch-shape bridge type amplifier (ASBTA) 
with compact structure and large lateral stiffness is proposed, as 
depicted in figure 1(c). Compared to CBTA in figure 1(b), the 
ASBTA not only has the same level of lateral stiffness and 
compact size, but also with a higher first order vibration 
frequency[17]. 

However, the maximum dimension in the output direction of 
the ASBTA will increase with the increase of the angle between 

the bridge arm and the horizontal line, which will lead to the 
expansion of the overall size of the platform, and require setting 
many size parameters in other parts of the platform. It can be 
seen that the ASBTA is not conducive to realize a compact design 
and makes trouble in parametric modelling process. Therefore, 
a new concave-shape bridge amplifier as shown in figure 2 is 
proposed and applied in the platform of this work, which avoids 
the problems caused by the ASBTA while ensuring that other 
performance can also meet the requirements. 

 
Figure 2. Concave-shape bridge amplifier 

 
2.2. Guiding mechanism and decoupling mechanism      

Due to the use of displacement amplifier, the decentration of 
its mounting hole should be considered. It can induce an 
unbalanced movement while the stage is in operation. Thus, 
four leaf flexures are added on both ends of the bridge-type 
amplifier to serve as the guiding mechanism to ensure the 
motion platform moving in one axis and eliminate the unbalance 
of movement[9].  

Besides, in order to simplify the control design process, 
decoupling mechanism is needed. Because parallel-kinematic 
mechanism output motions in different axes are usually coupled 
together if there is no decoupling part. In fact, there are many 
parallel stages by applying decoupled mechanisms in the 
literature, like[9], which is adopted in this work.  

The combined structure of amplifying, guiding and decoupling 
parts is illustrated in figure 3 . This figure shows one of the two 
layers of the stage. 

Figure 3. The combination of amplifying, guiding and decoupling parts 
 
2.3. Stage assembly 

In this work, the stacked structure is adopted to realize a 
compact design. Instead of extending the planar area, it makes 
full use of the vertical space to place the components. figure 4 
shows the CAD model of the designed XY stage. Each axis is 
realized by one layer of the structure as shown in figure 3 . The 
bottom-up assembly sequence is: base of the whole stage, X-axis 
mechanism, base of Y-axis mechanism, Y-axis mechanism and 
finally the top output platform. Besides, there are two 
connectors for each layer, which are connected to the top 
platform. When the XY stage is in operation, the output 
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displacement from each axis will be transmitted through the 
connectors to the top output platform. The connectors are also 
used as the sensing targets for the two displacement sensors.  

 
Figure 4. CAD model of the designed XY stage (Exploded view)   

3. Optimization and FEA simulation      

In this section, a design improvement is proposed, which 
reduces the thickness and mass of the stage. Afterwards ,the 
optimal design of the XY stage parameters is conducted and FEA 

simulation is carried out. 

3.1. Design improvement 
A CAD model of the improved XY stage is shown in figure 5 . 

This design improvement reduces the number of moving parts 
as well as the difficulty of assembly. Besides, the thickness and  
mass of the stage are both reduced. 

 
Figure 5. CAD model of the improved XY stage (Exploded view) 
 

3.2. Design optimization method 
In mechanical design, the optimization is usually performed by 

a well-derived mathematical model of the structure. To obtain 
an accurate result, the model needs to incorporate different 
factors which affect the result. However, the derivation of an 
accurate model is difficult for some cases, especially for a 
complex structure with diverse parameters. 

With fine meshing of the solid model and reasonable settings, 
FEA has the capability to provide reliable results instead of the 
complex mathematical model[9]. By using the built-in 

optimization module in FEA software (ANSYS Workbench), only 
the solid model, objectives and constraints need to be defined. 
Moreover, it provides various advanced optimization 
algorithms. In this case, the multi-objective genetic algorithm 
(MOGA) is used owing to its efficiency to find the global optima. 
It is a variant of the popular non-dominated sorting genetic 
algorithm based on the concept of controlled elitism. It supports 
multiple objectives and constraints and aims at finding the 
global optima rapidly. 

 
3.3. Optimization elements 

Optimization targets, design variables and constaint are three 
key elements of optimal design. They are supposed to be 
determined before optimization setup. 

In order to characterize the compactness of the proposed 
design, the compactness index is adopted[3], which is calculated 
by: 

C = W/S                                                                 (1) 
where, C is  compactness index, W is workspace and S is stage 

covering area. 
When the general design scheme is determined, the area 

occupied by the platform is basically determined, so the working 
space becomes the most important factor affecting the 
compactness of the platform. The expression of workspace is: 

W = Xmax × Ymax                                                   (2) 
where, W is workspace, Xmax is X-axis maximum output 

displacement and Ymax is Y-axis maximum output displacement. 
The maximum output displacement can be expressed as: 

Omax = Imax × A                                                 (3) 
where, Omax is the maximum output displacement, Imax is the 

maximum input stroke and A is amplification ratio. 
When the PZT is determined, the maximum output 

displacement is determined by the input stiffness and 
amplification ratio of the structure. In fact, the amplification 
ratio can be calculated from the given input displacement and 
corresponding output displacement. Thus, the output 
disacement under the given input is selected as an optimization 
objective. It can be seen that the optimization objective is 
related to the part of the amplifier, so two size parameters of 
the amplifier part in figure 6 are set as the design variables. To 
facilitate practical manufacturing, the parameter values are 
truncated to keep one decimal. The optimization elements are 
shown in detail by table 2. 

  
 
Figure 6. Two selected parameters of the structure 

 
3.4. Optimization setup and results 

Al-7075 is selected as the material of the XY stage because of 
its high stiffness and low density. Especially, its low density can 
reduce the effect of the vertical loading, which is induced by the 
stacked design. Table 1 lists the main mechanical properties of 
Al-7075, which are used in the FEA simulation. Table 2 indicates 
the elements and results of the optimization.  Table 3 shows the 
promotion of performance throughout structure optimization 
and improvement. 
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Table 1 Mechanical properties of Al-7075 material.  
 

Property  Value 

Density (kg m-3  ) 2810 

Young’s modulus (GPa) 71.7 

Poisson’s ratio 0.33 

Tensile yield strength (MPa) 503 
 
Table 2 Elements and results of the optimization.  
 

Item  Constraint Objective Result 

P1 (mm) [3.9,4.7] - 4.6 

P2 (mm) [1.7,2.1] - 1.8 

Output DISP (μm) - maximum 118 

Input Stiffness(N/m) < 2×107 - 1.5×107 
 
Table 3 The promotion of performance throughout structure 
optimization and improvement.  
 

Objective Former Later Proportion 

X output (μm) 102 118 Increased by 16% 

Y output (μm) 102 118 Increased by 16% 

Mass (g) 385 327 Reduced by 15% 

Thickness (mm) 32 28 Reduced by 12.5% 

4. Verification results      

After optimization several simulation tests should be done in 
order to verify the final design. It is a necessary step before 
practical fabrication of a prototype. In this work, maximum 
stress, life, cross-axis error and four vibration modes are 
verified. 

Equivalent stress simulation result is shown in in figure 7 . It 
can be  noticed that the maximum equivalent stress value is 
5.2×107Pa. It is less than the allowable stress of the material, 
which is calculated by : 

σallow = σm/sf =201.2MPa     (σm = 503MPa, sf = 2.5)                (4) 
 

 
Figure 7. Equivalent stress simulation 
 

Applying fatigue tool of ANSYS workbence, it is proved that the 
life of the proposed flexure structure is more than 10 million 
cycles of  working loads. So, the life of the stage is qualified. 

 
 
Figure 8. The FEA results of (a) X output (b) Y parasitic (c)Y output (d) X 
parasitic displacement. 
 

Cross coupling is the key performance of the 2-DOF micro-
positioning stage. The FEA results of the output displacement in 
working direction  are shown in figure 8 (a), (c), respectively. The 
FEA results of the parasitic displacement in non-working 
direction  are shown in figure 8 (b), (d), respectively. Cross-axis 
error is calculated to be less than 0.6%. The order of magnitude 
of the value shows the fine performance of motion decoulpers. 

 
Figure 9. The natural frequency of (a) the first, (b) the second, (c) the 
third and (d) the fourth mode shape. 

 
The mode shapes of the first four order natural frequencies 

are shown in figure 9 (a), (b), (c), and (d), respectively. It is found 
that the first two order natural frequencies are 116.67 Hz and 
118.69 Hz with the expected mode shapes along X-axis and Y-
axis, respectively. It indicates that the two output axes have a 
similar dynamic behavior and performance. Moreover, the third 
order natural frequency occurs around 177.02 Hz, which is larger 
than the first two order natural frequencies. That is, the parasitic 
modes occur at frequencies higher than those of the two desired 
working modes. Hence, the XY stage has a stable translational 
output motion in X and Y axes. 

5. Conclusion      

In summary, this work proposes a parallel flexible stage with 
concave-shape bridge amplifier structure. Through reasonable 
design, structural improvement and parameter optimization, 
the stage has achieved relatively ideal displacement outputs, so 
it has achieved a good compactness and cross-axis error level. 
Through further simulation analysis, it is verified that the life, 
maximum stress and mode shapes of the platform meet the 
requirements. That is, the rationality of the design scheme is 
verified in various aspects. This work is a successful attempt. 
Some key technologies of the micro/nano positioning stage have 
been researched, and the expected results have been achieved, 
which provides a good foundation for further research on 
nanopositioning technology.  
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The  increasing functionalization of surfaces and the need for function  integrated components demands for highly efficient and 

precise machining processes. Processes are for example micro milling and high speed cutting. These processes are highly flexible and 
can be used to machine a nearly unlimited variety of workpiece materials. Nevertheless, they are characterized by high friction in the 
contact zone due to the low undeformed chip thicknesses. This friction creates a potential difference and thus a static charge. To 
reduce this static charge for air bearing axes and spindles, a non‐contact grounding is needed. This was achieved in this research by 
an antistatic device, which creates ionized air and injects it near the contact zone between tool and workpiece. The air ionizes dust, 
tool and workpiece equally and thus compensates the potential difference. The suitability of the antistatic device was tested by micro 
and high speed machining. As a result, the ionized air reduced the spark discharge just like a mechanical contact. This helps to enhance 
the efficiency of micro and high speed milling processes due to the possibility to use high speed air bearing spindles. This ultimately 
leads to the possibility to produce even greater and more function integrated surfaces and components in a smaller period of time. 
 

micro milling, high speed cutting, static charge 

 

1. Introduction  

The increasing functionalization of surfaces and the need for 
function  integrated  components  especially  for  medical 
devices [1], demands for highly efficient and precise machining 
processes.  Processes  are  for  example micro milling  and  high 
speed milling.  These processes  are highly  flexible  and  can be 
used  to  machine  a  nearly  unlimited  variety  of  workpiece 
materials  [2].  Nevertheless,  they  are  characterized  by  high 
friction  in  the  contact  zone  due  to  the  low  undeformed  chip 
thicknesses [3]. This friction creates a potential difference and 
thus  a  static  charge. When  using  conventional machine  tools 
with mechanical bearing axes or ball bearing spindles, this static 
charge is eliminated by grounding. When using non‐contact air 
bearing  axes  or  spindles,  this  charge  builds  up  until  a  spark 
discharge is reached, like in electric discharge machining (EDM) 
processes [4]. Consequently, the machined surface is damaged 
and the tool wear rises drastically. But air bearings allow for a 
higher spindle speed and higher precision  in  linear axes. Thus, 
they are key  for higher process efficiency. To overcome  these 
negative  influences of  static  charge,  an  antistatic device  (AD) 
was developed for the implementation in desktop machine tools 
and the influence on the processes shown.	 

2. Antistatic device  

The  functional principle of  the AD  is,  that air  is  ionized and 
directed into the contact zone (tool‐workpiece). The ionized air 
reduces potential differences and can thus prevent the adhesion 
of dust particles and erosive spark discharges. 
For the ionization, electrons are separated from the atoms in 

the air by a strong electric field between two differently charged 
electrodes. The electric field between the electrodes is amplified 
by  the  application  of  high  voltage  between  the  electrodes, 
controllable between 0 kV ‐ 2 kV with a power supply. For a high 
electric  safety non‐conductive materials are used.  In addition, 

the  strength  of  the  electric  field  (and  thus  the  ionization)  is 
increased by a defined distance between the electrodes. Radii of 
the electrodes cause  inhomogeneity and thus  local maxima of 
the  electric  field.  At  the  locations  of  the maxima,  an  earlier 
(lower voltage) onset of  ionization  is achieved. As  the voltage 
rises,  erosive  spark  discharges  occur  at  the  locations  of  the 
maxima (see Figure 1).   

 
Figure 1: Design of antistatic device (AD) 

In order to realize the shape and the small defined distance in 
between the electrodes, a copper sheet was glued onto a non‐
conductive acrylonitrile butadiene styrene (ABS) substrate and 
subsequently  machined:  a  meandering  slot  was  milled 
(n = 20 000  rpm; vf = 80 mm/min; ap = 5 µm)  into  the  copper 
sheet with a D = 600 µm end mill. So, the sheet  is divided  into 
cathode and anode. 
The ionized air is blown through a nozzle into the contact zone 

by means of a fan. The low mass of the antistatic device on the 
machine tool ensures the high dynamics required for micro‐ and 
high speed milling. The compact design also permits adaptation 
to desktop machine tools. 

3. Experimental setup and process parameters 

The  functionality  of  the  antistatic  device  has  been  tested 
during the machining of polymethylmethacrylate (PMMA), and 
during the manufacturing of cemented carbide micro end mills. 
For milling  tests,  a  precision milling machine  was  used  (see 
Figure 2 a). The machine  tool consists of  two air bearing axes 
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(X, Y) and one cross roller bearing axis (Z‐direction). Travel in Z‐
direction is 60 mm (accuracy of < 1 µm) and in X‐ and Y‐direction 
100 mm  (accuracy  of  < 1.5  µm).  The  workpiece  (PMMA)  is 
mounted on the working table and the AD is aligned in front of 
the tool (in the feed direction). For milling PMMA end mills with 
D = 3 mm and micro end mills with D = 50 µm (developed at our 
Institute [2]) were used. The D = 3 mm coated end mill (TiSiN – 
titanium‐silicon‐nitride) has two flutes with a helix angle of 30° 
and is optimized for high speed cutting. The depth of cut was set 
to ap = 150 µm. The D = 50 µm micro end mill is single edged, has 
a flat face and  is made of cemented carbide. The depth of cut 
was ap = 5 µm. The spindle speed was n = 150 000 rpm and the 
feed per tooth fz = 2 µm for both end mill diameters. 

 
Figure  2:  a)  experimental  setup milling;  b)  experimental  setup  tool 
grinding; c) spark discharge 

Figure 2 b  shows  the experimental  setup  for manufacturing 
micro end mills made of cemented carbide as described  in  [5] 
and [6]. The end mill blank is clamped in a shrink chuck made of 
brass. The tools were ground using a two‐step grinding process 
with diamond grinding wheels with and without the AD.  
The surface at each milled slot and the ground micro end mills 

surface  were  analyzed  by  confocal  microscopy  (Nanofocus1 
OEM,  60x  magnification  objective  lens  (NA 0.9)).  For  PMMA 
machined  with  D = 3 mm  tools,  a  measuring  field  of 
260 µm x 260 µm was used (shape removed: polynomial grade 
12, λc = 0.8 µm). The measuring field at the ground rake face of 
the tool was 45 µm x 10 µm (polynomial grade 2, λc = 0.8 µm).  

4. Results and discussion 

When milling PMMA with and without the AD, differences in 
the resulting surface roughness were visible (see Figure 3 a and 
b).  Milling  with  the  D = 3 mm  end  mill  generated  a  surface 
roughness  with  the  AD  of  Sa = 132.7 nm  and  Sa = 161.8 nm 
when  dry  machining.  Thus,  an  improvement  of  the  surface 
roughness  could  be  detected.  Nevertheless,  the  standard 
deviation rises when using the AD. This may be an indication for 
the  insufficient  air  pressure  of  the  device.  Due  to  the  high 
rotation speed and the resulting air barrier around the end mills, 
the  pressure  of  the  AD’s  fan  is  not  sufficient  enough  to 
guarantee a stable ionization of the contact area. 
When  applying  the  D = 50 µm micro  end mills,  the  surface 

roughness drops  to a value of Sa = 13.47 nm with significantly 
lower  standard  deviation  when  using  the  AD.  During  dry 
machining, the Sa value  is at 60.56 nm. Here, the  ionization of 
the contact area was sufficient to improve the milling process. 
A  definitive  influence  of  the  antistatic  device  on  the  tool 

manufacturing process by grinding  is visible  in  figure 3  c. Dry 
machining  as  reference  generates  a  surface  roughness  of 
Sa = 15.61 nm  with  a  standard  deviation  of  25.09 nm.  In 

comparison,  machining  with  the  AD  reduces  the  surface 
roughness  more  than  half.  The  surface  roughness  is  at 
Sa = 6.55 nm with a standard deviation of 4.13 nm. The reason 
for this behavior  is the combination of conductive nickel bond 
and  non‐conductive  diamond  grits. When  the  charge  is  high 
enough,  a  discharge  between  the  cemented  carbide  and  the 
nickel bond is initiated (figure 2 c) which ultimately damages the 
micro tool and the bond of the grinding wheel.  

 
Figure 3: Influence of the AD compared to reference dry machining (R) 
on arithmetic mean height Sa: a) PMMA end milling with D = 3 mm 
tools; b) PMMA micro end milling D = 50 µm tools; c) tool manufacture 

5. Conclusion and outlook 

To reduce the static charge when milling PMMA and grinding 
micro  end  mills  with  air  bearing  spindles,  an  AD  for  the 
implementation  in  desktop  machine  tools  or  ultra‐precision 
machine tools was developed.  
The  validation  of  the  functionalization  of  the  AD  was 

performed by milling PMMA with D = 3 mm and D = 50 µm end 
mills.  Also, micro  end mills made  of  cemented  carbide were 
ground to evaluate the device’s performance. When milling with 
D = 3 mm  end  mills,  no  significant  improvement  could  be 
observed with the AD. It seems, as if the ionization rate of the 
device  is not sufficient  for end mills with bigger diameters.  In 
contrast,  the milling with D = 50 µm micro  end mills  and  the 
grinding of micro end mills with a diameter of D = 50 µm showed 
a  remarkable difference. Especially  in  tool manufacturing,  the 
surface roughness was reduced by more than 50 %, the standard 
deviation by more than factor 5. 
Due to this significant influence, the ionization rate should be 

improved to make the device suitable for bigger diameter end 
mills  and  thus enhance  the production efficiency of precision 
and high speed machined surfaces. 
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1. Introduction  

Driven by medical technology, there is an increasing demand 
for personalized micro products such as titanium  implants  [1]. 
To produce  these  individual products, an efficient and  flexible 
manufacturing process with low set‐up costs is required, such as 
micro milling. However, the process speed is limited by the feed 
rate, that also is linked to the spindle speed in terms of feed per 
tooth. In addition, the increase of the feed per tooth is limited 
by the stiffness of the tools, especially at small tool diameters. 
Micro milling  is  also  characterized  by  high  friction  and  high 
temperatures  in  the  contact  zone.  Thus,  during  cutting  of 
commercially pure  (cp)  titanium with  spindle speeds between 
80 krpm (krpm = 103 min‐1) and 160 krpm (D = 50 µm) a strong 
built‐up  edge  (BUE)  formation  limits  the  efficiency  and  the 
precision  of  the  process.  BUEs  may  improve  the  surface 
roughness as long as the BUE is not too large, but they result in 
higher process forces [2]. However, BUEs lead to the deposition 
of material on the surface. This is accompanied by larger peak‐
to‐valley  differences  of  the  surface  compared  to  surfaces 
machined without BUE formation [3]. Deposits of the BUE at the 
slot  bottom  occur  mainly  next  to  the  side  walls  [4].  BUE 
formation may be reduced at higher cutting speeds by exceeding 
the  recrystallization  temperature  at  the  cutting  edge  [5]. 
Therefore, spindle speeds up to 330 krpm were applied  in the 
present  study  and  the  influences  on  surface  roughness  and 
topography, the manufacturing accuracy and the process forces 
were investigated. 

2. Experiments  

2.1. Experimental setup  
For analyzing the influence of spindle speeds up to 330 krpm, 

an air bearing spindle was implemented into a precision milling 
machine. With this air bearing spindle (ABL1 AW350A‐101‐BN), 
spindle speeds between 30 krpm and 350 krpm can be achieved.  
The spindle  is adapted to the precision milling machine by a 

3R1  chuck.  This  allows  a  quick  change  between  different 
spindles, for example when different collet chuck diameters or 

other  ranges  of  spindle  speeds  are  demanded.  The  precision 
milling machine consists of  three  linear axes  (X, Y and Z). The 
working  table  is  mounted  on  the  X‐  and  Y‐axes  (ball  screw 
bearing; travel 100 mm x 100 mm). The main spindle is mounted 
on the cross roller bearing Z‐axis with a travel of 60 mm. 
On  the working  table, a dynamometer  is mounted  for  force 

measurements  (Kistler1,  MiniDyn  Typ  9119AA1;  sensitivity 
< 2 mN, natural frequency < 6 kHz). The workpiece (cp‐titanium 
grade 2) is fixed on a workpiece holder which is mounted on the 
dynamometer (see Figure 1). 

 
Figure 1: Experimental setup and micro end mill 

The  tools  used  in  the  experiments were  single  edged  (see 
Figure 1) made of cemented carbide (WC+Doping 91%, Co 9%). 
The  grain  size  of  the  cemented  carbide  is  0.3 µm  and  the 
hardness  1950 HV30.  To minimize  the  imbalance  of  the  tool‐
spindle‐system, the collet diameter of the spindle is only 2 mm. 
The diameter of the micro end mill is 50 µm, manufactured by a 
two‐step grinding process for micro end mills, developed at the 
Institute for Manufacturing Technology and Production Systems, 
TU Kaiserslautern [6]. 
 

2.2 Cutting parameters 
In  this  research,  slots  were  milled  with  spindle 

speeds between  30 krpm  and  330 krpm  (cutting  speed  vc 
between 4.7 m/min and 51.8 m/min). For each series of  tests, 
the spindle speed was varied between 30 krpm and 330 krpm in 
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Micro milling is a highly flexible and efficient manufacturing process. Limitations arise when micro milling commercially pure  
titanium due to built‐up edge formation, especially at spindle speeds between 80 krpm and 160 krpm (D = 50 µm). These negative  
characteristics of the micro milling process may be reduced when using higher spindle speeds. Therefore, an air bearing spindle with  
spindle speeds up to 350 krpm was applied  in the presented study. With these higher spindle speeds,  it was possible to achieve  
cutting speeds comparable to conventional milling when micro milling with tools of 50 µm in diameter. It was shown, that at spindle  
speeds higher than 290 krpm, the formation of built‐up edges decreases. The slot bottom shows the typical milling kinematic with C‐  
and D‐marks. Thus, it is possible to increase the feed rate by high spindle speeds without using a higher feed per tooth and risking  
premature tool breakage. Also, the precision of the process is maintained as built‐up edge formation can be avoided. This enables  
the use of micro milling as a highly efficient process for the production of individual and mass products with micro features.  
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steps of 10 krpm (30 different speeds per series). A total of three 
test series were carried out. A new micro milling tool was used 
for every test series. For each spindle speed examined, two slots 
with a length of 10 mm each were milled per test series. Due to 
the resulting short feed travel of 600 mm per tool, wear of the 
tools  is  limited  to a minimum. The parameters  feed per  tooth 
fz = 1 µm and depth of cut ap = 5 µm were kept constant.  
After setting the spindle speed to the current value, a dwell 

time of 5 minutes before milling guaranteed a  stable bearing 
temperature without  a  change  in  cutting  depth  due  to  axial 
spindle growth. To detect the workpiece surface in Z‐direction, 
an  electric  contact  was  used.  For  each  spindle  speed,  this 
procedure (dwell time, workpiece detection) has to be repeated 
due to the spindle growth depending on the spindle speed. 
 

2.3. Measurement technology 
To  analyze  the  run‐out  of  the  spindle  at  each  respective 

spindle speed, a spindle analyzer by Lion Precision1 was used. 
The spindle analyzer consists of three capacitive sensors (X‐, Y‐ 
and Z‐direction). The sensors have a sample rate of 15 kHz and 
an accuracy of approximately 12.7 nm. Each spindle speed was 
measured  for 1 s. To derive  the  radial  run‐out,  the  root mean 
square  (RMS) of the vector addition of the values  in X‐ and Y‐
direction was calculated. To determine the axial deviation, the 
RMS of the Z values was calculated. 
To  detect  the  forces  in  X‐,  Y‐  and  Z‐direction,  a 

multicomponent  dynamometer  was  used  during  the 
experiments. The frequency of the AC power supply voltage and 
the  spindle  frequencies  were  filtered  using  a  symmetrical 
bandstop filter (AC voltage 50 Hz ± 5 Hz and spindle frequencies: 
(spindle speed n)/60 Hz ± 25 Hz). The effective cutting force was 
computed by the root mean square (RMS) of the filtered data. 
Then, the effective active force is determined by vector addition 
of  the  RMS  values  in  X‐  and  Y‐direction.  The  passive  force 
corresponds to the RMS in Z‐direction. 
The surface roughness was examined via a Nanofocus1 OEM 

confocal microscope  with  a  60x magnification  objective  lens 
(numerical  aperture:  0.9; measuring  field:  260 µm x 260 µm). 
For  each  spindle  speed,  a  field  of  260 µm x 500 µm  was 
evaluated in the middle of each slot after a feed travel of 5 mm. 
The  arithmetic  mean  roughness  Ra  was  determined  in  the 
middle of the groove for a length of 400 µm and filtered using a 
Gaussian filter with λc = 8 µm. The arithmetic mean height Sa of 
the surface was examined for a field with a length of 495 μm and 
a width of 90 % of the slot width. Additionally, the slot width was 
measured in these images. 

3. Results and discussion 

As an air bearing spindle is a highly dynamic part with an ever‐
changing  spindle  run‐out  over  the  whole  rotational  speed 
bandwidth, it is crucial to determine the radial and axial run‐out 
before conducting the experiments. Then, it is possible to relate 

the spindle behavior with  the resulting surface roughness and 
the process forces, and to calculate the deviation of the milled 
slot width  from  the nominal  slot width.  This  contributes  to  a 
deeper insight in the process behavior.  
 

3.1. Spindle run‐out 
Figure 2 shows the radial run‐out of the spindle‐tool system 

depending on  the spindle speed  (blue graph). As can be seen, 
the maximum run‐out was detected as 28 µm, blurring the scale. 
Hence, a second graph is depicted, detailing the scale from 0 µm 
to 2.5 µm (red graph). For spindle speeds between 30 krpm and 
240 krpm and > 300 krpm,  the run‐out  is between 0.8 µm and 
2.5 µm. These values do not have a negative  influence on  the 
process. Due to the high values in the range between 240 krpm 
and 300 krpm, these spindle speeds should be avoided. The axial 
run‐out is for all spindle speeds lower than 0.7 µm and thus can 
be neglected. A  low  axial  and  radial  run‐out of  the  spindle  is 
important when micro milling. A high radial run‐out  leads to a 
larger circle diameter of the major cutting edge and thus a larger 
effective tool diameter. Very high run‐out values can lead to tool 
breakage due to run‐out and tool diameter in the same order.  
 
3.2. Surface topography and surface roughness 
Regarding the slot bottoms after micro milling, surfaces could 

be  detected  where,  as  expected,  the  milling  kinematic  is 
reflected.  However,  surfaces  influenced  by  the  formation  of 
BUEs  could  be  identified.  The  resulting  surfaces  can  be 
categorized  into  three  different  types:  A,  B  and  C.  The 
occurrence of these three types depends on the spindle speed. 
Which  type  corresponds  to which  spindle  speed  is marked  in 
Figure 4. Green  color  corresponds  to  type A, yellow  to  type B 
and red to type C. For type A, the slot bottom is characterized by 
C‐  and  D‐tracks  (see  Figure  3,  type  A).  This  type  primarily 
occurred at low spindle speeds (30 krpm ‐ 50 krpm, see Figure 4) 
caused by lower temperatures in the cutting zone at low cutting 
speeds [7]. Type A surfaces show the kinematic of face milling at 
the  slot bottom and are not  influenced by BUE  formation. At 
higher  spindle  speeds  (> 60 krpm),  there  is  an  increasing 
influence of BUE  formation. During micro‐milling,  friction and 
prevailing  temperatures  in  the  contact  between  tool  and 
workpiece can result in thermal softening of the workpiece and 
even  melting  with  recrystallization.  Thus,  micro  milling  of 
titanium is characterized by BUE formation. Figure 3 type B and 
C show two different slot bottom topographies that occur as a 
result of BUE  formation. Type B  is characterized by adhesions, 
especially next  to  the  side walls. Additionally,  there are areas 
visible with holes smaller  than  the  tool diameter, caused by a 
BUE at the minor cutting edge. Both phenomena suggest, that 
BUEs have  formed which build and disintegrate over and over 
again. BUEs  change  the micro  geometry of  the minor  cutting 
edge  during  milling  and  hence  result  in  unregular,  non‐
predictable  slot bottoms. Type C  is  completely different  from 
type A and B. While, as mentioned before, the slot bottom is also 

Figure 2: Radial run‐out (RMS) and scaled radial run‐out (RMS) depending on the spindle speed n 
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influenced by BUE formations as for type B, the surface of type C 
is comparably flat and has a regular but undefined structure over 
the complete slot bottom caused by a  large BUE at  the major 
and minor cutting edge.  

 
Figure  3:  One  example  of  each  of  the  three  types  of  slot  bottom 
topography that have occurred during micro milling at different spindle 
speeds 

Figure 5  shows  the  Sa  values  in dependence of  the  spindle 
speed. Additionally, the most frequently occurring types of slot 
bottom structures depending on the spindle speed are marked. 
Here, a high deviation between the Sa values  is apparent, but 
there  is a  strong  correlation between  the  three  surface  types 
and the Sa values. The Sa values for type C (112 nm ± 41 nm) are 
always low compared to Sa values of type B (240 nm ± 157 nm). 
The  values  of  type C  correspond  to  our  simulated  value  of 
100 nm  for  the  feed per  tooth of  fz = 1 µm  [8]  applied  for  all 
examined  spindle  speeds.  Sa  values  as  low  as  this describe  a 
comparably flat surface at the slot bottom. The adhesions next 
to  the side walls and  the circle‐like holes  that occur at  type B 
result  in  high  Sa  values.  The  random  appearance  of  the 
adhesions and holes results in a high standard deviation.  

 
Figure 5: Sa values depending on the spindle speed 

Type A  appears  continuously  at  spindle  speeds  between 
30 krpm and 50 krpm and sometimes at spindle speeds between 
50 krpm  and  120 krpm  or  higher  than  260 krpm.  Type A 
topographies occur when the cutting edges of the tool machine 
the surface and no BUE is formed. Due to the defined geometry 
of  the  cutting  edges,  the  Sa  values  (112 nm ± 37 nm)  are 
comparable with the simulated value. Deviations, for example at 
30 krpm,  occur  due  to  slight  adhesions  at  the minor  cutting 
edges which result in locally deeper C‐ or D‐tracks (see Figure 3 
type A).  There are also  spindle  speeds with different  types at 
once. For example, at a spindle speed of 60 krpm (type A and B) 
or 150 krpm  (type B and C). The different  types  result  in high 
standard deviations due to the large differences of the Sa values 
depending on the type of slot bottom topography.  
Regarding  the  Ra  values  (see  Figure  6),  the  differences 

between the spindle speeds or the surface topography types is 
not as big as they are described by the Sa values. The reason is 
the position of the Ra measurement position at the slot bottom. 
For Sa, the whole slot bottom is considered, for Ra just one line 
in the middle of the slot. Thus, the adhesions next to the side 
walls  are  ignored.  Additionally,  Ra  is  a  filtered  value.  As  a 
consequence, for example the holes of type B are filtered out. 
Regarding type B, the surface is smeared due to the BUE, leading 
to small Ra values. This results in even smaller values compared 
to the simulated value of 35 µm [8]. Irregular small adhesions at 
the  surface  (type C)  lead  to  high  Ra  values  and  standard 
deviations. Same with  type A: Small Adhesions  that deposit at 
the slot bottom. Here no BUE is formed. The results show, that 
the  characteristics  of  the  surface  and  the  associated  surface 
roughnesses depend on the chosen spindle speed. 

 
Figure 6: Ra values depending on the spindle speed  

3.3. Comparison of nominal and resulting workpiece geometry 
For all micro milled slots of each series, one micro end mill was 

used without reclamping to keep the clamping error constant for 
each test series. Due to the high clamping error of up to 5 µm it 
cannot  be  neglected when micro milling with  tool  diameters 
≤ 50 µm. Without reclamping, only the dynamic behavior of the 
tool‐spindle‐system  influences  the  effective  tool  diameter. 
Based on  the measurements of the radial run‐out of  the  tool‐
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spindle‐system the maximum deviation between the measured 
slot widths and  the nominal  value of 50 µm  from 30 krpm  to 
240 krpm should be 2.5 µm. Figure 7 shows the measured slot 
widths. Additionally, the nominal slot width of 50 µm is marked. 
For  some  spindle  speeds,  the measured  slot  width  deviates 
significantly  from  the  nominal  one,  up  to  30 µm.  As  the 
maximum deviation should be 2,5 µm based on the measured 
run‐out, there is no direct correlation of the run‐out and the slot 
width. However, the comparison of the slot width and the slot 
bottom type shows a correlation. Small measured widths have 
occurred  for  type A  surfaces,  very  high  widths  for  type C 
surfaces.  Type B  surfaces  are  accompanied with medium  slot 
width deviations. This  can be explained by BUE  formation. At 
type A no BUE occurs and thus the effective diameter of the tool 
determines  the  slot width.  Type B  is  characterized  by  a  BUE 
which  led  to  the mentioned  deeper,  circle‐like  areas.  This  is 
caused by a BUE at the minor cutting edge and not at the major 
cutting edge. A BUE at the major cutting edge additionally occurs 
at the type C surfaces. The bigger BUE moves and leads to type C 
surfaces. Furthermore, the BUE at the major cutting edge results 
in a larger effective tool diameter and thus in a wider slot. 

 
Figure 7: Slot width depending on the spindle speed  

Regarding  the  slot  depth,  no  significant  correlation  can  be 
observed. The slot depths vary between 4.5 µm and 5.5 µm over 
the examined spindle speed range. This depth variation depends 
on the formation of BUEs. A BUE that is formed during machining 
results in higher actual depths of cut and hence slightly deeper 
slots. When the tool exhibits a BUE during surface detection and 
then is ripped off during machining, the actual depth of cut and 
hence the groove depth is reduced. 
 

3.4. Process forces 
Figure 8 shows the active (standard deviation σa = 0.1 N) and 

passive (σp = 0.08 N) force depending on the spindle speed. The 
active force does not show a trend to higher or lower values over 
the whole spindle speed range considered.  

 
Figure 8: Passive and active forces depending on the spindle speed  

In contrast,  the passive  force  increases with a  rising  spindle 
speed.  The  forces  do  not  show  a  significant  softening  of  the 
workpiece due  to higher  temperatures  in  the contact  zone as 

suspected. Softening of the workpiece would lead to decreasing 
forces  at  rising  spindle  speeds.  However,  the  BUE  formation 
depending on the spindle speed and the increasing passive force 
suggests that a change  in material cutting mechanisms occurs. 
The  passive  force  increases  due  to material  being  squeezed 
under  the  cutting  edges.  This  process  is  favored  by  a  slight 
softening of  the material which may  indicate  the beginning of 
material softening.  

4. Conclusion and outlook 

To  increase  the  productivity  of  micro  milling  processes, 
spindles with higher spindle speeds are needed for higher feed 
velocities at constant feed per tooth. In this study, a spindle was 
used with speeds of up to 330 krpm. With the 50 µm diameter 
micro end mills used,  cutting  speeds between 4.7 m/min and 
51.8 m/min were realized.  
The  influence  of  different  spindle  speeds  on  the  surface 

topography  and  roughness,  and  the  manufacturing  accuracy 
when using micro end mills was analyzed regarding the process 
parameters.  The  resulting  surface  topography  can  be  divided 
into  three  types depending on  the applied  spindle  speed. For 
type A,  the milling  kinematic  is  reflected  at  the  slot  bottom, 
type B and C are a result of BUE formation. Depending on the 
type,  high  or  low  values  of  Sa  and  Ra  occur. With  regard  to 
manufacturing accuracy,  it  could be  shown  that when a  large 
BUE (type C) has formed, the slot width is drastically increased. 
At  spindle  speeds higher  than 290 krpm, no  influence of BUE 
formation  resulting  in  type  C  surfaces  is  visible  at  the  slot 
bottom.  When  machining  with  these  spindle  speeds 
(> 290 krpm),  the  surface  roughness  and  quality,  and  the 
manufacturing accuracy are nearly  the same compared  to  the 
surfaces machined with spindle speeds < 80 krpm, yet at almost 
thrice reduced machining times.  
In  further  investigations,  the wear of  the micro end mills  is 

going  to be  researched at  spindle  speeds  lower  than 80 krpm 
and  higher  than  290 krpm  to  determine whether  the  spindle 
speed  influences  the  tool wear.  In addition,  investigations are 
carried out in which micro end mills with a diameter of 100 µm 
are used to achieve higher cutting speeds.  
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Abstract 
Graphene is an effective solid lubricant, which can significantly minimize the friction-induced material and energy loss in mechanical 
systems. In this study, the solution processed method combined with a specially designed coating device was used for the preparation 
of graphene films on steel-bonded carbide (GT35) disk samples. And the influence of preparation process on film distribution and 
corresponding lubrication performance was studied by using atomic force microscope (AFM), scanning electron microscope (SEM) 
and a pin on disk triboapparatus. It can be observed that after film deposition, graphene films are randomly distributed over sample 
surfaces. Under the influence of device coating process, a relatively uniform distribution of graphene films can be obtained. The 
unfolded graphene films would have sufficient contacts with surfaces, which can improve the macroscale lubrication performance of 
graphene films. The experimental measurements indicated that the lubrication performance of graphene films have a close 
relationship with its distribution and physical state. 
 
Keywords: graphene; coating process; film distribution; lubrication performance; tribology; friction 

 

1. Introduction 

In mechanical systems, minimizing friction-induced material 
and energy loss is a major challenge to be addressed. Numerous 
studies have been carried out on the method of friction and 
wear reduction, such as the design of new lubricants [1, 2] and 
coatings [3]. One of the most attractive lubricant materials is 
graphene, which appears unique structural, mechanical and 
frictional characteristics [4]. It has been indicated that the 
graphene can serve as an effective solid lubricant between 
sliding surfaces. And many researchers have employed the 
solution processed method to realize the transfer of graphene 
films onto part surfaces [5, 6], which facilitates the practical 
application of graphene films. However, considering the 
complexity of preparation method, the influence of preparation 
process on film distribution and corresponding lubrication 
performance of graphene is still urgently needed to be studied. 

In this study, the solution processed method was used for the 
transfer of graphene films to substrate surfaces. Then, a coating 
device was used to complete the preparation of graphene films. 
Thus, the influence of coating process on graphene films was 
studied. For experimental measurements, the graphene films 
were characterized by atomic force microscope (AFM) and 
scanning electron microscope (SEM). The macroscale lubrication 
performance was investigated by using a pin on disk 
triboapparatus. 

2. Experimental details 

The steel-bonded carbide (GT35) disk samples were used as 
the deposition substrates. Before the graphene deposition, the 
disk samples were cleaned ultrasonically with acetone, ethanol 
and water for 15 minutes, respectively, to remove any 
contaminants from the surface. The graphene-containing 
solution with a weight concentration of 0.1 mg/mL was prepared 
with ethanol and applied to the sample surfaces. The grayish 

deposited films would form on the surface after the evaporation 
of ethanol. Then, a coating device was used to evenly distribute 
graphene films over the surface. During the coating process, the 
randomly distributed films were smeared uniformly under a 
controllable load. Thus, the film distribution and thickness can 
be adjusted. Figure 1 shows the preparation procedure of 
graphene films and corresponding film coating device. 
Experimental measurements were carried out before and after 
the coating process to investigate the influence of processing 
process. 

 
Figure 1. Preparation procedure of graphene films and corresponding 
coating device. 

3. Results and discussion 

After the coating device processing, the surface topography of 
graphene films and corresponding friction voltage map were 
characterized by AFM operating under the contact mode. During 
the tests, the AFM tips scan across the sample surface in a 
direction perpendicular to the cantilever long axis. The frictional 
force acting on the cantilever would cause torsional deflections 
and thus generate torsion signal (in volts) in position sensitive 
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detector (PSD), which can be called as the friction-induced 
voltage. With this method, the surface topography and 
corresponding surface friction can be obtained simultaneously. 
Figure 2 presents typical AFM images of sample. For the samples 
without device processing, it should be noted that the AFM is 
not a suitable measurement method because of the dramatic 
topography change of sample surface. As shown in figure 2b, the 
friction-induced voltage over graphene films is lower than that 
of bare substrate, and the friction image can present well-
distinguished film regions and substrate regions. It can be found 
that graphene films form a discontinuous layer which provides 
low friction and good wear resistance.  

 
Figure 2. (a) Representative AFM image of film topography after the 
coating process, and (b) corresponding friction voltage map. 

 
The SEM images present the topography change of samples 

before and after the coating process. As shown in Figure 3a, the 
sample without processing contains a random distribution of 
graphene films, and most of the films curl up forming an 
irregular shape. After the coating process, a relatively uniform 
distribution of graphene films can be achieved. Furthermore, as 
shown in high-magnification image, most of the graphene films 
are unfolded over sample surfaces after the processing. It can be 
concluded that the coating process has significant influences on 
the distribution and physical state of graphene films. 

 
Figure 3. Representative SEM images of graphene films (a) before and 
(b) after the device coating process. 
 

The macroscale tribological studies were performed to further 
investigate the influence of coating process on the lubrication 
performance of graphene films. During the test, steel-bonded 
carbide pins were used as the counterparts, flat samples were 
fixed on the stage so that the pin samples can slide in a 

reciprocating mode at a load of 5 N. The reciprocating distance 
is 4 mm with a sliding velocity of 1 mm/s, and the testing time is 
1000 seconds. Figure 4 shows the coefficient of friction (COF) 
over the bare sample surface and coated samples before and 
after processing. The COF of bare sample is around 0.25, which 
serves as a baseline test. The COF of sample without processing 
is initially 0.09. With the increase of sliding cycles, the COF 
increases to 0.25. Under the influence of coating process, the 
COF of sample increases slightly and maintains at a stable value 
of 0.13. One possible reason for the observed results is the 
change in distribution and physical state of graphene films 
before and after the processing. The unfolded graphene films 
facilitate the contact with sample surface, and the bonding 
strength of graphene films can be improved to some extent.  

Dry friction happens frequently in precision engineering due 
to the existence of precision move parts. In some situations, the 
graphene can be employed as an effective solid lubricant. Also, 
the coating process proposed in this paper can obviously 
improve the lubrication performance of graphene films, which 
would facilitate its application in practical engineering. 

 
Figure 4. The friction coefficient of different samples. 

4. Conclusions 

In this study, the influence of coating process on graphene 
films was investigated. After film deposition, graphene films are 
randomly distributed over sample surfaces. Under the influence 
of device coating process, a relatively uniform distribution of 
graphene films can be obtained. And the unfolded graphene 
films would have sufficient contacts with surfaces, which can 
improve the macroscale lubrication performance of graphene 
films. The experimental measurements indicate that the 
lubrication performance of graphene films have a close 
relationship with its distribution and physical state. 

Acknowledgement 

This work was supported by the Joint Funds Key Project of the 
National Natural Science Foundation of China (No.U1537214), 
National Natural Science Foundation of China (No. 21573054), 
State key laboratory of precision measuring technology and 
instruments (Tianjin University No. PILAB1701) and the State 
Key Program of National Natural Science of China (No. 
51535003). 
 
References  

[1] Berman D, Erdemir A and Sumant AV 2014 Appl. Phys. Lett. 105 385-
388 
[2] Yao Y, Wang X, Guo J, Yang X and Xu B 2008 Mater. Lett. 62 2524-
2527 
[3] Scharf TW, Ott RD, Yang D and Barnard JA 1999 J. Appl. Phys. 85 
3142-3154 
[4] Geim AK and Novoselov KS 2007 Nat. Mater. 6 183-191 
[5] Berman D, Erdemir A and Sumant AV 2013 Carbon 59 167-175 
[6] Berman D, Erdemir A and Sumant AV 2013 Carbon 54 454-459 

68



 

          

euspen’s 20th International Conference & 

Exhibition, Geneva, CH, June 2020 
www.euspen.eu  

 

 

A supervised machine learning approach to a predictive model of nanoscale friction 

 

Marko Perčić1, Saša Zelenika1 and Igor Mezić1,2 
 
1 University of Rijeka, Faculty of Engineering & Centre for Micro- and Nanosciences and Technologies, Vukovarska 58, 51000 Rijeka, CROATIA 
2 UC Santa Barbara, Department of Mechanical Engineering, Santa Barbara, CA 93105, USA 
 

sasa.zelenika@riteh.hr 

  
Abstract 

Modelling of nanoscale friction presents a long-lasting challenge. In fact, while there are several generalised models that provide 

good results for macro- and micro-scale friction, due to the complex concurrent physicochemical interactions in nanoscale contacts, 

when modelling nanoscale friction there is a clear lack of reliable predicting tools. The modelling methodology proposed in this work 

is based on the recently performed multidimensional experimental measurements of thin-films’ nanoscale friction, where the 

concurrent effects of several process parameters are considered. Due to the stochastic nature of the considered phenomena, 

conventional regression methods yield poor predictive performances. A machine learning (ML) numerical paradigm is hence 

proposed. Via a comparative study it is hence shown that, while the best typical regression models result in coefficients of 

determination (R2) of the order of 0.3, the predictive performances of the used ML models, depending on the considered sample, 

yield R2 in the range from 0.54 to 0.9. The developed models provide also new insights into the functional dependence of the variable 

process parameters, but also sound basis for future extensions of existing friction models to the nanometric range. 
 

Nanoscale friction, mathematical modelling, machine learning, predictive model 

1. Introduction 

Due to complex physicochemical interactions in nanoscale 

contacts, nanoscale frictional behaviour is still matter of intense 

studies. Empirical insights, obtained via thorough experimental 

procedures [1], are used in this work as the foundation for the 

development of a predictive nanoscale friction model. The 

experimental procedure, involving scanning probe microscopy 

in the lateral force microscopy mode, includes measurements of 

nanoscale friction force Ff vs. the variable process parameters 

(normal force FN, sliding velocity v and temperature ) on thin-

film samples synthesized via atomic layer (ALD - Al2O3 and TiO2) 

and pulsed laser deposition (PLD - Al, MoS2 and stainless steel 

X39CrMo17-1) [1]. Data collected on the 50 experimental meas-

urement points, defined by employing centroidal Voronoi tessel-

lations (CVT), are hence used as the main dataset for the devel-

opment of the models. Each models’ predictive performance is 

tested by employing the same experimental technique on a sep-

arate set of 15 points defined randomly via the Monte Carlo 

(MC) method [2]. Modelling by conventional methods for 

regression analysis, e.g. polynomial fitting, response surface 

methodology etc., yields poor results. Machine learning (ML) is 

thus proposed and the obtained results are thoroughly assessed. 

2. Used methodology 

Methods used in this work comprise various ML algorithms. 

ML algorithms for regression problems deliver a so-called black-

box solution that provides predictive results. These methods are 

used for obtaining important insights into the analysed variable 

space, providing the basis for further studies. The ML algorithms 

used in this work, according to the proposed methodology 

shown in Fig. 1, are additive regression, stacking and bagging 

classifiers, lazy algorithms, multi-layer perceptron (MLP), 

support vector regression (SVR), decision trees and random 

forest (RF) ensembles [3]. All of them are used to develop 

nanoscale friction models for each considered sample material 

via the following steps: data preparation (normalization, 

standardization), training the algorithms on experimental 

datasets and optimizing each of their hyper-parameters. The 

training is performed here on the complete CVT-based datasets 

for each material separately, as well as, by employing binary 

encoding for a material class, on the combined (pooled) dataset 

of all materials subjected to a 10-fold cross-validation. The 

metrics used for evaluating the developed models are mean 

absolute errors (MAE), root-mean square errors (RMSE) and 

coefficients of determination R2 [4]. 
 

 

Figure 1. Proposed methodology for the development of a predictive 

model of nanoscale friction. 

3. Testing dataset 

Separate experimental measurements, on an un-seen testing 

dataset whose results are aimed at a best possible prediction via 

the usage of the developed models, are performed next. It is 

worth noting that these measurements are performed on 

samples that are not dried prior to the measurements – yielding, 

hence, not only realistic conditions but also providing a more 

difficult predictive challenge for the used advanced numerical 
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models. Each model’s predictive performance is hence 

scrutinized on the predictions of the friction forces Ff on this 

testing dataset for changing input variables. Fig. 2 depicts a 

colour-coded representation of the obtained Ff values for Al2O3 

(a sample of ALD-synthetized thin-film) and for MoS2 (PLD-

synthetized thin-film – data for all the considered thin-films is 

given in [5]) vs. the variable parameters. The total applied 

normal load is constituted here by the sum of the exerted 

normal force (FN) and the contribution of adhesion (FA). 

Experimental measurements show clearly the stochastic effects 

of the variable process parameters on Ff, but with similarities to 

the results attained on CVT-based measurements datasets [1]. 
 

 
(a) 

 
(b) 

Figure 2. Colour-coded distribution of experimentally determined Ff 

values for the test dataset for Al2O3 (a), and MoS2 (b). 

4. Results and discussion 

All ML models allow attaining far better predictive 

performances (higher R2) than the conventional regression 

methods. The ML models developed by training the algorithms 

on a pooled (combined) dataset show even better predictive 

performances. The obtained predictive performances on the 

MC-based test datasets for each developed ML model are 

shown, for the two sample thin-film materials, in Fig. 3, where 

the achieved R2 values for each algorithm, for the best-

performing models, are given in parenthesis. Fig. 3 also denotes 

the uncertainty levels in three shades of grey presenting, 

respectively, ± 1σ (darkest shade), ± 2σ and ± 3σ (lightest shade), 

variance of data [4]. It can thus be seen that, even though the 

MLP algorithm allows attaining high R2 values, it is quite far away 

from the experimental data. On the other hand, the RF and SVR 

predictions follow the data much better. The test data 

predictions for MoS2 (Fig. 3b) are much better than that for 

Al2O3, with the SVR algorithm capturing in this case 90% of the 

Ff variance. The deviations of the attained predictive 

performances of each model are caused here by the combined 

effects of the inherent models' properties, i.e., by the 

smoothness of the solutions (hyperplanes), by the normality 

characteristics of the used experimental datasets, and finally, by 

the intrinsic stochastic nature of nanoscale friction. 

 

 

(a) 

 

(b) 

Figure 3. Predictive performances of the considered ML models on the 

MC test dataset for Al2O3 (a), and MoS2 (b). 

5. Conclusions and outlook 

The analysis of the nanometric frictional behaviour, 

performed by using the black-box ML models, proves that it is 

possible to provide effective predictions of the influence of the 

multiple process parameter on the value of the friction force 

with satisfactory levels of accuracy, i.e., with the R2 values 

ranging from 0.54, for the SVR algorithm on an Al2O3 sample, to 

0.9, for the SVR prediction on an MoS2 sample. 

Further numerical analyses, performed by employing novel 

artificial intelligence-based methods such as genetic 

programming, will be used in the next phases of the work to fully 

characterize the functional dependencies of nanoscale friction. 
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Abstract 

Traditional physical rehabilitation therapy, aimed at recovering upper limbs’ functionality of stroke patients, still mainly relies on the 

assistance of therapists. Mechatronics-based rehabilitation devices enable, in turn, a large number of automated high-intensity 

movements, thus assuring a more effective rehabilitation with fewer resources. Some commercial solutions of this type are available, 

but they are generally expensive, heavy and voluminous, while not allowing the power contribution to be adjusted to the autonomous 

effort provided by the patients, as well as having a very uneven number and distribution of the used degrees of freedom (DOFs). The 

aim of this work is to provide a critical assessment of the needed number of active and passive DOFs as well as of the viable control 

approaches to obtain the needed functionality of the device. The resulting solution should be as simple as possible, while allowing to 

achieve rehabilitation efficiency by improving patients’ upper limb coordination and ranges of motion of each joint. 
 

Upper limb rehabilitation, compact mechatronics device, design analysis, DOFs, adaptive control 

 

1. Introduction 

Stroke, a frequently occurring medical condition, is a major 

cause of impaired arm movements. Conventional rehabilitation 

methods imply time-intensive procedures performed by the 

therapists. Due to the inherent limitations, a different approach 

is necessary to improve rehabilitation efficiency. A promising 

approach is the development of active mechatronics-based 

rehabilitation devices [1]. Novel devices, with marked 

advantages with respect to conventional therapy, are hence 

being developed, but the commercially available ones are 

generally expensive, heavy and voluminous, with several 

shortcomings and a far-from-standardised and far from optimal 

distribution of the used degrees-of-freedom (DOFs) [2-3]. The 

aim of this work is to provide a preliminary design analysis for 

the development of a compact upper limb rehabilitation device. 

Different design paradigms, implying compactness, portability, 

limited weight, low cost, accessibility and user-friendliness are 

taken into account. Recent design strategies are compared, 

while considering also the used interfaces of the devices and the 

patients as well as the perspective control typologies. 

2. Rehabilitation device design goals 

An essential first step in designing a rehabilitation device is a 

thorough study of human arm kinematics. Due to its complexity, 

especially for the shoulder, attempts to design devices that 

would exactly replicate arm’s kinematics are hardly feasible, and 

result in kinematic incompatibility, limited ranges of motion 

(ROMs), non-smooth interactions, lengthy dress-on/dress-off 

times, uncontrollable forces and deformations of patients’ skin 

[4]. Alignment-free [5] and self-aligning [6] designs, character-

ized by parallel connections to human joints, have thus been 

suggested. Such design approaches allow misalignment com-

pensation between the rehabilitation device and the human arm 

via additional passive DOFs. To facilitate the usability and reha-

bilitation efficiency, in terms of improving patients’ arm coordi-

nation and joints’ ranges of motion, a suitable number of active 

and passive DOFs should therefore be provided, which consti-

tutes the primary design objective. The resulting rehabilitation 

device should also provide redundant and fail-safe safety 

features, and a coupled robust and user-friendly control system. 

This should be complemented by the possibility to provide high-

intensity dynamic interactions, compactness, and low cost. 
 

2.1. Consideration on the necessary DOFs 

Based on the above considerations, the number and spatial 

arrangement of the DOFs of the rehabilitation device are the 

main concerns in its design. Different design perspectives result, 

in fact, in various DOFs distribution across the shoulder-elbow-

wrist-hand interaction chain. A thorough analysis of design 

configurations described so far in available literature is thus 

performed. The summary of the recent and most promising 

rehabilitation systems, with respect to the corresponding 

interactions with human arms, is hence provided in Table 1. 

Although active systems [7] have the advantage of providing 

highly dynamic interactions, in conjunction with a high control 

bandwidth and, in some instances, are already used in 

hospitals [4], in general they comprise only revolute joints and 

allow rehabilitation in limited ROMs. To extend the workspace, 

often the number of active DOFs is thus increased, resulting in 

bulky constructions. In order to minimize the number of active 

DOFs and increase the ROMs, the mentioned self-aligning design 

configuration [6] incorporates, thus, two additional prismatic 

joints aimed at shoulder misalignment compensation. The 

alignment-free configuration [5] comprises, in turn, one 

prismatic shoulder joint. For elbow misalignment compensation, 

both configurations use an additional passive prismatic joint. 

Based on the performed analyses, a design based on a self-

aligning configuration with one active revolute joint (rA) for the 

hand interaction, two rA joints, one prismatic passive (pP) and 

one spherical passive joint (sP) for the wrist, two rA and one pP 

joints for the elbow, as well as three rA and three pP joints for the 

shoulder interaction is deemed necessary. The thus proposed 

device configuration, comprising eight active and six passive 

joints, is hence depicted in Figure 1. 
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Figure 1. Scheme of the proposed rehabilitation device configuration. 
 

2.2. Issues in controlling the upper-limb rehabilitation device 

Three different approaches could be followed to achieve the 

control of the foreseen rehabilitation device. In a first instance, 

it could be controlled so that it replicates therapists’ actions in 

assisting the patients while performing certain movements. A 

commonly used approach is, in turn, to allow the therapist(s) to 

subjectively adjust, for a determined patient, the needed level 

of assistance that the active device provides. The third, and the 

most challenging approach, that is aimed for in the herein 

considered work, is to adaptively tune the extent of assistance 

based on real-time measurements of patients’ motion ability [4]. 

The first two approaches are generally based on a position 

feedback loop, combined with feed-forward blocks that allow 

compensating the known disturbances (friction forces, inertias 

and mases). On the other hand, if the third approach is followed, 

control algorithms, coupled with sensors, should provide the 

capacity for the device to “hide” its activity to the user 

(transparency) and to tune the level of provided assistance 

(adaptability), while keeping, by imposing joint constraints or 

generating reactive forces, patients’ trajectories close to 

nominal paths [4, 7]. Transparency and adaptability make the 

control even more complex, since the rehabilitation device 

should provide in this case only the minimal assistance needed 

to perform the movements, while allowing dynamic adaptability 

to patients’ active participation. Proper therapy is hence assured 

and patients’ compensatory strategies, which diminish inter-

joint coordination, are minimized. In this case, however, the 

position feedback is not sufficient, but the control relies on 

sensing patient’s intentions as well as the level of motion ability. 

A commonly used technique to acquire the thus needed data is 

to use electromyography (EMG) sensors, allowing a non-invasive 

estimate of muscles’ tensions. The main drawback of this 

method is, in turn, poor signal-to-noise ratio (SNR) and the cross 

talk between different muscles, so that the effective positioning 

of the sensing electrodes is crucial [4]. More recently, the usage 

of inertial measurement units is thus suggested [8]. 

3. Conclusions and outlook 

A preliminary analysis of possible design configurations of an 

upper limb rehabilitation device, based on common design 

practices, is provided in this work. Several design goals are 

considered from the perspective of usability, safety and utility, 

while existing active rehabilitation devices with self-aligning 

concepts are considered so as to establish design guidelines for 

the development of a user-friendly, portable, lightweight and 

low-cost device. Special emphasis is on patient-device 

interactions, redundancy and the number and placements of the 

DOFs needed to enable smooth therapy sessions, and an 

efficient recovery of patient sensory and motion capabilities. 

Different means of rehabilitation device control, together with 

the required sensing and actuation elements needed to adapt 

the level of assistance to patients’ needs, are also considered. 

Future work will include modelling the rehabilitation device in 

an adequate CAD environment, performing a thorough study of 

the kinematics and the respective ROMs, and performing 

structural and kinematics optimization with inclusion of 

compliant passive elements. A selection of the required sensors 

and electric actuators, as well as of the suitable data acquisition 

and control hardware and software, will also be done. 

It is foreseen that the modelling of the resulting nonlinear 

system will be performed by using a data-driven machine 

learning approach based on Koopman operator theory, which 

allows an accurate linear representation of a nonlinear system 

by lifting its nonlinear dynamics into a higher dimensional space 

[9]. This should allow obtaining a data-driven state-space model 

representation of the developed rehabilitation device, as well as 

the development of simpler yet more powerful and, possibly, 

predictive control module(s). 
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Table 1. DOFs distribution in self-aligning, alignment-free and design configurations without passive DOFs. 
 

Configuration 
Self-aligning Alignment-free Systems w/o passive DOFs 

SAEM [6] X-Arm-2 [5] ANYexo [7] ARAMIS [3] ARMin V [2] 

Actuator type - Brushed DC Elastic actuators Brushed DC Brushed DC 

Max torque / Nm - 19.3 55 94 > 38.5 

Max speed / °·s-1 - - 173 - 178 

Interaction A P  A P  A P  A P  A P  

D
O

F
s 

Shoulder 3r 2r 2p 7 3r 1p 2r 6 5r - 5 4r - 4 3r - 3 

Elbow 1r 3r 1p 5 2r 1p 3 1r - 1 2r - 2 2r - 2 

Wrist - - 0 2r 3r 5 - - 0 - - 0 1r - 1 

Hand - - 0 - - 0 - - 0 - - 0 1r - 1 

Number of DOFs: A: active, P: passive, : overall number. Type of joints: r, revolute; p, prismatic; s, spherical. 
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Abstract 
High-precision devices, such as mass comparators and nanofabrication machines investigated at Technische Universität Ilmenau, 
have achieved astonishing performances with current resolutions in the nano-newton and subnanometer-range, respectively. The 
further improvement of these systems requires the elimination or, at least, the minimization of any possible source of error, which 
is partially accomplished by placing them in hermetically closed chambers under controlled environmental conditions up to vacuum. 
However, processes inside the chamber also generate disturbances to the environment and adjacent subsystems. Fine adjustment 
systems are commonly operated and controlled remotely using electric current as the carrier. The energy and signal transfer through 
electric cable connections comes with a number of disadvantages such as the generation of heat and electromagnetic fields, the 
introduction of mechanical forces and moments, the release of gas or even solid particles, among others. Due to their unstable and 
nonlinear character, these side effects are not always possible to quantify and compensate. The present contribution evaluates 
wireless power transfer methods as an alternative for supplying power to fine adjustment systems. The side effects of power transfer 
methods are evaluated and compared using analytical models. Based on the results, a systematic evaluation leads to the selection of 
actuator principles for the synthesis of a wireless actuator with strongly reduced side effects inside enclosed precision systems. 
 

Keywords: wireless power transfer, actuators, hermetically closed environments, side effects   

 

1. Introduction 

To maximize the performance of high-precision devices, such 
as mass comparators [1] and nanofabrication machines [2], they 
are usually placed in hermetically closed chambers under highly 
controlled environmental conditions up to vacuum. Still, the 
systems within the chamber interact negatively with each other 
or affect the environmental conditions. In this context, remotely 
controlled fine adjustment systems gain particular importance 
since they are used in units that are highly influential to the 
device function. The energy transfer through electric cables 
produces various side effects. The generation of heat and 
electromagnetic fields, the introduction of restoring forces and 
moments due to the cable stiffness, and the release of gases 
trapped in the insulation material need to be mentioned 
primarily. Due to their unstable and nonlinear character, the 
compensation of these effects is not always possible, thus, 
limiting the achievable degree of precision of the device.  

For the further improvement of precision systems, there is a 
need to minimize the aforementioned effects. This contribution 
evaluates the use of wireless power transfer (WPT) methods to 
overcome the limitations of electric cables in fine adjustment 
systems used in enclosed precision systems. Emphasis is placed 
on the determination of the side effects of the different WPT 
methods and the selection of suitable principles for developing 
a wireless actuator with strongly reduced side effects.  

2. Wireless power transfer 

WPT methods enable the transfer of energy without the need 
for a solid connection between the source (transmitter) and the 
load (receiver). As such, the permanent mechanical coupling due 
to the electric cable is eliminated. WPT systems are classified in 
[3-6]: acoustic, capacitive, inductive, optical, and microwave. 

Their design is mostly based on the power requirements and on 
the distance between transmitter and receiver.  

 
Table 1 Parameters of the WPT systems 
 

WPT System Parameters 

Optical 

 

Power 𝑃in =  10 mW 
Wavelength 𝜆 =  900  nm 
Responsivity 𝑆 =  0.6  A/W 
Saturation current 𝐼𝑠 =  0.1  nA 
Quality factor 𝑛 =  1.1 

Capacitive 

 

Input voltage 𝑉in =  100 V 
Frequency 𝑓 =  1 MHz 
Surface 𝐴 =  10 mm ×  10 mm 
Thickness 𝑡 =  2 mm 
Resistivity 𝜌 =  0.265 nΩ m 

Distance 𝑑 =  1 mm 

Inductive 

 

Input voltage 𝑉in =  100 V 
Frequency 𝑓 =  1 MHz 
Diameter 𝐷 =  10 mm 
Length 𝐿 =  25 mm 
Turns 𝑁 =  100 
Resistivity 𝜌 =  0.168 nΩ m 
Distance 𝑑 =  10 mm 

 
In this work, three different WPT systems are designed for 

comparison, as shown in Table 1. Taking into account the 
implementation in fine adjustment units, the coupling interfaces 
are kept compact. The side effects at resonance are also 
evaluated. Resonance is obtained by introducing an additional 
inductance 𝐿1 in the capacitive system and two capacitances in 
the inductive system (𝐶1 in the transmitter and 𝐶2 in the 
receiver) to compensate the impedance of the interfaces. The 
heat generation and electromagnetic emissions are described by 

the heat losses �̇� and the magnetic field 𝐵 at the interface. The 
systems are evaluated analytically using circuit theory [7] and 
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compared for different load resistances 𝑅𝐿 . For better 
comparability with the optical WPT through laser, which has 
non-comparable input parameters, the heat losses per input 

energy amount �̇�/𝑃in  is calculated. 

 
(a) 

 
(b) 

Figure 1. Induced side effects by different WPT methods: (a) heat losses 
per input energy, (b) magnetic field at the interface. 

 
The results are shown in Figure 1. Laser WPT produces no 

electromagnetic emissions that would cause electromagnetic 
interference (EMI) with other devices. However, at least 80% of 
the introduced energy is transformed into heat due to the low 
conversion efficiency of photodiodes. The energy losses of the 
beam inside the chamber can be considered negligible for the 
intended conditions. Due to its nature, inductive WPT requires a 
strong magnetic field and produces significant heat losses in the 
coupling coils. In addition, typical copper wires used for the coils 
are not suitable for vacuum due to outgassing. When brought to 
resonance, the system transfers much more power with 
relatively less heat losses but the presence of a magnetic field 
limits its application in the targeted high-precision devices. In 
contrast, capacitive WPT shows significantly smaller side effects. 
Since there is no dielectric material between the plates or there 
is only air, dielectric heat losses are assumed to be zero and only 
ohmic resistance losses are considered. The plate capacitors can 
also be fabricated of other materials aside copper, like 
aluminum [5], for their use in vacuum. Still, when working at 
resonance, higher heat losses are produced due to the 
compensation inductance. A magnetic field is also produced 
between the capacitor plates due to the alternating electric 
field, but its value is significantly lower than in inductive WPT.   

Based on the analytical results, an evaluation is conducted to 
select the most appropriate WPT method for the application in 
enclosed high-precision systems, which is presented in Table 2. 
Other design criteria, e.g. required space, are also taken into 
consideration. Capacitive WPT appears to be the most suitable 
method regarding the considered side effects. Due to the nature 
of plate capacitors, the electromagnetic fields are well contained 
within the metal plates, reducing possible parasitic couplings. 
Aside from the small heat losses, the required large inductance 
can be avoided by using other compensation circuit topologies 
[4]. However, a small capacitive force is produced between the 
transmitter and the receiver, which would cause vibrations. 
Another issue is the possibility of a dielectric breakdown, which 
for air is around 3 kV/mm [8], limiting its use for high-resistive 
loads. Capacitive WPT is also limited to very small distances, 

thus, power can only be supplied to static adjustment systems. 
For long-range applications, such as moving devices, laser WPT 
is better suited.  

 
Table 2 Evaluation of WPT methods 
 

Method range power space heat EMI 

Capacitive - - o ++ ++ 

Resonant 
capacitive 

- + o + + 

Inductive o - + - -- 

Resonant 
inductive 

o + + o -- 

Optical ++ o ++ - ++ 

++ very good / + good / o sufficient / - tolerable / -- unsatisfactory 

3. Actuator principles      

Based on the properties of the WPT methods, possible 
actuator principles can be selected for the synthesis of a wireless 
actuator. Due to the limited forward voltage of photodiodes, 
laser WPT is mainly suited for low voltage applications. The 
generated current is regulated by the laser power, allowing its 
use in current-driven actuators, such as electromagnets or 
magnetostrictive actuators. Another option is the use of thermal 
actuators, e.g. shape memory alloys (SMA), which can utilize its 
thermal energy but are less efficient. In comparison, capacitive 
WPT is better suited for higher voltage loads. Voltage-driven 
actuators also reduce heat losses since they can work with small 
currents. For minimizing the side effects of the actuators used in 
the targeted fine adjustment system, a voltage-driven actuator, 
e.g. piezoelectric, electrostrictive or electrostatic, supplied using 
a capacitive WPT system is the most suitable solution. 

4. Conclusions      

To eliminate the side effects of electric cables for the power 
supply of actuators in fine adjustment systems used in enclosed 
precision devices, three different WPT methods are compared 
regarding the generated heat and magnetic field. Based on the 
analytical calculations and the technical evaluation, a capacitive 
WPT system is best suited due to its much lower side effects in 
comparison to inductive or optical methods. It can also produce 
higher output voltages, which allows its use for voltage-driven 
actuators with high efficiency. This principle combination is most 
suitable for the design of actuators with strongly reduced side 
effects. However, the transfer range of capacitive WPT is limited 
to very small distances, usually below 1 mm, and further options 
need to be evaluated for long-range applications. Among the 
conceivable possibilities are the use of low-power lasers over 
long adjustment times, or the implementation of an energy 
storage system on the device to achieve autonomous operation. 
Still, further investigation is necessary. 
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Abstract 
The void effect on the microstructure evolution and internal stress transmission of single crystal copper in nanoindentation are 
investigated using molecular dynamics simulation. The void is simplified to a spherical shape and is introduced beneath the free 
surface of the workpiece to investigate void size effect and void position effect on the plastic deformation mechanism in 
nanoindentation, including atomic motion process, internal stress and indentation force. The result indicates that the indentation-
induced strain continuously accumulates beneath the indenter and leads to a significant plastic deformation above the void, forming 
a “partial-collapse”, and then forming a “full-collapse”. The void can block the dislocation movement and absorb the internal stress 
during the indentation process, which is related to the void size and void position beneath the workpiece surface. Besides that, the 
void in the workpiece subsurface can decrease the indentation force in the nanoindentation direction and affect the force in the 
orthogonal direction. The above results can be generalized to investigate the plastic deformation mechanism of the materials with 
irregular voids. In nanoindentation experiments, to obtain more accurate material properties, we should not only optimize the 
indentation parameters, but adopt the workpiece without any nanoscale irregular voids. 
 
Nanoindentation; Void; Microstructure evolution; Internal stress; Plastic deformation; Molecular dynamics     

 

1. Introduction 

Nanoindentation which is one of the most effective methods 
for inducing material surface deformation by adopting 
concentrated local stress has been widely applied to investigate 
elastic/plastic deformation and mechanical properties of 
materials [1–3]. Generally, the indenter interacts with the 
workpiece surface at the micro/nano scale, which is far smaller 
than the average polycrystalline materials grain size. Hence the 
workpiece can be usually treated as the single crystal materials 
[4]. In this scale, the nanoindentation is easily affected by the 
defects in the material surface or subsurface, such as dislocation 
[5], impurities [6], interfaces [7, 8], alloy particle [9], or 
void/pore [10], hence, the internal properties of the workpiece 
material like subsurface damage should also be considered in 
nanoindentation, which would also affect the obtained material 
mechanical properties.  

The void not only affects the plastic deformation mechanism 
in nanoindentation, but also the internal stress variation and 
indentation forces, leading to inhomogeneous distribution of 
the internal stress gradient in the single crystal materials. Tan et 

al. [11] investigated the void effect on the internal stress 

distribution using molecular dynamics simulation and found that 
the internal stress transmission was blocked and absorbed by 
the void which leads to a rapid increase of the compressive 
stress surrounding the voids. The stress concentration formed at 
the sharp edge of the void region, leading to a high internal 
stress gradient at such regions, then the “partial-collapse” 

happened at the high stress edge of the voids [12]. In addition, 

the high internal stress generally would form between the voids, 
leading to significant plastic deformation and a combination of 

the voids [13]. The void size affected the potential energy in the 

void region and could lead to high potential energy at the edge 
of the void, resulting in the dislocation would tend to nucleate 

in the void regions [14].  

2. Method      

The MD simulation is performed to study the void effect on the 
microstructure evolution process and internal stress 
transmission of single crystal copper in nanoindentation. The 
MD model consists of a single crystalline copper workpiece with 
a void beneath the workpiece surface, as shown in Fig. 1. Due to 
the diamond indenter is harder than the single crystal copper 
workpiece, the indenter is treated as a rigid body. The workpiece 
has a dimension of 45.0 × 45.0 × 45.0 nm3. The workpiece is 
divided into three parts, namely, Newton layer, temperature 
layer and boundary layer, respectively. The conjugate gradient 
method is used to minimize the energy configuration in the 
workpiece system. Then, the system is relaxed using the Nose-
Hoover thermostat under the isothermal-isobaric NPT ensemble 
for 100 picoseconds. Then, the equilibrated system is subjected 
to the indentation of the indenter in the NVE ensemble. The 
indentation direction is {100} < 100 >. The time step is 1 fs. The 
periodic boundary condition is set in the x-direction and z-
direction. The indentation speed is 10 m/s. 
 

 
 
Figure 1. Nanoindentation MD simulation model 
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3. Results      

The microstructure evolution process in the workpiece 
subsurface is shown in Fig. 2. It can be seen that when the 
indenter begins to interact with the workpiece free surface, a 
number of ISFs generate beneath the indenter, forming the “V-
shaped” dislocation loop. When the ISFs propagate and meet 
the void region, the ISFs are blocked by the void, as shown in 
Figs. 3(a)–(b). With the increase of indentation depth, the 
stagnation region is pushed by the indenter and works as 
another indenter tip interacts with the void region, forming a 
“partial-collapse” at the top of the void region, as shown in Figs. 
3(c)–(d). Different from the indentation process in Fig. 2, the 
Shockley partial dislocations induced by the indentation beneath 
the indenter are absorbed by the void in the subsurface of the 
workpiece. Stair-rod dislocations, as well as Hirth dislocation, 
can also be seen in the subsurface of the workpiece, which is 
caused by the interacted Shockley partial dislocations on 
different {111} crystal planes, as shown in Fig. 2(e). A number of 
ISFs nucleate and propagate at the other side of the void, as 
shown in Fig. 2(f). With the increase of the range of the collapse, 
the void is gradually absorbed by the subsurface of the 
workpiece, remaining large numbers of ISFs in the subsurface of 
the workpiece. Hence, the void effect could deteriorate the 
workpiece machined surface and affect obtained material 
mechanical properties by nanoindentation, especially when the 
void has a large range. 

 
 
Figure 2. Microstructure evolution process and displacement vector 
sliced in the x-direction, at the indentation depth of 2 nm (a, b), 4 nm (c, 
d) and 6 nm (e, f)  

To investigate the indentation-induced collapse generated at 
the top of the void during the indentation process, the range of 
the collapse region in y- and x-direction are analyzed, 
respectively, as shown in Fig. 3(a). The stagnation region 
interacts with the void region in the indentation depth of 1 nm, 
at which the collapse begins to generate. When the indentation 
depth ranges from 1 nm to 3.5 nm, the increase speed of the 
collapse region in x-direction keeps almost constant and then 
gradually decreases; however, that in y-direction gradually 
increases when the indentation depth increases from 1 nm to 
3.5 nm and then keeps almost constant, as shown in Fig. 3(a). 
Hence, the indentation process can be divided into three stages: 

(a) no-deformation stage, (b) initial deformation stage and (c) 
stable deformation stage. At the no-deformation stage, the void 
keeps its initial shape. Then, the partial-collapse begins to form 
at the top of a void at the initial deformation stage and finally 
reaches the stable deformation stage. 
 

 

Figure 3. (a) Variation of the collapse range of the void region in x- and 
y-direction, and (b) variation of the indentation forces   

4. Conclusions      

In the nanoindentation of single-crystalline copper at {100} < 100 
> crystal direction, defects nucleate and propagate beneath the 
indenter, forming a “V-shaped” dislocation loop. A stagnation 
region generates beneath the indenter and works as another 
indenter tip interacts with the workpiece subsurface, leading to 
the atoms flowing laterally to the indenter and forming the 
indentation surface. The position and size of the void region 
under the workpiece determine different plastic deformation 
process during the nanoindentation process. When the size of 
the void is larger, the void cannot be absorbed by the workpiece, 
and the atoms in the void region flow laterally to the partial-
collapse. When the size of the void is smaller, a “full-collapse” 
could form in the void region, leading to the void being absorbed 
by the workpiece.  
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Abstract 
In recent years, photovoltaic power generation has spread around world as the performance of solar panels has improved. However, 
small islands such as Japan and Singapore does not have enough land space to install solar panels. On the other hand, they have 
enough install space at their exclusive economic sea zone. Recent efforts shows deployment of solar panel in water bodies provides 
increased cooling which in turn increases the PV cell’s power generation. In this paper, the authors have investigated the possibility 
of solar power generation under seawater. Preliminary experiments of the present study were conducted using a single crystal silicon 
solar panel under incident light in the room. Results shows: 1) The power generation efficiency does not decrease until the water 
depth reaches 200mm. 2) The power generation efficiency is greatly influenced by the water temperature. The lower the water 
temperature results in increased power generation efficiency. 3) Electric power generation efficiency is not affected by salinity up to 
5wt.%. 
Key Words : Solar panel, Sea water, Mono crystalline silicon, Water depth, Temperature, Salinity, Sunlight, incident Light 

1. Introduction 

In recent years, solar power generation has spread worldwide 
as the performance of solar panels has improved and the system 
price has decreased due to mass production. On the other hand, 
mountainous countries such as Japan do not have enough land 
space to install solar panels. Furthermore, small island nations 
have vast exclusive economic seazone but depend on fossil 
based fuels for their economic growth. Therefore, active use of 
the seazone is a possible way to deploy novel solar PV 
renewables to achieve an energy self-sufficiency. 

In 2014, the New Energy and Industrial Technology 
Development Organization Japan, conducted a demonstration 
project for multi-use of photovoltaic power generation, and a 
demonstration experiment on water power generation was 
conducted1). Among these, problems remain such as a decrease 
in power generation efficiency due to contamination of the 
panel surface due to bird droppings and haze dust 
sedimentation and an increase in panel temperature. 

In this study, we propose underwater solar power generation 
system and examine its feasibility when installed under sea 
water. In the sea, there is no risk of the panel surface becoming 
dirty with bird droppings or haze dust, and water may suppress 
the temperature rise of the solar panel. Therefore, a preliminary 
experiment on underwater solar power generation is performed 
using a commercially available single crystal silicon solar panel. 
The effects of water depth, water temperature, and salinity on 
the output voltage were studied experimentally, and the 
associated technical problems in the installation of the solar 
panel below the sea surface were investigated and overcome. 

2. Experimental apparatus and method 

For preliminary experiments on underwater solar power 
generation, a commercial solar panel made of single crystal 
silicon (20W, SN Solar Technology) with the specifications shown 

in Table 1 is used. The solar panel is installed at the bottom of a 
polypropylene water tank with a capacity of 58little (540mm x 
370mm x 290mm), and the outer periphery of the tank is 
covered with a light-shielding cover so that it is not affected by 
incident light from the side.  

A scale is attached inside of the water tank to monitor the 
water depth. In order to make the measurement environment 
constant, the output voltage is measured under an indoor 
fluorescent lamp with a constant room temperature. The output 
voltage from the solar panel is measured by a tester (AM33D, 
made by Astral), the illuminance of incident light is measured by 
an illuminance meter (TLX-204, made by TORUSCO) with a 
measuring range of 0 to 200,000lx, and the water temperature 
and room temperature are measured by a thermometers 
(Multithermometer, Nichido Product). 

3. Experimental results   

3.1. Preliminary experiment  
In order to clarify the difference in power generation capacity 

between indoor fluorescent lamps and sunlight, preliminary 
power generation experiments are conducted in the illuminance 
range of 200 to 800lx. To compare under the same illuminance, 
the measurement is performed in the evening under sunlight.  

As shown in Fig. 1, the output voltage of sunlight is higher at 
the same illuminance. This is due to sunlight having a wider 
spectrum width of light and the conversion efficiency to 
electrical energy by Si solar panel is higher. Under the low 
illuminance conditions such as in this experiment, the output 

Table 1 Specification of solar panel 

Type of solar panel Mono-silicon type 
Dimensions of generator 530mm x 350mm x 25mm 
Mass 2.6kg 
Maximum output voltage 20V 
Model of solar panel GW-020H (GW SOLAR） 
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voltage is almost proportional to the illuminance under any 
environmental conditions. 

Since sunlight and fluorescent lamps have different light 
spectrum, indoor data cannot be directly used for sunlight data. 
Therefore, the indoor measurement results in this report are 
intended to relatively consider the effects of water depth, water 
temperature, and salinity at a constant temperature, and we do 
not consider applying the measured values directly to 
underwater solar power generation. 
 
3.2. Effect of water depth of cut on power generation  

Tap water (22.4°C) left for 1 day under constant temperature 
was gradually added to the water tank in which the solar panel 
was submerged to increase the submerged water depth of the 
solar panel. The change in output voltage was measured with 
increase in water depth. The output voltage in the atmosphere 
at room temperature 22.4°C (water depth 0mm) condition was 
found to be 13.12V. 

As shown in Fig. 2, the output voltage is almost constant in the 
depth range of 0 to 200mm. In other words, the effects of liquid 
surface reflection and underwater scattering are small even in 
water, and there is no significant gain or loss in power 
generation efficiency even in the air or below the water surface. 

Therefore, in the case of a demonstration experiment in which 
a solar panel is installed in the sea, it is not necessary to consider 
the effect of sea level. In other words, no significant investment 
is required when designing a floating body for mounting a solar 
panel, and it can be understood that a simple floating body as 
shown in Fig. 3 can be used. 
 
3.3. Effect of water temperature on power generation  

In order to obtain the relationship between water 
temperature and voltage output under the same illuminance, 
the power generation experiment under the same illuminance 
of the fluorescent lamp was repeated 3 times. The difference in 
the color of the symbol mark in the figure indicates the 
difference in the experiment date. Ice cube and dry ice were put 
in the water tank in the low temperature state, and hot water 
was poured into the water tank to set the water temperature to 
an arbitrary temperature. 

As shown in Fig. 4, the output voltage increases in proportion 
to the decrease in water temperature. Even if the measurement 
conditions are different, if the water temperature is the same, 
the output voltage is constant and the reproducibility is high. 
The output voltage V under the fluorescent lamp in the case of 
the test solar panel can be approximated by the following 
equation as a function of the water temperature T. 

 V = 0.008T                                                                                    (1)  
 
3.4. Effect of salinity of seawater on power generation 

The salinity of seawater varies depending on the sea area, but 
the maximum concentration is 5wt.%2). Therefore, the influence 
of the salt concentration on the power generation output at a 
water depth of 10mm and a water temperature of 23.1°C is 
studied by mixing tap water with salt collected from seawater. 
Figure 5 shows the relationship between salinity and power 

generation efficiency. In the range of 0 to 5wt.%, no influence on 

the output voltage due to the difference in salinity is observed. 

4. Conclusion 

In order to examine the feasibility of solar power generation 
under the sea level, a preliminary experiment was conducted 
using a solar panel made of single crystal silicon, and the 
following conclusions were obtained. 

1) If the installation depth of the solar panel is up to 200mm, 
the output voltage is about the same as in the atmosphere. 

2) The output voltage under fluorescent light is proportional 
to the water temperature, and the lower the water 
temperature, the higher the output voltage. 

3) When the salinity is in the range of 0 to 5wt.%, the output 
voltage is not affected by the salinity. 
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Abstract 
 
Metallic appearance of injection moulded polymer parts is favoured in many industries, e.g. packaging or automotive. Filling polymers 
with metal effect pigments avoids additional coating steps, however, visible inhomogeneities in the metallic appearance suggest low 
part quality. Metallic appearance is generated due to the orientation of planar pigment particles in the flow direction, usually parallel 
to the part surface. Nevertheless, where polymer fronts merge, this orientation is disturbed, resulting in light scattering and creating 
dark streaks called flow lines. This paper aims at reporting novel tetrahedron shaped metal effect pigment particles for reducing flow 
lines, as well as novel particle manufacturing methods. 
Two manufacturing methods for tetrahedral particles were examined. In the first method, a file tool is used featuring a cutting surface 
consisting of pyramidal cutting edges with tetrahedral interstices in between. The file is linearly moved across the surface of bulk                         
Al99.5 under normal force. The aluminium fills the tetrahedral interstices, forming tetrahedral particles, which are then removed. In 
the second manufacturing method, molten tin is poured onto an aluminium coated silicone rubber patch featuring tetrahedral 
recesses, and covered by a polyimide lid. After cooling, the particles are removed using a brush. 
In flow tests, a compound featuring tetrahedral particles (edge length 75-90 μm) in a silicone fluid matrix (viscosity 97 N·s·m−2) was 
compared to a second compound featuring conventional planar particles (diameter 100 μm) in the same matrix. Both compounds 
were injected into transparent moulds, letting polymer flow fronts merge and granting in-process observation of the flow line visibility 
during flow. Particle orientation in the flow line region was examined in a 3D x-ray tomoscopy (time-resolved tomography). 
The examined tetrahedral particles did not create the characteristic flow lines of conventional planar pigment particles. By the 
described manufacturing methods, the manufacturability of tetrahedral metal particles was proved in the range of grams. 
 
 
Keywords: composite, flow, injection, moulding 

 

1. Introduction 

The requirement of metallic appearance of polymer parts 
exists in various applications, where a metallic look signals high 
value. The use of metal effect pigments as filler is a key 
technology to achieve metallic appearance on polymer parts 
while avoiding additional coating steps. Thus, polymer matrix 
composites with a disperse phase of metal particles are used in 
automotive, packaging, consumer electronics, cosmetics, and 
other industries. 

Injection moulding or extrusion are predestined 
manufacturing processes for mass production of polymer parts. 
In part manufacturing, metal effect pigments are generally 
added to the polymer melt via highly filled additive dispersions 
[1] to achieve the desired volume fraction in the part, typically 
in the one-digit vol.-% region. Conventional metal effect 
pigments exhibit planar geometry in order to allow pigment 
orientation in the polymer melt parallel to the melt flow 
direction. This results in their main function: Many adjacent 
particles reflect the light, allowing either a sparkling or shiny 
appearance of the solidified polymer part without the need of 
additional coating. 

A problem, which has not yet been solved, is the elimination 
of dark streaks called flow lines (Fig. 1 a). Those are discussed to 

be either caused by local de-orientation or de-mixing of 
particles.   

According to WISSLING ET. AL., the formation of flow lines is 
caused by the geometric anisotropy of metal effect pigment 
particles. Due to the laminar melt flow, the parallel particle 
orientation is disturbed at the melt front (Fig. 1 b) [2]. In melt 
front merging regions called weld lines, the disturbed 
orientation persists during polymer solidification. SCHOPPE AND 

RINGAN further hypothesize a pigment concentration deficit in 
the flow line region [3]. 

Flow lines occur wherever the local melt flow direction differs 
from the global flow direction. Those regions are weld lines, near 
gates or where the part thickness differs abruptly, being the 
reason of flowlines at surfaces opposing reinforcement ribs. 
 

   
Figure 1. a) Flow lines on a ring- shaped polymer part filled with metal 
effect pigments of planar particle geometry. b) Scheme of the pigment 
orientation in weld lines (adapted from [2]) 
 

Flow lines  

a)  b)  
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To eliminate flow lines, part designers are constrained, and 
often, sophisticated flow simulations are required to shift flow 
lines into non-visible areas. This is costly and time-consuming. 
Approaches to eliminate flow lines have been pursued. Shear 
controlled orientation in injection moulding (SCORIM) blurs flow 
lines by using two pistons, which keep the melt in motion until 
complete solidification [2,4]. However, this system requires two 
runners and gates, which ultimately leads to an often undesired 
weld line. Moreover, the machine has to be equipped with the 
SCORIM system while the mould requires adaptation. 

Conventional manufacturing of metal effect pigments is based 
on cold forming of atomized metal powder, using a ball mill and 
separating agent to prevent cold welding [5]. This process 
requires several sophisticated sieving steps in order to achieve a 
narrow size distribution and high particle geometry fidelity. 
Moreover, conventional metal effect pigment manufacturing is 
limited to manufacture planar pigment particles. Despite 
geometric anisotropy of the particles being the cause for flow 
lines, planar faces are required for light reflection. Thus, it is 
hypothesized that tetrahedral pigment particles do not show 
flow lines due to their geometric isotropy, while their faces 
reflect the light regardless. However, neither tetrahedral 
pigment particles nor their manufacturing is documented. 

The study described in this paper aims at the examination of 
metal effect pigments featuring novel tetrahedral particle 
geometry to eliminate flow lines without the need of additional 
moulding systems such as the SCORIM system. In a second 
aspect, the feasibility of manufacturing methods for tetrahedral 
metal particles of adaptable size is investigated. 

2. Methodology    

The object of the study described in this paper is a novel 
metal effect pigment with tetrahedral geometry, as well as its 
manufacturing. The feasibility of two manufacturing methods 
has been investigated: pigment shaping using a specialized file 
tool, and pigment casting.  Subsequently, the flow line 
formation during injection into a mould was optically 
investigated. Additionally, the orientation of the particles in a 
weld line during flow was investigated in-situ using x-ray 
tomoscopy [6]. 
 
2.1. Pigment manufacturing by shaping 

The feasibility of shaping tetrahedral metal micro particles was 
investigated using a file tool consisting of a brass substrate with 
an edge length of 10x10x8 mm coated with a 2 mm thick layer 
of NiP featuring adjacent pyramidal protrusions with a height of 
33 µm (Fig. 2). Those protrusions were machined on a modified 
ultra-precision machining centre MMC 1100, LT-ULTRA, 
GERMANY, using a diamond tool. 

 

  
Figure 2. SEM image of the pigment shaping tool 
 

To manufacture tetrahedral pigment particles, the referred 
tool was linearly moved across the surface of bulk                         

aluminium (99.5% Al) under normal force of 10 kN (Fig. 3). This 
plastically deformed the aluminium to fill the tetrahedral 
interstices between the pyramidal protrusions of the tool. Two 
faces of the thus produced tetrahedral aluminium particles were 
formed by the contact to the pyramidal tool protrusions, while 
the other two faces were formed due to shear and subsequent 
friction between particle and remaining bulk material.  
 

 

 
 
 

 
 

 
Figure 3. Forming of particles. Top: Side view, Bottom: front view 
 

To remove the pigment particles from the tool, brushing and 
removal by adhesive film were tested while liquid 
Polydimethylsiloxane (PDMS) AK 100, WACKER, GERMANY, with a 
viscosity of 97 N·s·m−2 at 25 °C was applied to the tool as release 
agent. Subsequent to their removal, the particles were 
examined using scanning electron microscopy (SEM). 
 

2.2. Pigment manufacturing by casting 
The feasibility of casting tetrahedral micro particles was 

investigated using a silicone rubber mould featuring tetrahedral 
cavities with a depth of 100 μm. The mould was replicated as a 
negative from a brass master structure machined using a 
diamond tool on an ultra-precision machining centre MMC 
1100. The silicone used for the mould was SILASTIC™ RTV-4250, 
DOW, USA. The silicone mould was coated with aluminium by 
evaporation deposition in order to increase the wettability by 
molten Sn99Cu1 used for casting tetrahedral particles. 

The melt was cast onto the preheated mould at 250 °C and 
covered with a polyimide (PI) lid under pressure of 3 N/cm2. 
Subsequent to solidification, the pigment particles were 
removed using a brush. 
 
2.3. Optical flowline investigation during injection 

In order to evaluate the formation of flow lines in situ, the cast 
and sieved tetrahedral particles were dispersed into PDMS fluid 
AK 100 000, WACKER, GERMANY, which has a viscosity of 97 N·s·m−2 

at 25 °C. The particle volume fraction was 0.3 %. 
For comparison, a second compound was prepared, consisting 

of the same type of silicone fluid with a disperse phase of 
conventional metal effect pigments REFLEXAL 100, ECKART, 
GERMANY, with 100 μm diameter. 

 

 
 

 
 
Figure 4. Test setup for optical flowline investigation during injection 

 
The referred compounds were injected into a transparent 

mould at room temperature with a flow rate of 70 to 80 mm3/s 
using a medical syringe with 10 mm piston diameter (Fig. 4). The 
mould features a symmetrical film gate and a cylindrical obstacle 
of 6.5 mm diameter, which is positioned 8 mm behind the gate 
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in order to cause two converging flow fronts. The cavity has a 
cuboid shape with a size of 50x30x1 mm, whereas the two 
largest faces are made of glass and the remaining structure of 
6061 aluminium alloy. 

To investigate flowline formation during flow, the injection 
process was recorded using a digital camera. Replacing a 
thermoplastic melt with fluid PDMS in this investigation allowed 
the examination of the same compound multiple times without 
thermal degradation. 
 
2.4. X-ray tomoscopy during flow 
The optical investigation described above was limited to 2D 
images and conducted with particle volume fractions of 0.3 %, 
however, volume fractions in the one-digit range reflect 
industrial applications better. Thus, absorption-based and phase 
contrast x-ray tomoscopy of the particles was conducted during 
flow. The flowline formation and particle orientation was 
examined in 3D at particle volume fractions of 1 %. For those 
investigations, the TOMCAT-BEAMLINE at PAUL SCHERRER INSTITUTE, 
SWITZERLAND, equipped with the GIGAFROST camera system, was 
used. In this setup, a voxel size of 2.75 μm was achieved. 

The experimental setup for the tomoscopic investigation was 
as follows: A PI tube with an inner diameter of 4.06 mm and 70 
μm wall thickness was prepared with a cylindrical obstacle of 1.5 
mm diameter (Fig. 8 a) and placed in the optical path of the 
beamline, onto a support rotating at a speed of 300 min-1. The 
compound was filled into the tube and investigated during 
gravity driven flow for 100 s, in which 500 tomograms were 
taken. To prevent air being trapped in the tube below the 
compound, the PI tube featured exhaust bores near the bottom.  

3. Experimental results 

3.1. Results of pigment manufacturing by shaping 
The shaped particles (Fig. 5) show tetrahedral geometry given 

by the tool interstices, in which the particles were formed (Fig. 
2). The particle edge lengths were 50 to 60 μm, as randomly 
measured using SEM, differing slightly from the 66 μm distance 
between the pyramid tips on the tool. Shallow grooves on the 
pyramidal tool protrusions, having a width in the lower one-digit 
micrometre range, were replicated to the particle surfaces, 
indicating potentially high replication accuracy.  

However, other regions on the particle surfaces are rugged, 
implying insufficient filling of tool interstices with aluminium. 
Small burrs can be seen protruding from the edges of the 
particles opposite to the cutting direction. Because different 
particles show the burrs at the same edge, respectively, the 
burrs are assumed to indicate misalignment of the tool and the 
cutting direction resulting in aluminium rests not completely 
being sheared off from the particles.  

 

  
Figure 5. SEM image of tetrahedral particles manufactured by shaping 
 

With the aid of PDMS fluid AK 100 as a release agent being 
deployed to the tool before shaping, removal of particles was 

possible using a brush, provided that the bristle tips fit into the 
interstices. For example, human hair with a diameter of about 
20-30 μm proved capable of sufficiently removing the particles 
from the tool without damaging the particles. 

Removal by adhesive tape proved to remove most of the 
particles, but required prior cleansing with isopropanol due to a 
layer of release agent remaining on the particle surfaces after 
the shaping process, preventing adhesion of the tape. 

Alongside the geometrically defined particles, geometrically 
undefined aluminium grit was produced, however, most of 
which did not adhere strongly to the tool. Thus, cleansing of the 
tool without washing away the particles was possible by flushing 
the tool with isopropanol. Most of the particles removed from 
the tool by brushing or adhesive tape had tetrahedral shape, 
indicating the potential of the shaping method to produce 
particles of narrow size distribution with reduced sieving effort. 
 
3.2. Results of pigment manufacturing by casting 

Coating the silicone rubber mould with aluminium was crucial 
for the particle geometry fidelity. The coating deposited by 
evaporation deposition did not sufficiently adhere to the silicone 
mould surface and had to be renewed after every two particle 
replication cycles. 

Compared to the shaped particles (Fig. 5), the cast particles 
show round edges, presumably caused by the high surface 
tension of the metal melt (Fig. 6). Unlike the shaping method, 
casting produced more grit and a large size distribution of 
tetrahedral particles. The cause was identified to be insufficient 
filling of several cavities due to low wettability of the mould by 
the metal melt. This made sieving of the particles necessary, 
resulting in particle sizes from 35 to 120 μm edge length per cast. 
Particle removal from the silicone rubber mould was effortlessly 
possible using a brush, without the need of any release agent. 

 

 
Figure 6. Light microscope image of cast and sieved tetrahedral particles 
(sieve mesh size 75-90 μm, one sieving step) 

 
3.3. Macroscopical flowline investigation 

 

 
Figure 7. Optical investigation of compounds during injection into a 
transparent mould. a) Conventional metal effect pigments showing a 
flow line. b) Tetrahedral metal effect pigments showing no flow line 
 

As shown in Fig. 7, the compound containing tetrahedral 
particles did not form a flow line when converging behind the 
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cylindrical obstacle. The compound containing conventional 
particles however, shows a clearly visible flow line.  

 
3.4. Investigation of the particle behaviour 

As shown in Fig. 8 b, the compound containing tetrahedral 
particles shows random particle orientation in the weld line and 
surrounding areas. In contrast, the conventional platelet shaped 
particles exhibit an orientation disturbance, where the flow 
fronts merged after having passed around the obstacle (Fig. 8 d). 
This distinctive particle orientation in the weld line was observed 
through the whole compound thickness at any time after the 
flow fronts merged. As shown in Fig. 8 c and e, the particles did 
not exhibit any de-mixing in the weld line region, regardless of 
their geometry. Centrifugal separation due to probe rotation 
was not observed qualitatively. 
 

4 Conclusions  

In this paper, a novel metal effect pigment being able to 
eliminate flow lines in injection moulded polymer parts was 
introduced. The feasibility to manufacture the pigment by either 
shaping or casting was proven. Compared to conventional 
manufacturing of metal effect pigments by atomization of metal 
and subsequent cold forming, the particle shaping method is not 
in need of metal melting, and the casting method did not require 
cold forming. Thus, omitting energy- and time-consuming 
production steps, the two novel manufacturing methods show 
both economic and ecological potential. Moreover, particle 
shaping showed the potential to reduce the sieving effort due to 
producing particles of equal size. 

The tendency of metal effect pigment particles to form flow 
lines in weld lines was examined optically. Conventional platelet 
shaped pigment particles formed a characteristic flow line, in 
contrast to the absence of flow lines in case of tetrahedral 
pigment particles. 

A 3D x-ray tomoscopy showed that the platelet shaped 
particles exhibit an orientation disturbance in the zone of the 
merging melt flows. In contrast, tetrahedral particles, which did 
not show a flow line in visible light, showed random orientation 
regardless of their position in the melt. By mapping the 

barycentres of tetrahedral and platelet shaped particles, de-
mixing in the weld line was not visible. This, in contrast to the 
pigment concentration deficit in the flow line region 
hypothesized by SCHOPPE AND RINGAN, indicates the main reason 
for the flow line being the geometric anisotropy of particles.  

Thus, it can be assumed that the degree of flow line visibility 
can be controlled by the degree of geometric anisotropy of the 
pigment particles. 

Future research will be conducted towards further evaluation 
of the 3D x-ray tomography regarding particle trajectories, as 
well as rheological examination of the novel compound.  

The manufacturing method will be optimized in terms of tool 
interstice filling to improve the particle geometry fidelity. 
Moreover, other mould materials will be investigated to replace 
silicone rubber in order to cast particles made of aluminium and  
other metals. Another aspect will be increasing the output of the  
 

 
particle production process and extending the process towards 
the manufacturability of other particle shapes. 
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Figure 8. 3D x-ray tomoscopy images of tetrahedral particles dispersed in silicone fluid flowing around a cylindrical obstacle in a tube. One timeframe 
at the end of the flow test is displayed. False colours indicate horizontal particle position. a) Isometric view on the probe containing tetrahedral 
particles. b) Front view on the probe containing tetrahedral particles. c) Barycentres of the tetrahedral particles in image b. d) Front view on the probe 
containing conventional planar metal effect pigments. e) Barycentres of the planar metal effect pigment particles in image d. 
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Abstract 
The ultra-precision single point diamond flycutting method has many positive characteristics such as high production efficiency, good 
repeatability, environmente friendly and easy to maintain, it can produce fine optical surfaces directly. But the motion errors which 
would influence the quality of the machined surfaces are very weak and always coupled, it is hard to achieve the error detection and 
error source identification for ultra-precision flycutting machines. To solve this problem, different measuring data such as spindle 
error, feed error, vibrations and temperatures of different components, and compressed air pressure were collected synchronously 
in real time, and then we established the fault diagnosis method based on ontology and semantic technology to analysis the acquired 
measuring signals. 
The method includes signal analysis and feature extraction of raw data, fault recognition based on continuous Gaussian mixture 
density hidden Markov model (CGHMM), and semantic mapping technique which relating signal analysis to ontology elements. It 
combines the advantages of signal analysis and ontology, to identify fault information timely and accurately. Taking the spindle 
vibration signal of the machine tool as an example. Under different working conditions, feature extraction of the spindle vibration 
signals were acquired. The fault identification is carried out by CGHMM. Finally, semantic mappings and knowledge reasoning for the 
identification result can validate the performance of this method, several error souces which can introduce mid-spacial frequency 
patterns on the machined surfaces were located and solved separately.  
 

 
Keywords 
Fault identification, signal analysis , CGHMM, ultra-precision flycutting       

 

1. Introduction  

Large scale optics have excellent optical properties, which are 
widely used in the military and civilian advanced scientific and 

technological fields,the demand for high-quality optics is 

increasing dramatically[1]. The ultra-precision single point 
diamond flycutting method has received more attention in the 
field of ultra-precision machining due to its high production 
efficiency. However, for flycutting,  processing accuracy and 
surface quality are all along affected by the environment and 
mechanical conditions. To improve the machining quality of 
workpieces, researches  are more on the dynamic characteristics 
of machine tool currently[2].Thus,monitoring ultra-precision 
flycutting machine tools(UPF) which is shown in Figure.1, makes 
it significant to establish relationship between machine tool 
status and surface quality of workpiece,including vibration, 

temperature, etc. 

 
Figure 1. (Ultra-precision flycutting machine tools) 
The remaining sections are organized as follows. Section 2 

introduces the processing methods of the signal. Section 3 

provides continuous Gaussian mixture density hidden Markov 

model (CGHMM). Section 4 constructs the CGHMM and verifies 

the accuracy of the model. Finally, the paper is summarized and 
concluded in Section 5. 

2. Processing methods of signals 

Monitoring the status of UPF, affected by the sensor's 
accuracy and environmental, the measured signals are usually 
mixed with irrelevant signals. Meantime, flycutting, as an ultra-
precision technology, has weak signal changes. To improve the 
accuracy of research , feature extraction is used. Fast Fourier 
transform(FFT) and wavelet transform are two methods widely 
used currently. 

 
2.1. Signal acquisition 

Vibration sensors are installed on UPF, located on the spindle, 
table and ground. Combining Labview system to acquire signals, 
collecting signal under different operating conditions. 
2.2.Signal processing 

Based on the existing researches[3], combined with the 
characteristics of UPF, 14 features are extracted from time-
domain for the vibration signal, and 12 features are extracted 
from frequency-domain after FFT. As the main tool of signal 
processing, wavelet decomposition has been increasingly used 
in the field of mechanical processing. Orthogonal wavelet packet 
decomposition and reconstruction occur with the generation of 

83

http://www.euspen.eu/


 

wavelet transform. The steps of wavelet packet energy 
extraction are as follows[3]: 

Signal x(t):  
   𝑥(𝑡) = 𝑥31 + 𝑥32 + 𝑥33 + 𝑥34 + 𝑥35 + 𝑥36 + 𝑥37 + 𝑥38       (2.1) 

𝑆3𝑗 = 𝑆31 + 𝑆32 + 𝑆33 + 𝑆34 + 𝑆35 + 𝑆36 + 𝑆37 + 𝑆38        (2.2) 
Energy of each band:  

𝐸3𝑗 = ∫ |𝑆3𝑗|
2
𝑑𝑡 = ∑ |𝑥𝑗𝑘|

2𝑛
𝑘                         (2.3) 

This chapter introduces the application of FFT and wavelet 
packet theory, introduces the characteristic parameters, and 
prepares for the subsequent model building. 

3. Continuous Gaussian mixture density hidden Markov model  

Hidden Markov model(HMM) has developed very quickly in 
modern scientific research. Fault diagnosis can be simplified into 
pattern recognition and classification problem. Researchers 
have introduced the method of HMM pattern recognition into  
monitoring and fault diagnosis[4], and has achieved some 
achievements. 

HMM contains three parts: evaluation problem based on 
forward algorithm,identification problem of Viterbi algorithm 
and learning problem based on the Expectation-maximization. 
3.1. CGHMM 

Generally, the HMM considers that the observations in a 
certain state are discrete fixed signals,while the observations 
follow a continuous Gaussian probability density function 
distribution, it is called continuous Gaussian mixture density 
hidden Markov model. The parameters of CGHMM can be 
expressed by five-tuples 𝜆 = (𝜋,A,B,𝜇, 𝑈),  

𝜋:Initial probability distribution vector, 
A: State transition probability matrix, 
B: Observation probability density function, 
𝜇: Mean vector, 
U: Covariance matrix 
 
Using CGHMM for fault diagnosis, the extracted feature 

parameters are directly used as the observation sequence;the 
feature parameter sequence is not processed, and the fault 
recognition rate is high.Meantime, the output probability of the 
model is described by a Gaussian mixture density function, 
which reduces the model's storage space and computational 
complexity, and makes it more convenient and reliable to 
diagnose fault. 

Comparing CGHMM with neural network and other research 
methods, we can find that CGHMM has better monitoring 
performance and diagnostic effect[4]. 

4. Application of CGHMM in fault diagnosis of UPF machine      

4.1.Signal acquisition and feature extraction 
Aiming at UPF, determine the sensor installation positions, 

install acceleration vibration sensors on the spindle, table and 
ground.The sensor sensitivity  is 10,000Mv/g, and the sampling 
frequency is 1000Hz. 

Based on UPF for processing KDP crystals, considering the 
surface quality detection parameters of the  workpiece, the 
number of hidden states of CGHMM is eight. Take 1 minute data 
as a sample, and get a total of 800 samples (100 samples for each 
state). 

According to section 2, the experiment chooses 14 time-
domain features, 12 frequency-domain features and 8 wavelet 
packet energy as the characteristic features. The 34X3 
eigenvalue matrix obtained after processing of each sample is 
used as the observation vector matrix of CGHMM. Taking a 
sample signal as an example, the observation vector matrix is as 
follows: 

𝑋34×3 = [
−4.75𝑒 − 05 −1.60𝑒 − 05 −4.05𝑒 − 05

. . . . . . . . .
0.176 0.104 0.034

]                 (4.1)  

4.2.CGHMM training 
Using multiple sets of samples to establish  CGHMM model for 

each state, not only increase the generalization characteristics 
of the model, but also facilitate the re-evaluation of each model 
parameter. Training with the EM algorithm, the initial model 
parameter state probability distribution vector and state 
transition probability matrix are randomly generated. After 
training the samples in 8 states, the CGHMM parameters of each 
state are obtained. 

Taking a sample signal as an example,the CGHMM parameters 
are as follows: 

𝜋1×3 = [0,0,0,0,0,0,1,0]                                    (4.2) 

𝐴8×8 =

[
 
 
 
 
0.498 0.024 . . . 0 0.239

0 0 . . . 0 0
. . . . . . . . . . . .
0 0 . . . 0.726 0.183
0 0 . . . 0.251 0 ]

 
 
 
 

                     (4.3) 

𝐶2×8 = [
0.478 0.499 0.731 0.657 0.999 0.333 0.909 0.749
0.522 0.501 0.269 0.343 0.001 0.667 0.091 0.251

] 

(4.4) 
Besides, 𝜇 is the mean matrix with specification of 34X8X2; U 

is the covariance matrix with specification of 34X34X8X2. 
The relationship between the log-likelihood probability value 

of each iteration of each CGHMM model and the number of 
iteration steps is shown in Figure 2. 

 
Figure 2. (The CGHMM training curve) 

4.3.CGHMM identifying 

The 100 sample observation series obtained in each state of 
UPF were input into the CGHMM model of 8 states, and the 
log-likelihood probability values under each model were 
calculated. The model state corresponding to the maximum 
value is the state recognition result of UPF. 

5. Conclusion      

In this article, CGHMM is applied to fault diagnosis of UPF. 
First, feature extraction is extracted from the vibration signals of 
UPF, and the corresponding surface quality of workpieces are 
input into the CGHMM, training model to obtain 8 states of 
CGHMM, establishing the relationship. However,due to fewer 
types of signals, the accuracy is poor. Next, we should increase 
pressure and temperature signals to training model for 
improving the accuracy of CGHMM. Experiments verify the 
validity of the model and prepare for subsequent researches. 
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Abstract 
The micro-milling process is widely used in industry for the manufacturing of complex geometries for a wide range of materials. To 
increase the tool life and cutting length the cutting edge preparation could be successfully established. Within preliminary 
investigations the immersed tumbling process was identified as the most promising process for cutting edge preparation of  
micro-milling tools. The process enables a reproducible cutting edge preparation with constant cutting edge radii as well as low 
chipping of the cutting edges. For a profound understanding of the preparation process and the process mechanisms further 
knowledge about the particle interactions with cutting tools as well as the particle flow mechanisms needs to be obtained. 
Therefore, the process simulation using discrete element methods (DEM) offers the possibility of an improved understanding of the 
process behaviour. In this investigation simulation studies about the cutting edge preparation of micro-milling tools using the 
immersed tumbling process will be presented. The DEM with the software ROCKY DEM from the company ESSS, Florianópolis, 
Brasil, was used and a process model was derived. The investigations show that the software can be successfully used for the 
visualisation of the immersed tumbling process and the flow mechanisms can be examined more closely.  
 

 Keywords: immersed tumbling, micro-milling tools, discrete element method, cutting edge radius   
 

1 Introduction 

The micro-milling technology is used in different fields of 
biomedicine, aerospace, automotive, electronics industry and 
die and mould fabrication [1, 2]. For improved tool wear 
behaviour during the cutting process as well as the preparative 
of subsequent tool coating the cutting edge preparation with 
the immersed tumbling process is used [3, 4, 5]. The immersed 
tumbling process is characterised by a uniform comprehensive 
preparation of the workpiece for parts of the medicine 
technology, polishing of jewellery or cutting tools. The 
workpieces are fixed in tool holders and immersed in an 
abrasive medium. Due to the use of a planetary gear two drives 
cause a relative movement of the workpieces in the media. The 
cutting process is mainly described by ploughing and furrowing 
of the abrasive grains on the workpiece [4]. Within the process, 
no particle flow can be observed at the workpiece due to the 
complete flow around the workpiece in the container. By DEM 
the particle flow can be visualised and the particle pressure can 
be determined. Nevertheless, the simulation of discrete 
complex and dry particles with software like ANSYS CFX from 
ANSYS, Inc. or the open source software YADE is time intensive 
and limited. A new approach is the software ROCKY DEM, 
which enables a fast implementation of the machine 
kinematics, particles and boundary conditions [6].  

During the following investigation, a model made by the 
software ROCKY DEM is presented for the simulation of the 
particle-interaction with a micro-milling tool during the 
immersed tumbling process. In consequence of the particle-
particle, particle-wall and particle-workpiece interactions a 
pressure profile of the tool is derived and discussed. 

2 Experimental setup and input parameters 

For the immersed tumbling process a machine tool DF-3 tools 
from OTEC PRÄZISIONSFINISH GMBH, Straubenhardt, Germany, was 
taken into account. A working container with reduced size with 
a diameter DC = 30 mm and a height of hC = 17 mm was 
designed for the reduction of the process media and particle 
number nP, shown in figure 1 in comparison to the real 
container. The kinematic of the planetary gear system was 
implemented with a rotational speed of the workpiece of 
nH = 5 1/min, a rotational speed of the workpiece holder 
nH = 3 1/min and a rotational speed of the rotor nR = 2 1/min. A 
micro-milling tool made of cemented carbide with a diameter 
of D = 0.5 mm was used.  

 
Figure 1. Machine tool DF-3 tools with the machine kinematic and 

visualisation of the container sizes for the simulation model  
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For the preparation a lapping medium of the type H 4/400 
consisting of a mixture of walnut shell granulate with a grain 
diameter of 0.4 mm ≤ dG ≤ 0.8 mm and a polishing paste 
containing diamond particles was applied. The distribution of 
the particles and particle size SP was proofed corresponding to 
the DIN 66165 [7]. Therefore, a particle measurement system 
of the type EML 200 from HAVER & BOECKER OHG, Oelde, 
Germany, was used. Three charges of the medium were 
extracted and analysed by sieves. The mass of particles mP was 
measured with a precision scale of the type Kern PLS 12000-3a 
from KERN & SOHN GMBH, Balingen, Germany. The measurement 
results are given in table 1.  

Table 1. Particle distribution according  
to the size of the sieves SP and mass of particle mP 

Size of the 
sieve SS 

Mass of 
particle mP 

Size of the 
sieve SS 

Mass of 
particle mP 

1,000 µm   0.00 g    500 µm 30.86 g 

   900 µm   0.31 g    400 µm 17.49 g 

   800 µm   0.13 g    300 µm   1.37 g 

   710 µm   5.58 g    200 µm   0.00 g 

   600 µm 44.09 g < 200 µm   0.00 g 

The model was designed with ROCKY DEM version 4.3.1. The 
particle geometry was designed as rectangular polyhedron with 
14 corners and the particle size SP as well as the amount of 
particles nP was implemented according to the measurement 
results. The particle geometry was implemented according to 
optical measurement results of the particles. For contact 
modelling a hysteretic linear spring normal force model and a 
linear spring coulomb tangential force model were used. The 
workpiece was latticed with a triangle size ST = 25 µm and the 
container was filled with nP = 60,527 particles. The material 
parameters were chosen according to a comparative material 
for walnut shell. 

3 Discrete element model and results 

Figure 2 shows the model with the micro-milling tool inside 
of the container filled with lapping medium in the section view. 
Furthermore, the particle flow is visualized with the particle 
velocity vP as a result of the particle-workpiece, particle-particle 
and particle-wall interaction. Thereby, the gear kinematic can 
easily traced. In consequence of the three rotational speed 
parameters highest particle velocities vP can be reached due to 
the superimposed feed velocities vf from each rotational 
movement.  

 
Figure 2. a) simulated particle velocity vP in consequence  

of the relative movement of the workpiece;  
b) simulated preparation model in the section view 

The effects of the interaction between the workpiece, 
presented by the micro-milling tool, as well as the lapping 
particles were evaluated by the pressure P on the workpiece. In 
difference to the simulation with ANSYS CFX only segments 
resulting from the used lattice of the workpiece can be 
analysed and the transition can be displayed less finely. The 
simulation results are presented in figure 3. The tool is shown 
in comparison with a unprepared and prepared micro-milling 
tool. Increased pressure P representative for the material 
removal due to particle interactions is shown at the corner and 
in the transition between the main cutting edge S and the 
minor cutting edge S’. The results correspond to experimental 
results of LÖWENSTEIN [8] and show that the simulation is able to 
reproduce the real process.  

 
Figure 3. Simulated relative process pressure P  

on the cutting part of a micro-milling tool 

4 Conclusion 

For a better understanding of the cutting edge preparation of 
micro-milling tools using the immersed tumbling process 
further knowledge in the process simulation is needed. Within 
the presented investigation the software ROCKY DEM was 
successfully used and realistic particle behaviour as well as first 
results of the pressure profile of a micro-milling tool could be 
shown.  
In further investigations the model will be extended and the 
pressure profile will be improved. The results will be validated 
with further experimental results and the influences of the 
lapping media as well as the cutting tool macro-geometry will 
be analysed.  
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Abstract 
All materials are covered by strongly localised surface evanescent waves induced by charge polarisation due to local phenomena of 
materials such as electron movement, lattice vibration, and molecular motion. The surface wave spectra lie in the terahertz (THz) 
region (wavelength: 8-20 μm) at room temperature, which makes it a rich information source of materials. To detect such 
spontaneous surface waves without any influences from the external environment, we have developed passive scattering-type 
scanning near-field optical microscopy (passive s-SNOM). It achieved THz evanescent waves on metals and dielectrics with a spatial 
resolution of 20 nm at the wavelength of 14.5 μm without any external illumination. However, a narrow detectable wavelength range 
of the passive s-SNOM (14.5 ± 0.8 μm) largely limits the observable materials. To improve the passive s-SNOM into a widely used 
nanoscale chemical/thermal microscopy, we intend to develop a passive THz nano-spectroscopic system. The spectroscopic system 
was build based on grating type spectroscopy in the 4.2 K cryostat, and the wavelength range was extended to 8 – 16 μm using a 
recently developed ultra-sensitive infrared detector, three-colour charge sensitive infrared phototransistor (CSIP). It selects a 
wavelength by rotating the grating by piezoelectric rotary motor and detects only the first-order diffraction light. The grating 
structure was designed to have maximum diffraction efficiency over the three-colour CSIP detectable wavelengths and was machined 
with a super-precise cutting machine. The diffraction performance of the machined grating and the rotational accuracy of the rotary 
motor at 4.2 k temperature were evaluated, and their performances showed that they were sufficient enough (within 5 % error of 
diffraction efficiency and 2 % rotation error at 4.2 K) to perform spectroscopic analysis. Here, we report the spectral performance of 
this passive THz spectroscopic system. This is a first attempt to get a passive nanoscale THz spectrum at room temperature. 
 
Keywords: Measurement, Nano technology, Optical, Scanning probe microscope (SPM)  

1. Introduction  

Thermal analysis on an electrical component is required in 
nanoscale due to the miniaturisation of devices. Thermal energy 
corresponds to electromagnetic waves with THz frequency, 
according to the theory of density of emitted electromagnetic 
energy [1]. On the material surface, the thermal energy excites 
local phenomena such as electron movement and lattice 
vibration. It induces nanoscale non-uniform charge distribution 
and localise strong electromagnetic wave called surface 
evanescent wave within 100 nm above the material surface.  

In order to analyse the thermal distribution of the miniaturised 
devices, a nano-scale passive-type measuring technique is 
indispensable. The passive type measuring technique does not 
use any external light sources and detect electromagnetic waves 
directly from the sample. It allows to detect electromagnetic 
waves induced by the local phenomena of materials, giving us 
information of the local states of phenomena [2]. The popular 
passive measurement technique is the thermography [3], which 
detects infrared waves directly from the target object to map a 
temperature distribution.  

To detect the electromagnetic wave induced by the local 
phenomena passively, we have developed passive THz 
scattering-type scanning near-field optical microscopy (s-SNOM), 
shown in Fig. 1(a), which consists of an ultra-sensitive infrared 
detector, charge sensitive infrared phototransistor (CSIP) [4, 5], 
a confocal optical system with a pinhole of 125 μm diameter, 
and a homemade AFM [6, 7]. The scattered light by the AFM 

probe is collected by the Ge objective and then incidents on the 
detector CSIP. The CSIP is fabricated in a GaAs/AlGaAs double 
quantum well crystal (see Fig. 1(b)), and has an upper quantum 
well (UQW) and a lower quantum well (LWQ). Electrons in the 
electrically isolated UQW are excited by the incident photons via 
intersubband transition on the coupler gate (CG) and tunnel to 
the LQW. The signal is detected as a magnified current through 
the LQW and has a high sensitivity of NEP of 7×10-20 W Hz1/2. The 
passive s-SNOM has achieved the imaging of THz evanescent 
wave on dielectric and metal materials with a spatial resolution 
of 20 nm at the wavelength of 14.5 μm [8]. The passive s-SNOM 
is the only technique for passively detecting the surface 
evanescent wave with a spatial resolution of tens of nanometre. 
It is applied to image electron fluctuation distribution [9] and 
nano-scale local heating distribution [10]. 

However, the detectable wavelength of the passive s-SNOM is 
determined by the detector CSIP structure. A single wavelength 
(14.5 ± 0.8 μm, Figure 1(c)) was detected by the conventional 
passive THz s-SNOM. For further analysis of the nanoscale 
thermal energy, a multi-wavelength selective operation is 
essential. In this paper, we report a THz spectroscopic s-SNOM 
with newly developed grating-based spectroscopic system. The 
whole system was arranged to operate at a temperature of 4.2 
K and has a multi-wavelengths selective mechanism with a 
wavelength resolution of 500 nm. The detectable wavelength 
range of the detector CSIP was extended to 8-16 µm, allowing 
this technique applicable to widely used THz spectroscopy. This 
is the first attempt to achieve nano-scale passive type 
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spectroscopy in THz frequency range without heating the system. 
This passive THz spectroscopy will be applied to the nano-
thermography or nano-chemical microscopy, measuring 
techniques that directly observe phenomena on materials with 
nano-scale spatial resolution.  

2. Development of a grating-based spectroscopic system  

The THz spectroscopic s-SNOM has designed to have an 
extended wavelength range and a multi-wavelengths selective 
mechanism. The multi-wavelengths selective mechanism was 
achieved with a grating-based spectroscopic system in which 
only the interference wavelength is selected. Figure 2 (a) is the 
schematic diagram of THz spectroscopic s-SNOM. Scattered 
evanescent waves by the probe apex are collected by the Ge 
objective lens. It is reflected by the Al mirror and incident to the 
Al grating at an incident angle of 30°. The whole spectroscopic 
system is in shielded rectangular box of 120 mm height, 70 mm 
width and 40 mm length as shown in Fig.2 (b). We intended to 
use the grating-based system rather than other spectroscopic 
techniques such as FTIR system [11] due to its high reflection 
efficiency, simple long-range wavelength control, and space 
limitation. All systems should operate at liquid helium 
temperature (4.2 K) to avoid excessive noise from the external 
environment at room temperature. It allows the detection of 
small signals by incident photons.  

 
2.1. Extended wavelength range by three-colour CSIP 

The wavelength range was extended by three-colour CSIP [12] 
which has three energy absorption peaks at the wavelength of 
9.0, 11.7 and 14.5 µm. The three-colour CSIP consists of three 
UQWs and one LQW, where the conventional one-colour CSIP 
has one UQW and one LQW. The detectable wavelengths are 
determined by the thicknesses of the UQWs which are 7-8 nm. 
Figure 3 (a) shows the photo response of the three-colour CSIP. 
The combination of thee peaks has achieved the extended 
wavelength of 8-16 µm. However, since the UWQ corresponding 
to the wavelength of 14.5 µm is the third upper layer, the peak 
at the wavelength of 14.5 µm is weak and the photons are less 
likely to excite the UQW electron. 
2.2. Calculation of the diffraction efficiency of a blazed grating   

The spectroscopic property is mainly determined by the 
grating geometry. Based on the grating diffraction theory [13], 
the interference wavelength and the diffraction efficiency are 
determined by the pitch and the geometry of a grating. The 

common grating shapes are blazed (with rectangular apex, Fig 
3(b)) and holographic. The different grating geometries have 
different diffraction efficiencies and optical properties. The 
blazed grating is highly efficient although the holographic 
grating is less efficient but contain less stray light. For the THz 
spectroscopic SNOM, we intended to use the blazed grating due 
to its high diffraction efficiency. The passively detected signals 
from most of materials are extremely weak and the multi-
wavelengths selective mechanism makes the wavelength 
resolution smaller than the conventional s-SNOM. Therefore, 
the diffraction efficiency of grating should be designed to have 
high diffraction efficiency. 

The blazed grating is required to have: 1) more than 60 % of 
diffraction efficiency for the first order diffraction light and 2) 
less than 10 % for the second order light over the wavelength 
range of 8-16 µm. The grating geometry that meets these 
requirements can select only the first order diffraction light. To 
perform reliable spectroscopic measurement, it is necessary to 
avoid mixing multiple wavelengths due to difference in the order 
of diffraction light.  

The diffraction wavelength and efficiency were calculated 
based on the scalar theory of grating [14], which is an 
unpolarised approximate expression of infinite conductivity 
theory (the vector theory [15]), but has a high similarity to small 
blazed angles and small ratios of grating pitch to the wavelength. 
The diffraction wavelength 𝜆𝜆 with 𝑚𝑚th order light is 

𝜆𝜆 = 𝑑𝑑/𝑚𝑚 (sin𝜃𝜃𝑖𝑖 + sin(𝜃𝜃𝑖𝑖 + 𝜙𝜙)), (1) 
where 𝑑𝑑, 𝜃𝜃𝑖𝑖 , and 𝜙𝜙 are the pitch, incident angle to the normal of 
the grating, and angle difference between incident and 
reflection light. 𝜙𝜙 in Eq. (1) is 30°, the area of CG of the sensor 
CSIP is approximately 100 µm square, and the focal length of the 
relay lens is 22.55 mm. Based on the geometric optics, we 
designed the grating system to have the wavelength resolution 
of 100 nm; therefore, the pitch of grating was determined to 
15.5 µm. 

The diffraction efficiency curve is determined by the blazed 
angle β shown in Fig.3 (b). If the blazed angle is small, a narrow 
efficiency peak is obtained at a short wavelength, and if the 
blazed grating is large, a wide peak is obtained at a long 
wavelength. The wavelength range of three-colour CSIP is 8 – 16 
µm; therefore, the grating shape was designed to have 
maximized diffraction efficiency over the wavelength range of 8 
– 16 µm. However, three lenses in the optical system have anti-
reflection coating at the wavelength of 12 µm and 14 µm. It 
makes the transmittance rate lower at the shorter wavelength. 
Hence, the diffraction efficiency of the grating geometry was 
designed to have a maximum peak at a wavelength of 9 µm. The 
diffraction efficiency is given by 

Figure 1. passive s-SNOM. (a) a schematic diagram of the passive 
s-SNOM. (b) Sensor CSIP structure. (c) Optical response of the CSIP 

Figure 2. THz spectroscopic s-SNOM. (a) a schematic diagram (b) 
picture of the spectroscopic optical unit 
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𝜋𝜋𝑑𝑑
𝜆𝜆

𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑖𝑖
cos(𝜃𝜃𝑖𝑖 − 𝛽𝛽) 

 ∙  [sin(𝜃𝜃𝑖𝑖 − 𝛽𝛽) + sin(𝜃𝜃𝑖𝑖 + 𝜙𝜙 − 𝛽𝛽)]). 
(3) 

The solid and dashed line in Fig. 3(c) are the calculated value 
of the first and the second order diffraction efficiency by Eq. (3). 
It has more than 62 % of first order diffraction light and less than 
8 % of second order diffraction light.  

2.3 FTIR analysis on the reflection efficiency 
The brazed grating was machined by a super-precise cutting 

machine, ROBONANO (FANUC corp.). Figure 3(b) shows the 
microscopic image of machined grating, which has a cutting 
error within 0.3 %. Assuming the thermal shrinkage of 
aluminium at the temperature of 4.2 K, it was fabricated with 
the pitch of 15.61 µm.  

The diffraction efficiency curve was experimentally obtained 
with FTIR. FTIR has an infrared light source with a wavelength of 
1.4-15 µm. The wavelength longer than 15 µm cannot be 
obtained due to a low SN ratio of signals. The diffraction 
efficiency was calculated by taking the ratio of detected 
spectrum to the reference spectrum. The reference spectrum 
was obtained without any optics in the FTIR sample room. The 
efficiency of the second order diffraction light longer than 7.5 
µm was not be obtained for the same reason as the first order 
diffraction light longer than 15 µm. The plotted points in Fig. 3(c) 
show the experimentally obtained diffraction efficiency. Both 
the first and the second order light have accuracies within 6 % 
to the calculated values. Over the 8 – 16 µm wavelength range, 
diffraction efficiency of the first and the second order diffraction 
light is expected to be more than 62 % and less than 8 % due to 
its high consistency with the theoretical value. 

3. Rotation mechanism at liquid helium temperature      

The spectroscopic SNOM optics are placed in a cryostat at a 
liquid helium temperature of 4.2 K. One of the mechanical 

actuators that properly operate at a temperature of 4.2 K is a 
piezoelectric rotor that utilises the rapid deformation of a 
piezoelectric crystal. By applying pulse voltage to control the 
contraction and elongation of the crystal, the stage can move in 
one dimension by friction force [16]. In order to apply this one-
dimensional motion to the rotation motion, the stage is fixed to 
a free rotating ball bearing around a fixed rotation axis. 
Piezoelectric crystals are placed every 120 ° , making smooth 
rotation even at an ultra-low temperature. 

Since the characteristics of a piezoelectric crystal at a 
temperature of 4.2 K are not the same as those at the room 
temperature [17], the spectroscopic system requires a rotation 
measuring mechanism. We develop the rotation stage with the 
capacitance sensor, shown in Fig.4 (a), which can measure the 
gap distance 𝑑𝑑  by measuring its output voltage. The output 
voltage of the capacitance sensor is given by 

𝑉𝑉 = 𝐼𝐼𝑑𝑑/𝜔𝜔𝜔𝜔𝜔𝜔, (4) 
where ε and 𝜔𝜔 are the dielectric constant and the sensing area. 
The gap distance was fabricated to have 500 µm change at 60° 
rotation.  

Solid and dashed lines in Fig.4(b) indicate the output voltage 
of the capacitance sensor with the grating rotated CW and CCW 
direction at room temperature. The rotation angle was 
measured by a rotary encoder perpendicularly settled on the 
rotary stage. The output voltage and the rotation angle are 
theoretically linearly proportional according to Eq. (4); however, 
it is slightly quadratic due to the non-linearity of the gap distance. 
The output voltage changes by 10.4 V when rotated 60°. The 
plotted points shown as open and filled circles are the output 
voltage measured at a temperature of 4.2 K in the CW and CCW 
rotation direction respectively. The output voltage in the CW 
rotation was highly consistent with that at room temperature. It 
was within 0.1 V error. However, the rotation in the CCW 
direction has low accuracy, approximately 0.7 V systematic error. 
A difference of 0.1 V in the output voltage of the capacitance 
sensor corresponds to a rotation error of approximately 0.6° 
rotation error, which is a wavelength error of 300 nm according 
to Eq. (1). Therefore, only the CW rotation direction is used for 
the spectroscopic measurements. 

4. Far-field THz spectroscopic analysis      

A spectroscopic system with the diffraction grating and the 
piezoelectric rotor was cooled to a temperature of 4.2 K, and its 
photo response was measured with a thermal source at a 
temperature of approximately 500 K. The thermal source was 
placed at the focus position of the objective lenses which was 25 

Figure 4. Piezoelectric rotor with capacitance rotation sensor (a) 
CAD image of piezoelectric rotor. The gap distance 𝑑𝑑 changes by 
rotating the stage. (b) The output voltage of capacitance sensor 
with stage rotation. Solid and dashed lines are the output voltage 
of sensor with CW and CCW direction at room temperature. 
Plotted points are those of at temperature of 4.2 K. 

Figure 3. Optical property of THz spectroscopic s-SNOM. (a) Photo 
response of thee-colour CSIP (b) Cross section image and 
microscopic picture of fabricated blazed grating. (c) Diffraction 
efficiency of grating. Solid and dashed lines are the calculated 
efficiency and plotted points are the measured efficiency by FTIR. 
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mm below the lens. The reflection efficiency of the Al mirror and 
the Al diffraction grating, shown in Fig.2 (a), was 80 % and 64 %, 
respectively. The grating position was properly adjusted to have 
maximum light efficiency with two screws on the back of the 
grating unit. The signal intensity was measured by calculating 
the current difference detected by CSIP when the thermal 
source was switched on and off every 5 seconds. 

Figure 5 indicates the change in the far-field signal strength 
with one-colour CSIP and three-colour CSIP when the incident 
angle to the grating was gradually changed from 15° to 47°, 
corresponding to the wavelength change of 0 – 16 µm according 
to the Eq.(1). When the wavelength is equal to zero, a single 
strong peak was observed because the optical path difference is 
equal to zero at this specific incident angle. The wavelength shift 
was due to the offset of the initial grating angle. Using this 
unique incident angle, called all wavelength reflection angle, the 
offset of the grating angle can be calibrated. The wavelength 
resolution of this spectroscopic system was approximately 100 
nm (see section 2.2); however, the experimentally absorbed 
wavelength resolution was about 500 nm, according to the 
FWHM of the peak at the all wavelength reflection angle. It was 
due to the unsharpened rectangular apex of the blazed grating 
and small differences in the grating pitches.  

This spectroscopic system was built to have the wavelength 
range of 8 – 16 µm, the wavelength range of the three-colour 
CSIP; however, the signal intensity of the spectroscopic s-SNOM 
with the three-colour CSIP was extremely small comparing to 
that with the one-colour CSIP. There are mainly two reasons. 
First, the transmittable wavelength range of the Ge objective is 
narrow due to the antireflection coating at the wavelength of 
14.5 µm. The first and second energy peaks of the three-colour 
CSIP (wavelength: 9.0 µm and 11.7 µm) are large enough; 
however, they are mostly diminished, making the detectable 
wavelength range to 10.5 – 16 µm. In the case of one-colour CSIP, 
the energy peaks at a wavelength of 14.5 µm (see Fig. 3(a)) is 
narrow but strong, which is about 3.3 nA. The antireflection 
coating of the Ge objective at a wavelength of 14 µm does not 
significantly affect the photo-response of the one-colour CSIP. 
Therefore, together with the antireflection coating and the weak 
energy peak at a wavelength of 14.5 µm, the signal strength with 
three-colour CSIP is weaker than that with one-colour CSIP. 
However, the signal intensity with three-colour CSIP can be 
enlarged by lowering the wavelength of anti-reflection coating, 
which will be achieved in the near future. It will increase the 
signal intensity to several tens times larger than that shown in 
the Fig 5 (b). Then the passive s-SNOM with three-colour CSIP 
will be useful to perform the passive spectroscopic 
measurements of wide range of materials while that with one-
colour CSIP is for the measurement on a specific material. 

5. Summary     

In this study, we developed a passive-type THz spectroscopy 
with a blazed grating and a piezoelectric rotary stage. The whole 
system is cooled down to a temperature of 4.2 K, thus it requires 
a spectroscopic system works properly at an ultra-low 
temperature. The blazed grating was designed to maximise 
diffraction efficiency at a wavelength range of 8 – 16 µm, and its 
performance has been demonstrated by the FTIR analysis. The 
rotation accuracy of the piezoelectric rotor at a temperature of 
4.2 K was about 0.1 V compared to that at room temperature. 
Together with the blazed grating and the piezoelectric rotor, it 
has achieved the wavelength resolution of about 500 nm and 
multi-wavelengths selective mechanism at 4.2 K. The signal 
intensity with three-colour CSIP will be improved to several tens 
times larger by lowering the wavelength of anti-reflection 

coating in the near future. We are currently working on passive 
spectroscopic signal detection and it will be realised soon. 
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Abstract 
CAM software is widely used through the last 40 years for a broad field of applications. The networkability of machine tools and the 
digitally integrated production as an existing trend for the next years and exponentially increasing computing power enable direct 
data transfer between CAD/CAM software and machine tool. Increments ar < 5 nm are common in ultra-precision CNC codes and are 
not supported by most traditional CAM software. Therefore, ultra-precision machining often remains a manufacturing process with 
high manual effort in the machine setting and the generation of CNC codes. In order to increase the degree of automation in ultra- 
precision machining, machine manufacturers are developing their own, customised CAM software.  The studies presented in this 
paper investigate the influence of different process preparation on relevant parameters during ultra-precision face turning of an n 
surface with monocrystalline diamond tools. Machine-specific CAM software is compared with manual CNC code creation from a 
point cloud. The influence on the workpiece characteristics dimensional accuracy GF and average roughness depth Ra is investigated. 
The influence of the chosen strategy for the generation of the CNC code on the machining time tm is examined to compare the 
economics of the strategies. In order to keep the comparison significant, the cutting parameters cutting depth ap and feed f are kept 
constant in all strategies. Decreasing machining time tm increases efficiency in comparison to manual CNC code creation. 
 
 
Keywords: ultra-precision turning, efficiency, CAM software 

 

1. Introduction 

Machining of non rotationally symmetrical optical grade 
surfaces by ultra-precision diamond face turing requires a slow 
slide servo process, where the X-, Z-, and C-axes of the machine 
tool are moved simultaneously. The CNC code for these 
operations cannot be generated by conventional commercial 
CAD/CAM-systems because of limited precision [1]. A common 
alternative is the use of mathematical software as MATLAB by 
MATHWORKS, Natick, USA to generate the CNC code derived from 
a mathematical function describing the surface or a  
CAD-model [2]. This requires high additional effort for tool path 
interpolation and path smoothing [3]. The dimensional 
accuracy GF of slow slide processes depends on the parameters 
set for CNC code generation. The most influencal parameters 
determined are angular increment Δα, stroke s and feed f [4]. 

Due to this need for CAM software suitable for ultra-precision 
machining, machine tool manufacturers developed their own 
software solutions. These are limited to the machine tools 
offered by the manufacturer but offer a fitting solution for ultra-
precision machining with the convenience of conventional 
CAD/CAM software [5]. This contribution investigates the 
influence of the CNC code generation technique on the surface 
roughness characteristics and economical key figures. 

It is shown, that the average roughness depth Ra is not 
influenced by the method chosen. The machining time tm could 
be reduced by the CNC code generation by an specialised CAM 
software provided by the machine tool manufacturer. 

2. Methodology 

For this contribution tool path generation was investigated for 
machining a non rotanionally symmetrical workpiece by ultra-
precision diamond turning. The CNC code was tested on the 
ultra-precision machine tool Nanotech 350 FG by 
MOORE NANOTECHNOLOGY SYSTEMS, LLC, Swanzey, USA with the axis 
configuration displayed in Figure 1. 

 
Figure 1. Machine setup 

 
The geometry designed for this investigation ist illustrated in 

Figure 2. The diameter of the workpiece is D = 10 mm and the 
stroke of the face is s = 50 µm. Machining requires a controlled 
simultaneous movement of the X-, Z-, and C-axis of the machine 
tool performing a slow slide operation. 

The tool path generation was performed in two diffent ways. 
A pointlist for the coordinates of the three axes was generated 
by the calculation of the mathematical functions that describe 
the tool path in the open source software Scilab 5.5.2 by 
Scilab Enterprises S.A.S, Orsay Cedex, France.  
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Another approach involved the use of the specialised CAM-
software NanoCAM4 from the machine manufacturer 
MOORE NANOTECHNOLOGY SYSTEMS, LLC, Swanzey, USA. As most 
conventional CAM-software this software requires a CAD-model 
of the workpiece and the process parameters are entered into a 
graphical user interface (GUI). Identical parameters were used 
for both approaches. The spiral tool paths are resolved with the 
feed f = 10 µm and the depth of cut ap = 10 µm. The angular 
increment was set to Δα = 0.1 °. This results in an varying arc 
length la between consecutive knot points. The examination of 
the machined parts was conducted on the  
whitelight interferometer (WLI) Zygo NewView 5000 by 
ZYGO CORPORATION, Middlefield, USA to determine average 
roughness depth Ra and the deviation of the stroke s as 
indicator for the dimensional accuracy GF along the z axis. The 
WLI’s vertical resolution is av = 0.9 nm. The cutoff 
wavelength λC = 0.08 mm and short-wave profile 
filter λS = 2.5 µm were adhered to, based on the standards of 
tactile roughness measurement. The machining time tm was 
determined as a key figure for the efficiency of the machining 
process. 

 
Figure 2. Workpiece and tool path for slow slide face turning 

 

3. Results 

Investigation on surface roughness characteristics show no 
difference between the surfaces machined with the differenty 
generated CNC code. The average roughness depth Ra = 7 nm 
was achieved. Further investigation on different surface 
roughness characteristics will be performed to examine possible 
surface deviations. When evaluating the machining time tm, the 
superiority of the software from the machine tool manufacturer 
becomes apparent. As shown in Figure 3, the machining time tm 
could be reduced by δtm = -20 % while the maching parameter 
feed f is kept constant.  

During machining with the CNC code created with Scilab the 
spindle speed n varied and the velocity v of the linear X- and Z-
axes adjusted equivalently to maintain the set feed f = 10 µm. 
This effect did not occur with the CNC code generated by the 
software NanoCAM 4. The spindle speed n was constant at 
n = 80 1/min. 

 
Figure 3. Reduction in machining time tm when  

using NanoCAM 4 compared to Scilab 

4. Conclusion and Outlook 

Non rotationally symmetrical optical surface generation with 
face turing operations can be achieved by different CNC code 
generation techniques without loss of dimensional accuracy GF 
or increased average roughness depth Ra. When economical 
considerations gain importance a reduced machining time tm 
can be achieved through the use of specialised software. The 
saving in machining time tm is due to optimised approach and 
exit movement . As the feed f was set to an constant value, the 
spindle speed n and velocity of the z-axis vz is adopted 
automatically and limited by the machine tool’s dynamic 
behaviour. As NanoCAM 4 is manufactured specifically for 
machine tools by MOORE NANOTECHNOLOGY SYSTEMS, LLC, Swanzey, 
USA, an internal optimisation of the CNC code is supposed to 
shorten the machining time tm further. When an overlay of 
different freeform geometries has to be manufactured, CNC 
code generation with a formula-based software as Scilab is very 
complex. CAD-model based CNC-software will reduce the effort 
for preprocessing. In outlook for previous research more 
complex non rotationally symmetrical surfaces as shown in 
Figure 4 will be investigated. 

 
Figure 4. Workpiece with facets for further investigation 

 
This specimen has n = 8 facets with the stroke s = 75 µm and 

the diameter D = 10 mm. Investigations on this structure will 
involve the influence of knot point generation with constant 
angular increment Δα compared to constant arc length la on the 
surface roughness characteristics, dimensional accuracy GF and 
machining time tm. 
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Abstract 
The ceramic microcomponents have very interesting mechanical and thermal properties in an extreme environment such as a high 
temperature, a corrosive environment, etc. Unfortunately, the principal limitation of ceramic material usage is its shaping because 
of the brittlness of the material. In modern industry, the use of ceramic materials is still limited to particular applications.  
MACHCERAM is a new manufacturing chain for ceramic shaping developed from powder synthesis to final machining which 
introduces a hybrid machining by combining the machining with a cutting tool and a laser machining.  The Green Ceramic Machining 
(GCM) is carried out in this dedicated novel sub-hybrid platform. This combination allows to increase the productivity and 
repeatability, specifically thanks to the reduced laser spot size that allows to machine small features. The goal of this paper is to find 
the best combination between the tool diameter and laser machining in this manufacturing chain to reduce the machining time. The 
optimum is determined with the help of a Computer-Aided Manufacturing (CAM) software developed for the milling process by 

modeling the laser beam as a cutting tool. The machined result of the combination shows a 50 m offset between both processes. 

In this stage production, thin walls of 200 m break because the mechanical properties of the material are low. Surface integrity is 
also impacted with a different dimensional tolerance between both processes. 
 
Green Ceramic Machining; Hybrid Machining; Ceramic; CAD/CAM 

 

1. Introducion 

Engineering ceramics offer numerous advantages in durability, 
hardness, biocompatibility, mechanical strength at elevated 
temperatures, chemical inertia compared to metals and 
engineering polymers. These characteristics allow to be very 
competitive in a wide range of engineering fields as aerospace, 
automotive, biological, electrical and chemical engineering. 
Unfortunately, the principal limitation of ceramic material is its 
shaping because of the material brittleness. The shaping of 
medium and large series is a process with a high cost and mainly 
poor reproducibility. The micro manufacturing of ceramic 
components is one of the technological challenges especially 
when complex shapes and micro features are required [1-3]. 
The beginning of the manufacturing of ceramic products is based 
on the powder preparation in which the ceramic powder is 
mixed with a polymer binder to improve the material ductibility 
by adding stabilizers to master the sintering. This binder ensures 
that a machinable blank can be obtained after compaction 
(uniaxial and isostatic). Finally, the blank is machined with a 
cutting tool before its sintering cycle which  gives it the desired 
mechanical properties [1-3]. But, the machining with cutting tool 
can generate wall breakdown due to the contact between the 
tool and the material. MACHCERAM is a new manufacturing 
chain for ceramic developed from powders synthesis until final 
machining. In this case, the difference is a new step in the green 
machining with the technology of laser machining. The 
Dispersed Absorptive Solid Inorganic Material (DASIM) is added 
during the powders preparation to favour the laser ablation by 
limiting the risk of local sintering due to heat exchange [4]. 

The hybridization of both machining processes can be carried 
out in a subhybrid platform [5-6]. The subhybrid platform is a 
hybrid process which combines two similar technologies. The 
literature shows that this type of hybridization is already used in 
other materials in which the laser is used in the last step to 
deburr, polish and finish. The latter is mainly used to increase 
the miniaturization capacity [6]. Each process has its own 
computer-aided manufacturing (CAM). But hybrid machining 
means a CAM standardization to work in the same environment. 
The goal of this paper is to determine the optimal size of the 
cutting tool diameter for a microfluidic structure application. 
The hybrid machining results are compared between hybrid and 
laser machining on green ceramic. 

2. Methodology      

The methodology is to follow the CAD/CAM digital chain with 
the subhybrid platform on a microfluidic structure proposed by 
the literature [6-7] whitout the sintering step. 
   
2.1. Computer-Aided Design (CAD) 
The microfluidic structure studied is a microchanel with a 

thickness of 200 m and a depth of 500 m. The radii of 

curvature are 200 m. This structure is machined inside a 6 mm 
x 5 mm area. The dimensional accuracy of components is of ± 1 
mm, the position accuracy is of ± 5 mm and surface quality Rz 
inferior to 5 nm [6]. 
2.2. Computer-Aided Manufacturing (CAM)  
The CAM software used to generate the G-CODE for the 
subhybrid platform is MasterCAM which is used for machining 
with a cutting tool. Laser machining is a non-contact machining 
process that generates a taper angle of 10° [8]. This laser source 
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is modelled in the CAM sofware by a chamfered tool that allows 

to obtain a clearance angle of 10° with a tool diameter of 50 m 
which corresponds to the spot diameter. To define the 
machining parameters, an analogy between the parameters is 
carried out (See Table 1). The determination of machining 
parameters is carried out experimentally to avoid initiation of 
micro-cracks or local sintering.  
 
Table 1 Equivalence between the machining parameters 
 

Milling Laser Machining 
Tool diameter 

[mm] 
0.3/0.5/0.8

/1/1.5/2 
Spot diameter 

[m] 

50  

Feed rate 
[mm/min] 

2250  Scanning speed 
[mm/s] 

1100  

Cutting speed 
[m/min] 

47  Laser power [W] 15 

Radial depth of 
cut [%] 

40 Hatching  
[%] 

40 

Axial depth of 
cut [mm] 

0.5  Slicing 

 [m] 

15 

 
In the hybridization frame, the laser beam becomes a finishing 
tool. The optimal diameter of the cutting tool is therefore the 
roughing tool that allows to reduce the global machining time.  

3. Results      

Figure 1 shows the evolution of machining time in relation with 
the tool diameter by breaking down the machining time with the 
cutting tool and the laser machining time. An optimal machining 
time is detected when the tool diameter is 0.8 mm. The virtual 
time is around 50 s whereas the virtual time with the only laser 
is around 60 s. Before this optimal diameter, the machining time 
is longer with the risk of reaching the limits of the spindle 
capacity to ensure sufficient cutting speed. 

 
Figure 1: Optimization of machining time 

Table 2 shows results for the hybrid and laser machining. A scale 
factor of 10 is visible between the real machining time and the 
virtual machining time but the tendency is similiar. In the case of 

laser machining alone, the wall thickness of 205 m is obtained 

along the microchannel without breakdown. A depth of 495 m 

is obtained by milling and a depth of 360 m is obtained by laser 
machining. This significant difference with the target value of 
500 µm shows that the abalation depth is not mastered. By 
contrast, a wall breakdown is visible when hybridization is 
applied because the contact of the tool with the brittle material 
generates an excessive force. In addition, the surface integrity of 
the machined part is not ensured. In fact, each process 
generates a different surface roughness. The arithmetic 

roughness is 1.4 m for laser and 0.9 m for milling. 
Hybridization also requires a calibration of the two processes 
between them. Despite the optic calibration performed 
according to [9], an offset is still visible between origins of both 

processes of 50 m in each direction. This shows that a  
calibration using an optical method is not sufficient. 
 

Table 2 Comparison between full laser machining (L) and hybrid 
machining (H) 

 Tool diameter 
[mm] 

Machining results CAM 
[s] 

Real 
[s] 

 
 
 
L 

 
 
 
 

 

 
 
 

60 

 
 
 

600 

 
 
 

H  

 
 
 

0.8 

 

 
 
 

50 

 
 
 

505 

4. Conclusion 

MACHCERAM is a new manufacturing chain for ceramic 
components. This technology allows the laser machining on a 
green ceramic despite the heat exchange that could lead to 
sintering. The major advantage of this technology is that it can 
be coupled in a subhybrid platform with a cutting tool which is 
the traditional method. A CAM software is used to model the 
laser and control this hybrid machining. This study allows to 
determine an optimal tool to be selected for a minimal 
machining time. A scale factor of 10 is noted between the virtual 
and the real machining times. The hybridization reduces 
machining time but surface integrity is impacted. The virtual 
ablated depth and the real depth are different. The modelled 
axial depth for laser ablation must then be improved to ensure 
a correspondence between the real ablated value and the 
theoretical value during the laser scanning. In addition, 
machining with a cutting tool increases the risk of wall 
breakdown. In perspective, a particular study on thin walls 
machined in a green ceramic must be carried out in order to 
improve the Design For Manufacturing (DFM). 
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Abstract 
Corner loading and ground tilt are relevant error sources for precision weighing cells. The sensitive compliant mechanism of the 
weighing cell is subject to large dead weights with the aim to resolve small mass differences. Tilting of the base or an eccentric load 
application relative to the centre of the weighing pan result in lateral force components, apart from those in measurement direction. 
This changes the indication of the balance resulting in measurement errors. In this paper, a finite element model of the weighing cell 
was used to evaluate the corner load sensitivity in three directions and the tilt sensitivity in two directions. Based on a parametric 
study, an optimal attachment point for the weighing cell was found where all considered mechanical errors can be reduced to second 
order effects.  
 
precision weighing, corner load error, compliant mechanism, finite element modelling  

 

1. Introduction  

Precision balances with electromagnetic force compensation 
(EMFC) are applied as measurement instruments in many 
scientific and industrial fields. Special weighing cells are used in 
mass comparators for the most precise mass determination 
tasks [1]. The most demanding requirement for the mechanical 
system of precision weighing cells is expressed by the load to 
resolution ratio. For precision weighing cells, the ratio ranges 

from about 105 to up to 1010 for applications in mass 
comparators [2]. This implies a high sensitivity of the weighing 
instrument in measurement direction, despite of high dead 
loads (e.g. 1 kg). At the same time, the errors due to lateral force 
components need to be minimized. These are induced by tilt 
angles between the mechanism and the g-vector (ground tilt) 
and eccentric placement of the weights on the weighing pan 
(corner load).  
 

 
 

Figure 1. Schematic of the EMFC weighing cell with its parameters for 
the mechanical model (1-base, 2-lower lever, 3-upper lever, 4-load 
carrier, 5/6-weighing pan, 7-coupling element, 8-transmission lever). 

 
It was shown that the sensitivity to ground tilt can be adjusted 

to zero for a certain configuration of the weighing cell [3]. 
However, both errors were found to be interdependent. An 
optimal configuration for a specific weighing cell would require 

both sensitivities, tilt sensitivity and corner load sensitivity, to be 
zero. 

Many solutions are available to make the weighing system 
largely independent from eccentric load placings on the 
weighing pan: Transferring the lateral force components directly 
to the frame via a parallelogram guide is the most common 
solution. This is known as Roberval mechanism and is frequently 
used in the mechanism of EMFC weighing cells [4] (see Fig. 1, 
parts 1-4). The efficiency of this solution is highly dependent on 
the alignment of the flexures in the mechanism. Typical 
deviations in the manufacturing process are already 
problematic. Consequently, tedious adjustment of this part of 
the mechanism is required [5].  

Additional devices or mechanisms can be attached to the 
weighing pan [6,7]. These mechanisms effectively place the 
centre of rotation over the weighing pan to create a pendulum 
type hanging weighing pan. An eccentrically placed weight is 
mechanically centred on the weighing pan, removing the error 
to a large extend. A similar solution is the gimbal mounted 
hanging weighing pan. Assuming a gimbal with zero stiffness, the 
hanging mass is perfectly centred [8].  

From the literature, no investigation concerning the location 
of the weighing pan itself or the reference point for the 
eccentricities is known. For small eccentricities in precision 
applications, this can provide a highly effective and less 
cumbersome solution. The sensitivities of the weighing cell for 
tilt and corner load were evaluated for varying positions of the 
point mass 𝑚S, based on a mechanical model of the EMFC 
weighing cell, see Fig. 1. In a second step, the location of the 
weighing pan itself is varied to find its optimal attachment point. 
As a conclusion, recommendations for an improved weighing 
cell design are deduced.  

2. Mechanical model of the weighing cell      

For the determination of the mechanical properties of 
interest, corner load sensitivity 𝐸𝐿 and tilt sensitivity D, the non-
structural components were simplified, excluding additional 
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effects on the indication of the balance. Due to the complexity 
of the load application and the complex stress within the 
mechanism, a three-dimensional finite element (FE) model was 
found to be most appropriate for the computation task. The 
compliant mechanism with thin flexures was loaded by point 
masses and a displacement constraint. 

This displacement constraint with its resulting reaction force 
𝐹EMFC replaces and simplifies the electromagnetic force 
compensation (EMFC), which can be described as precise 
position controller with a voice coil actuator and an optical 
position sensor. The indicated mass 𝑚ind was calculated using 
the reaction force 𝐹EMFC.  

The finite element computations were based on the software 
ANSYS®. The weight on the weighing pan was modelled as point 
mass firmly connected to the load carrier (4). The most relevant 
part of the mechanism, the thinnest sections of the flexure 
hinges, were finely meshed with SOLID186 elements following 
the mesh sensitivity study in [9]. The resulting mesh is shown in 
Fig 2: 

 

 
 

Figure 2. Geometry and mesh of the flexure hinges used in the FE model 
(ℎ = 50 µm, 𝑟 = 1.5 mm, 𝑑 = 6 mm). The depth of the structure is 10 
mm. 

 
It was sufficient to refine a central zone of 1.5 mm to cover the 

zone with relevant stress gradients, see Fig. 2. The non-matching 
meshes of the two mesh zones were connected via multi-point 
constraints (MPC).  

Slight offsets of the weight of the weighing pan as well as 
different locations of the weighing pan itself can be considered. 
This way, the corner load sensitivity was calculated ELx =
Δ𝑚ind/(mS Δ𝑒Sx). The tilt sensitivity D was evaluated for two 
directions of tilt. It is defined as the apparent mass change on 
the weighing pan over a small tilt angle around the zero position 
(DΘ = Δ𝑚ind/ΔΘ and 𝐷Φ = ∆𝑚ind/∆Φ). The angle Θ is the nick 
rotation of the weighing cell about the y-axis, whereas Φ is the 
roll rotation about the x-axis, see Fig. 1.   

3. Corner loading and tilt sensitivity 

In the model, the mass point (m𝑆 = 0.433 kg, see Fig. 1) was 
intentionally displaced in 𝑥𝑦𝑧-direction on the weighing pan to 
evaluate the corner load sensitivity 𝐸𝐿 and the influence of the 
corner load on the tilt sensitivity 𝐷Θ and 𝐷Φ. For the 
determination of the tilt reaction, the g-vector was inclined 
relative to the base of the weighing cell in two directions. The 
resulting relative reading of the mass value is shown in Figs. 3 to 
5 for different configurations of the weighing cell.  

Figure 3 shows the calculated curves for a nick rotation of the 
weighing cell for different configurations and different 
eccentricities of the point mass representing the weight on the 
weighing pan. 
 

 
 

Figure 3. Relative mass change for pronounced eccentricities of the 
weight on the weighing pan and nick motion. 
 

The curves are dominated by a linear trend that results from 
vertical distance between the centre of mass and the effective 
centre of rotation on parts of the mechanism undergoing a 
rotational motion. This linear trend can be adjusted by trim 
masses on the respective parts to shift the centre of mass in the 
centre of rotation [3]. The behaviour, with the linear trend 
removed, can be observed in Fig. 4. A pronounced change of the 
nonlinear behaviour can only be observed for a variation of the 
mass on the weighing pan Δ𝑚S. This results in an additional 
component of second order, while all other changes lead to 
components of third order or higher. The mass imbalance that 
leads to the second order effects has already been described in 
[10]. Weighing cells with small electric weighing ranges, e.g. 
weighing cells in mass comparators, exhibit only a small second 
order effect for nick motions; thus, the tilt sensitivity can be 
strongly minimized by the vertical adjustment of trim masses. 

 
 

Figure 4. Relative mass change for pronounced eccentricities of the 
weight on the weighing pan for nick angle. 
 

The second order effect is also visible for the roll motion of the 
weighing cell, as Fig. 5 shows. Most relevant for the roll motion 
is the 𝑦-eccentricity of 𝑚S on the weighing pan since it leads to 
a first order effect, see Fig. 5.  

To minimize the roll sensitivity, the position of the weighing 
pan and the allocated weight on the pan needs to be as close as 
possible to the 𝑥𝑧-plane. 
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Figure 5. Relative mass change for pronounced eccentricities of the 
weight on the weighing pan and large roll angles. 
 

The corner load error without tilt (Θ = Φ = 0) and 
eccentricities in all three spatial directions is displayed in Fig. 6. 
The comparison revealed a pronounced change of the indicated 
mass for eccentricities in 𝑥-direction with a local corner load 
sensitivity of 𝐸Lx = 411.2 µg kg−1 mm−1, hereby exceeding the 
aspired maximum value of 𝐸L = 1.00 µg kg−1 mm−1. 
Displacements of the mass in y-direction result in a parabolic 
curve symmetric to the origin, where the sensitivity or pitch of 
the curve around the neutral position is zero 𝐸Ly =

0.00 µg kg−1 mm−1. The first derivative of 𝑚ind(𝑦) has its zero 
crossing at 𝑒Sy = 0. As for the roll sensitivity, the weighing pan 

should be attached in the 𝑥𝑧-plane to minimize the corner load 
sensitivity. 

 
Figure 6. Eccentricity of 𝑚S relative to the origin of the local coordinate 
system (𝑥, 𝑦, 𝑧). 
 

A displacement of the point mass in 𝑧-direction by 10 mm 
results in an indicated mass differences of merely 0.05 µg 
corresponding to a corner load sensitivity of 𝐸Lz =
0.01 µg kg−1 mm−1, thus the z-direction can be neglected for 
small eccentricities. 

It became evident that the 𝑥-direction eccentricity of 𝑚S has a 
major effect on the indicated mass value of the weighing cell. 
This raised the question, whether a position for 𝑚S relative to 
the weighing cell exists where the sensitivity to corner loads 𝐸Lx 
has a minimum. 

4. Location of the weighing pan  

The weighing pan of EMFC weighing cells is commonly located 
in proximity to the 𝑦𝑧-plane including the ideal rotation axes of 
flexures C and D (𝑥 = 0), see Fig. 1. The corner load sensitivity 
was evaluated in the local coordinate system (𝑥𝑦𝑧).  

The position of the point mass 𝑚𝑆 was varied in the local 
coordinate system and the indicated mass value 𝑚ind was 
observed. An optimal location for the weighing pan is found 

where 𝑑 d𝑥⁄ 𝑚ind = 0 holds. If the weighing pan is placed in this 

position, the weighing cell is innocent to corner loads (remaining 
errors of second order or higher). 

The 𝑚ind-curve in Fig. 7, for an eccentricity in 𝑥-direction, is of 
second order. The interesting discovery was the location of the 
zero-crossing of the first derivative in Fig. 7.  
 

 
 

Figure 7. Behaviour of the indicated mass 𝑚ind for a shift of 𝑚S along the 
𝑥-direction. 

 
In 𝑥-direction, this zero crossing is far away from the common 

weighing pan location. This is remarkable, since none of the 
existing weighing cells is designed accordingly. The results 
suggest that the centre of the weighing pan needs to be 
designed in this special 𝑥-position to make the weighing cell 
innocent towards corner loads in 𝑥-direction. 

The cause for the behaviour was found in the variation of 
parallelism between the two levers of the parallelogram linkage 
(A-D), as indicated in [5]. By slight deformations of the assumed 
rigid parts (e.g. load carrier), the positions of the flexures are 
slightly shifted. Figure 8 shows the scaled deflection states of the 
parallelogram linkage for the initial weighing pan position and 
the determined optimum. It is evident that the remote weighing 
pan position leads to a larger bending deflection of the load 
carrier, bringing flexures C and D closer together. This seems to 
compensate the initial deflection on the left side which is 
reducing the distance between flexure A and B. Finally, the angle 

 ∠ AD̅̅ ̅̅  BC̅̅̅̅  approaches zero.  

 
Figure 8. Scaled deflections of the parallelogram linkage for the weighing 
pan in initial position (𝑒Sx = 0 mm) and for the determined optimum at 
(𝑒Sx

∗ = −145.3 mm). 
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The tilt insensitive optimum is not achieved for perfect 
parallelism of the levers. A slight angle of a few arcseconds 
seems to be required for the compensation of other effects.  

Since the determined optimal weighing pan location is far 
from the original position, it was checked whether the corner 
load sensitivities in the other direction are influenced by the 
major shift in 𝑥-direction.  

 
Figure 9. Eccentricity of 𝑚S relative to eSx = 0 mm and the determined 
optimal weighing pan location 𝑒Sx

∗ = −145.277 mm. 

 
Figure 9 compares the curves from Fig. 6 at 𝑒Sx = 0 mm with 

the ones at the determined optimal weighing pan location at 
𝑒Sx

∗ = −145.277 mm. The behaviour in 𝑦- and 𝑧-direction was 
not influenced noticeably by the large shift of the weighing pan 
location. In contrast, the Δ𝑚ind-curve for the 𝑥-direction was 
converted from a dominant linear error to a small quadratic 
error, thereby significantly reducing the effect of positioning 
errors on the weighing pan. The corner load sensitivity 𝐸Lx was 
reduced to zero at the new weighing pan location at 𝑒Sx

∗ =
−145.277 mm.  

5. Conclusion and Outlook 

Corner loads or small eccentricities of the weight on the 
weighing pan change the roll sensitivity of the weighing cell. A 
first order error component is added to the second order roll 
angle error. Corner loads in 𝑦-direction result in a second order 
error symmetric to the origin. Both errors stress the need to 
minimize any eccentricities of the weighing pan and the weights 
placed upon it in 𝑦-direction. 

A location of the weighing pan relative to the mechanism was 
determined where the both tilt and corner load sensitivity can 
be minimized to negligible values with remaining small errors of 
second order. Surprisingly, this location is far off the common 
location in commercially available EMFC-weighing cells. The 
reason for the discovered phenomena is the small deflections of 
the assumed rigid parts of the weighing cell mechanism. These 
are changing the positions of the flexures in the parallelogram 
linkage of the weighing cell. The discovered relationship can be 
used for the adjustment of the corner load sensitivity. Instead of 
designing the load carrier with a large bending stiffness, the 
bending stiffness can be designed to fit the required adjustment 
resolution and to limit the required eccentricity of the mass on 
the weighing pan.  

This method provides the possibility to keep the design of the 
mechanism as simple as possible and to achieve the adjustment 
of the corner load sensitivity by a simple variation of the position 
mass points attached to the mechanism. This finding enables the 
reduction of the overall measurement uncertainty with minimal 
effort.  

In theory, the discovered phenomena should also apply for 
gimbal mounted weighing pans, where the gimbal has a finite 
stiffness. Corner loads on the hanging weighing pan, result in 
angular deflections of the gimbal and small torques on the load 
carrier (4). Mechanically the small additional torque is equal to 
a slightly displaced mass. Hence the optimal weighing pan 
position should equally apply for the position of the gimbal of 
the hanging weighing pan. 

For future weighing cell designs, the results of this study 
suggest: 

 The centre of the weighing pan or the gimbal of the 
hanging weighing pan should be allocated at the 𝑥-

position where d dx⁄ 𝑚ind = 0 holds. 

 The second order tilt effect for both directions is 
proportional to the mass imbalance on the weighing 
cell or 𝐹EMFC respectively. 

 Weighing pan and weights need to be carefully aligned 
to the 𝑥𝑧-plane of the mechanism to minimize tilt- and 
corner load errors. 

Before applying this concept to other weighing cells, the 
parametric dependence of the optimal location for the weighing 
pan needs to be checked thoroughly. An experimental 
verification with existing weighing cells is required: In operation 
of the weighing cell, the corner load errors are likely to be higher 
than the pure mechanical values in this paper, since position 
sensor and actuator are influenced by lateral deformations and 
deflections of the structure.  

The consideration in this paper omits any type of 
manufacturing deviations and changes to the flexure positions 
within the mechanism on the corner load sensitivity. Most likely, 
manufacturing deviations are influencing the optimal weighing 
pan position, which will be investigated as part of the future 
work. 
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Abstract 
Although micro-milling has been regarded as the most promising method to repair the micro-defects on KH2PO4 (KDP) optics surfaces, 
residual tool marks are inevitably generated on the repaired surfaces and would pose a direct impact on the laser-induced damage 
(LID) threshold of repaired KDP optics. In this work, a residual tool marks model was developed to characterize the repaired surface 
morphologies processed by different milling strategies (e.g. layer-milling  and spiral-milling strategies). Then the predicted tool marks  

were utilized to built a light-filed intensity modulation model to reveal the relationship between the residual tool marks and its 
related optical performance. The practical of LID tests well verified the simulation results. It was revealed that the milling strategies 
indeed have a significant influence on the ultimate LID resistance of KDP optics after repair through impacting the generation of 
residual tool marks.  The spiral-milling method with a smaller path interval can produce a laser-friendly repaired surfaces, which have 
a equivalent laser-induced resistance with the original fly cutitng surface, while the layer-milling method has a higher machining 
efficiency. Therefore, an optimized repair procedure, adopting layer-milling path as rough milling and spiral-milling as fine milling, 
was proposed for pratical engineering application in ICF facilities in the future. 
 
Keywords: micro ball-end milling, tool marks, milling strategy, laser induced damage threshold 

1. Introduction   

Micro-milling has been identified as the most promising 
approach to repair the surface defects on the large-aperture 
KH2PO4 (KDP) optics, which are the currently the unique 
candidate in the laser-driven inertial confinement fusion (ICF) 
facilities [1]. But in practical micro-milling processes, residual 
tool marks are inevitable generated on the repaired surfaces, 
which would pose a significant impact on deteriorating the laser-
induced damage (LID) threshold of repaired KDP optics. 

Recently, layer-milling and spiral-milling strategies have been 
attempted to improve the repaire efficiency and surface 
qualities [2]. But few attention has been paid to reveal the effect 
of the residual tool marks induced by different milling strategies 
on the practical LID resistance of repaired KDP optics. 

In light of this, this work aim to investigate the effect of milling 
strategies on the LID resistance of repaired KDP optics. Firstly, a 
residual tool marks model was built. Then, light-field 
intensification induced by tool marks were performed based on 
FEM. Finally an optimized milling strategy was proposed to 
acquire the laser-friendly repaired surface morphologies.  

2. Repaired surface profile model       

In this study, layer-milling and spiral-milling strategies were 
used to repair the KDP optics. The essential difference between 
these two kinds of milling strategies is the trajectory of the 
cutter in milling process [2]. In the layer-milling process, the 
damaged material is normally removed by layer-by-layer with a 
path interval of 40 μm, while in the spiral-milling process the 
cutter can fabricate the predesigned contours along a spiral 
trajectory with a constant path interval, ranging from  5 μm to 
30 μm in a step of 5 μm, as shown in Fig.1(a). The generation of 

tool marks is the result of the geometric tool-workpiece 
intersection between successive cutting paths in the dynamic 
milling process [3]. Thus, a shaded area ABC, named residual tool 
mark, will be inevitable left on the machined surface after 
successive cutter passes (see in Fig.1(b)).  

 
Fig. 1. (a)The schematics of layer-milling and  spiral-milling strategies [2];  
(b) the generation mechanism of residual tool marks;  the surface 
morphology (c) and cross-sectional profiles (d) of spiral-milled contous 
with a path interval of 15 μm.  

 Fig.1(c) displays the surface topography of one practical 
repaired conical contour as weel as the generated residual tool 
marks. It can be seen that  residual tool marks on repaired 
surfaces are clearly visible and mainly distribute perpendicular 
with the feed direction. The section profiles presented in Fig. 
1(d), verifies that residual height of these tool marks are about 
several hundred nanometers, which is very close to the working 
laser wavelength in ICF facilities, indicating that the residual tool 
marks would play a  non-negligible impact on the surface quality 
and the ultimate optical performance of repaired KDP optics 

Therefore, a theoretical model based on homogeneous matrix 
transformation (HMT) was proposed to predict the conical 
repaire contours using different milling strategies. Fig.2(a)  
displays the simulated profiles of residual tool marks at the 
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bottom of conical contours (width: 800 μm × height: 20 μm), 
which were processed by layer-milling and spiral-milling, 
respectively. It can be seen that the fluctuations of residual tool 
marks on the spiral-milled surface is slight than of layer-milled 
surfaces. Thus, the spiral-milling process has a more powerful 
ability than layer-milling to produce more slightly tool marks 
with lower residual height. Moreover, it is worthy to note that 
there is an obvious residual pit left on the center of  layer-milled 
contour bottom. This residual pit have a very larger residual 
height and may play a detrimental effect on the optical 
performance of repaired optics. By calculating the surface 
roughness and residual height of simulated contours, it was 
found the the simulated results are consistent well with the 
experimental results, as illustrated on Fig. 2(a) and (d), validating 
the accuracy of the proposed model. 

   
Fig. 2. (a) The predicted residual tool marks by spiral-milling and layer-
milling methods; (b-d) the measured results of spiral-milled surfaces.  

3. Light-field intensification simulation      

Once the simulated profiles of residual tool marks are 
obtained, a finite element model can be built to calculate the 
light-field intensity modulation inside the micro-milled KDP 
optics, which adopted these predicted residual tool marks.  

 A time-harmonic plane electromagnetic wave with  transverse 
electric (TE)  model was adopted as the incident laser and its 
electric field intensity was normalized as 1V/m. Because the light 
intensity is proportional to the square of electrical field, 
therefore, the light-field intensification induced by different tool 
marks can be calculated by solving Maxwell equation with FEM 
method. Meanwhile, a maximum relative light intensity 
modulation (IRmax) can be introduced to characterize the laser 
damage resistance of  repaired optics with various tool marks: 

 max
R max

0

=
I

I
I

  (1) 

where I0 is the ideal light intensity inside the original KDP 
crystal without any tool marks, and Imax is the maximum light 
intensity in the case of modulation by tool marks. Note the larger 
IRmax is, the more probably to induce laser damage the optics are. 

 
Fig.4 (a) The simulated IRmax induced by layer-milled and spiral-milled 

tool marks, and the relared light-field distribution.   

Fig.4 shows the evolution of IRmax induced by different tool 
marks with respect to various path intervals on front- and rear-
surfaces of micro-milled KDP optics, respectively. It was found 
that the residual tool marks indeed can cause significant 
diffraction effect inside the repaired KDP optics, giving rise of a  
stronger light-field intensification. And owing to interference 
effect, the IRmax on rear-surface is always higher than that on 

front surface. Besides, no matter for front- or rear-surfaces,   the 
IRmax  always keeps a similar pace with the increase of path 
intervals used in spiral-milling process. Moreover, it is 
interesting to find that spiral-milled tool marks can have a 
weaker effect in the light-field intensification if adopting a small 
path interval (< 20 μm), compared with layer-milled tool marks.   

4. Laser damage tests      

To better understand the role of residual tool marks in the LID 
resistance of repaired optics, a series of laser damage tests were 
performed on the spiral-milling and layer-milling repaired KDP 
optics as well as the original flycutting surfaces. The detailed 
information about the laser damage test system and the laser 
parameters can be found in Ref.[4]. And the measured LID 
threshold for different samples as well as the typical LID surface 
morphologies were presented in Fig. 5. 

 
Fig.5 (a) The measured LID threshold for flycutting, spiral-milling and 

layer-milling KDP optics, and (b) the tupical morphologie of laser damage.  

One can see that the spiral-milling could produce a better 
laser-friendly surfaces for repaired KDP optics than layer-milling 
strategy. For instance, only shell-type damage came into being 
on spiral-milled surfaces, the occurrence of which has been 
identified to associate with higher laser fluence. Moreover, the 
spiral-milled surfaces with 10 μm path interval have a very close 
LID threshold with the original flycutting surfaces. Therefore, 
spiral-milling with a path interval of 10 μm is strongly suggested 
as the fine milling procedure to improve the LID resistance of 
KDP optics after faster rough machining by layer-milling method. 

5. Conclusion      

By simulating the light-field intensification induced by 
different residual tool marks, it is revealed that whether the 
spiral-milling is better than layer-milling or not for the optical 
performance of repaired KDP optics is dependent on the path 
interval used in the spiral-milling process. And the practical laser 
damage tests show that, compared with layer-milled surfaces, 
the spiral-milled surfaces with a path interval of 10 μm have a 
higher LID threshold, similar with that of original fly cutting 
surfaces.Therefore,   adopting layer-milling path as rough milling 
and spiral-milling as fine milling was proposed as an optimized 
strategy for the future engineering repair of KDP optics in ICF 
facilities.  
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Abstract 
The flatness affects the performance of the key parts in precision optics processing and Integrated Circuit (IC) manufacturing. 
Normally, the lapping and polishing process are always employed to achieve the high flatness. However, the edge effect cannot be 
avoided in lapping and polishing due to the process characteristics. Some methods are proposed to decrease the edge effect, but the 
current prevention methods are limited by many aspects. In this paper, a new method to prevent the edge collapse by protecting the 
edge is proposed. In this method, the edge collapse is prevented by enlarging the whole structure, and the edge is transferred to the 
sacrificial loop. In addition, the sacrificial loop is attached to the workpiece, which makes it become a whole structure. A series 
experiments are conducted to verify the prevention efficiency. The results show that the depth and width of the edge collapse have 
been reduced by about 80% and 55% respectively by this method. Hence, this method can achieve the effective prevention of edge 
collapse. 
 
Keywords: Edge collapse, contact pressure, sacrificial, protection  

 

1. Introduction   

Continuous efforts have been made to produce high-precision 
components in IC manufacturing and precision optics processing 
by lapping and polishing. Lapping and polishing are ultra-
precision manufacturing techniques in which the material is 
removed mainly by the grids scratching on the surface. However, 
due to the motion feature of the processes, edge collapse 
cannot be avoided on the finished surfaces. Edge collapse affects 
the performance of the key parts in the following two major 
applications. Firstly, in manufacturing large scale chips, the edge 
collapse will cause severe altitude gaps at the wafer boundary 
patterns distortion, and it will affect the performance of the IC 
chips. Moreover, the edge collapse will reduce the number of 
chips cut from a single wafer, which will increase the 
manufacturing cost. In addition, to make the magnetic disk 
smaller with higher storage capacity, the disk needs high flatness 
without edge collapse. Secondly, in optical machining, the edge 
effect will cause a decrease of damage resistance threshold 
value and the increase of scattering loss. The performances of 
optical segments are dominated by the edge effect greatly. 
Therefore, edge collapse is banned in the IC manufacturing, 
precision optics processing and so on.  

There are several methods for preventing the edge collapse in 
previous research, which can be mainly classified into two kinds. 
On one hand, double-layered pads were invented to decrease 
edge collapse during substrate polishing [1]. But the newly 
developed pads could only suit specific types of materials. On 
the other hand, polishing path optimization was conducted to 
weaken the edge effect [2, 3]. Besides, the polishing head was 
designed to prevent the edge effect [4]. Nevertheless, it can only 
be used in sub-aperture polishing [5]. Particularly, the existing 
methods are not suitable for double-sided lapping process. 
Hence, a new method that can avoid the edge effect is needed 
to be explored urgently to prevent the edge collapse on full 
aperture lapping.  

In this paper, a new method by protecting the edge with a 
sacrificial loop was proposed to prevent the edge collapse in 
double-sided lapping and polishing. Finally, the experimental 
validation was conducted on a double-sided lapping machine. 

2. A new method to prevent edge collapse      

The edge collapse can hardly be avoided by the optimization 
of process parameters. The edge protection method is a new 
approach for preventing the edge collapse. Basically, it prevents 
the edge collapse by enlarging the workpiece, because the edge 
collapse mainly caused by contact pressure increasing at the 
edge.  

The edge protection structure shown in Figure 1 contains two 
loops: 1. sacrificial loop, which is the same material with the 
workpiece, is selected to enlarge the structure; 2. filler loop 
which is filled with different material, is analyzed entirely.  
 

 
Figure 1. The schematic of edge protection strategy 

3. Simulation    

Simulation was conducted on the thin copper substrate, and 
the edge profile evolution was simulated with and without 
protection. The results shown in Figure 2 revealed that the edge 
collapse developed seriously without the protection method, 
and the edge collapse became stable because of the pressure 
distribution changing with the edge collapse. The pressure at the 
edge lowered and it tended to be the same to the centre area 
with the edge collapse development. With the protection 
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method, the edge collapse tended to be lowered because of the 
pressure distribution. Thus, the method is effective on 
preventing the edge effect. 

From the results, the width and depth of edge collapse have 
been decreased respectively by edge protection. It is mainly 
because that the contact stress tends to be the same on the 
whole surface. The dramatic increase of pressure has been 
transferred to the sacrificial loop, and the edge of the workpiece 
has been protected sufficiently. However, the protection effect 
is not the same with different parameters. From the 
experimental results, the edge collapse can be modified because 
of the contact pressure distribution on the surface. With the 
edge collapse on initial workpiece, the pressure at the edge 
becomes lower by edge protection method. The material 
removal at the edge tends to be slower than that at the central 
area which causes the edge collapse being weakened. 
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(a)                                                       (b) 

Figure 2.  The profiles evolution (a) without protection (b) with 

protection 

4. Experimental validation   

Double-sided lapping with fixed abrasive pad was selected to 
verify the edge collapse and the effect of edge protection. The 
samples are thin copper substrates and the size is Φ 80×2.5 mm. 
The material of the sacrificial loop is copper, while the filler loop 
is pyrosol. The surfaces of samples and a sacrificial loop was pre-
machined via turning which does not have obvious edge 
collapse, as measured using a flatness measuring instrument 
(FlatMaster 200 by Corning Incorporated, New York, USA) with 
the deviation 50 nm.  

Double-sided lapping machine (YJ-6B5LA & YJ-6B5LC by Yujing 
Machinery Co., Ltd., Hunan, China) used in the previous research 
[6] is equipped with lapping plates sized Φ380 mm. The fixed 
abrasive pads with grooves, and the diamond particles sized 15-
25 μm were used in this work. Before the experiments, the 
workpiece and sacrificial loop were fabricated together by 
double-sided lapping to obtain the same thickness. Then, filler 
was used to stick the workpiece and sacrificial loop together. To 
guarantee the protection effect, the filler loop was higher than 
the workpiece. The whole structure was processed by double-
sided lapping in the experiments. Deionized water was used as 
coolant during lapping.  

In verification experiments, the profiles were measured by the 
FlatMaster 200, and the profiles near the edge area were 
acquired to analyse the edge effect. The results with each 
parameter are compared to the initial profile, and it shows that 
the edge collapse is lowered by different scale. Because with the 
sacrificial loop attached on the substrate, the substrate is 
enlarged on the diameter and the initial edge becomes an inner 
point. The contact pressure decreased dramatically at the initial 
edge. Thus, the edge collapse can be improved by edge 
protection method. The experiments are conducted to compare 
the effect on edge protection. It is obvious from the comparison 
of the profiles in Figure 2 that the prevention of edge collapse 
achieves the best effectiveness with the prevention method. The 
edge collapse is improved eventually. 

   

(a)                                                             (b) 

Figure 3.  The profiles (a) without protection (b) with protection  

5. Conclusion 

In this study, the edge collapse protection in double-sided 
lapping process with fixed abrasive pad is investigated. 
According to the formation mechanism, a new method by 
protecting the edge with sacrificial loop is proposed to prevent 
the edge collapse. The method is verified by experiments. The 
major conclusions are drawn as follows: 

1. An edge protection method is proposed to prevent the edge 
collapse, and it was verified by the experiments.  

2. With the method, the depth and width of the edge collapse 
have been reduced by about 80% and 55% respectively. 

In summary, the proposed work can promote the 
comprehensive understanding of a meaningful solution for 
preventing the edge collapse. Future work will be focused on the 
exploration edge collapse in double-sided polishing with loose 
abrasives. 
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Abstract 
The development of nanostructured sample components led to significant interest in metrological solutions and characterization 
methodologies for features laying on the nanoscale dimensional range. For the specific case of silicon lithography technologies, a 
well-known case geometry consists of rectangular gratings structures. Among the available equipment, the most commonly 
employed are Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM). For what concerns sidewalls, limited tools 
and methodologies are available, both for the evaluation of surface roughness and geometrical features. In this study, the use of 
AFM explores the measurements of surface roughness of rectangular grating sidewalls. The structures under analysis consist of a 
periodic structure manufactured by of Deep-Ultraviolet-Lithography (DUV) and subsequent dry etching on a silicon wafer, to generate 
a nominal pitch of 1400 nm (nominal trench size of 700 nm) and a nominal depth of 1130 nm. The resulting structure has a high 
aspect ratio (ratio between the nominal depth and trench width) of 1.6. The wafer is tilted beneath the microscope on an inclined 
stage (20°) to access the sidewalls of the grating. The adopted methodology enables the evaluation of surface roughness and 
geometry of the sidewalls in a non-destructive way. Different sampling lengths and locations are evaluated to investigate the cross-
sections of the grating along multiple sidewalls. The results confirm that an isotropic sidewall surface with limited undercut formation 
along the depth is generated. Considering the variations within the standard deviation, the measured Ra roughness lies below 3 nm 
on a projected profile length of 650 nm, which corresponds to about 60 % of the total depth of the structure.  
 
Nano Technology - Metrology - Atomic Force Microscopy (AFM) - Wafer 

1. Introduction 

Non-destructive measurements of nanostructure side walls is 
a challenging task for current metrological technologies. Atomic 
Force Microscopy (AFM) and Scanning Electron Microscopy 
(SEM) are versatile solutions, widely used for the quantitative 
and qualitative characterization of nano scale features 
respectively [1]. Considering a rectangular grating with a 
nominal pitch in a range of 100–1500 nm, AFM is well suited for 
the quantitative metrological investigation as long as the grating 
aspect ratio (peak-to-valley nominal distance over the trench 
grating size) is below 0.5. 

The general assumption for the correct functioning of an AFM 
is that only the tip bottom radius interacts with the specimen for 
the detection of the specimen height for a given pixel locations. 
For non-contact or tapping AFM modes, the tip flanks should not 
be subjected to attraction/repulsion forces in order to avoid 
disturbances in the cantilever oscillation. However, when 
measuring gratings and features with a high aspect ratio (HAR), 
also the tip flank or tip holder might interact with the same 
specimen [2]. 

Even though an optimization of the measuring parameters 
including sampling rate, sampling distance, drive frequency, 
integral or proportional gain, and amplitude set-point can 
improve the dynamic behaviour of the cantilever and its 
interaction with the sample [3], there is a physical limitation 
when the tip cone angle is higher than the grating sidewalls 
slope. This final consideration led to the development of AFM 
tips for the specific purpose of HAR structures [4]. Such tips 

include carbon nanotubes, sharp tips and cone elliptical-shaped 
tips, where the radius tip is generally below 10-30 nm, a cone 
angle below 5°-10° and an overall length of 5-15 µm. The 
thickness reduction of HAR tips also reduces the stiffness of the 
cantilever, making the probing system (cantilever and tip) less 
rigid than a conventional one. The stiffness reduction can be an 
issue, as the tip is more subjected to off-axial forces and wear 
[5]. Even though the accessibility of most structures is possible 
using those probing systems, in some cases additional 
considerations are required to achieve an acceptable 
measurement. 

In this study, an AFM system equipped with HAR tip is 
employed for the analysis of a Direct Ultra Violet (DUV) 
lithography, and dry etched silicon rectangular grating. Similarly 
to another research case [6-7], to characterize the sidewall of 
the structures, the specimen was tilted under the mounting 
stage to maintain a tip bottom to grating sidewall interaction 
during the measurement. 

2. AFM measurement set-up 

The AFM used for the analysis is a Park® NX 20 from Park 
Systems Corporation, Suwon, Korea, on which a high aspect ratio 
tip model ISC from company Team Nanotec GmbH, Villingen-
Schwenningen, Germany, is mounted. The specimen is a silicon 
wafer master of 101.6 mm diameter on which different 
rectangular gratings are structured using deep-ultra-violet 
(DUV) lithography. The one under analysis has a nominal pitch 
of 1400 nm and nominal height 1130 nm. The grating is aligned 
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under the microscope in such a way that the scanning direction 
is perpendicular to the grating orientation. The wafer is tilted 
under the microscope with an angle of 20° as shown in Figure 
1a. A schematic representation of the untilted and tilted 
specimen is shown in Figure 1b and 1c respectively. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Set-up of the tilted wafer under the AFM microscope (a) and 
schematic measurement layout without (b) and with (c) tilting. 

3. Measurements results  

The results of the measurements are reported in Figure 2 and 
Figure 3. The topography in Figure 2a is the average from trace 
and retrace micrographs and it has a global dimension of 4.0 µm 
× 0.4 µm with a resolution of 8 × 4096 pixels. The section in 
Figure 2b is the average among 4 pixels from the centre on the 
X direction. The corner radius, as well as the cone angle (180° 
minus the tilting angle and the sidewall angle as labelled in Fig. 
1c), are defined using the least square fitting method. 

 

(a) 
 

(b) 
Figure 2. 3D (a) and Cross-Section view (b) of the tilted grating profile. 

 
Figure 3a shows the levelled 3D view of the sidewall of the 

grating structure and in Figure 3b the Y-section is displayed. This 
section is longitudinal to the tilted sidewall. In this case, the 
image size is 8.0 µm × 0.4 µm with a resolution of 16 × 
4096 pixels.  
 

(a) 
 

(b) 
Figure 3. 3D (a) and Cross-Section view (b) of the tilted grating sidewall 
roughness. 

 

Additional results in terms of corner radius, cone angle and 
profile roughness (Ra) along the sidewall, in the format of 
average ± standard deviation (relative standard deviation (COV) 
= standard deviation over average [%]) are sampled on four 
sections on three different consecutive gratings and reported in 
Table 1. 

Table 1. Average ± standard deviation (COV/%) of four sections from 
three different consecutive grating sidewalls in terms of corner radius, 
cone angle and surface roughness (Ra). 

Grating 
number 

Corner Radius 
/nm 

Cone angle  
/° 

Sidewall Roughness 
(Ra) /nm 

1 17.3 ± 1.7 (10 %) 90.7 ± 0.2 (0.3 %) 1.6 ± 0.9 (58 %) 

2 17.2 ± 1.3 (7 %) 91.0 ± 0.3 (0.2 %) 1.3 ± 0.2 (14 %) 

3 16.2 ± 2.6 (16 %) 90.8 ± 0.3 (0.3 %) 1.9 ± 0.4 (24 %) 

4. Results discussions and implications 

As depicted by the results in Table 1, the average shape of the 
grating, as result of the combination of DUV lithography and dry-
etching, maintains a deviation within 1° from nominal (90°). The 
corners can be considered sharp, with a global average radius of 
16.8 ± 1.9 nm. The profile roughness measured on the sidewalls 
has a global average of 1.6 ± 0.5 nm. This final result shows no 
significant trend along the sidewalls longitudinal direction, 
indicating that the etching process is isotropic.  

From these results is it possible to draw the conclusion that 
there is a significant difference in the measurement of grating 
structures when compared to an untilted set-up [8]. The 
difference is shown in Figure 4a. In Figure 4b a reference untilted 
measurement is shown. The cone angle is higher by the least 2°, 
and the measured corner radius is more than 3 times larger. 

 

 
(a) 

 
(b) 

Figure 4. Cross-section profile comparison of the tilted and untilted 
grating (a) and reference measurement of the untiled specimen (b). 

5. Conclusions 

In comparison to a conventional set-up, tilting a wafer under 
the AFM allows a correct reconstruction of HAR rectangular 
gratings structures. The method also enables the correct 
evaluation of the sidewalls roughness of the manufactured nano 
features. 
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Abstract 
 
This paper presents a design of electro permanent magnet (EPM) chuck that adapts a mobile machine to a curved surface of a large 
workpiece such as parts of ship and aircraft. It is difficult to machine the large parts inside machine tools. Thus, a mobile machine is 
used as an alternative way, which moves on a surface of the workpiece. The mobile machine should be easily detached from and 
attached to the workpiece. An EPM chuck is used as a device to fix the mobile machine since that is easily attachable and detachable. 
The yoke connecting permanent magnet and AlNiCo magnet forms a magnetic circuit, which configuration generates the holding 
force of the mobile machine. However, the EPM chuck is typically customized for a flat surface, so the holding force is reduced on a 
curved surface due to the lack of contact area. Therefore, this study designed a different type of EPM chuck set that is specified on a 
curved surface. The experiments verified that it copes well to the curved surface as well as the flat surface. 
 
EPM(Electro Permanent Magnet), Mobile machine, Curved surface 

 

1. Introduction 

In general machining, most mechanical parts are machined 
inside the machine tools. However, large workpieces such as 
parts of aircraft, ships, and wind turbines are difficult to process 
by traditional methods. In order to machine the mechanical 
parts in the machine tools, the tools must be more than twice 
larger than the object. Preparing such a big tool is not 
economical. Therefore, various mobile machines have been 
used to resolve such unreasonableness [1-4]. 

 

         
Figure 1. A mobile machine on machining on-site and multi-collaborative 
machining 

 
Figure 1 shows that a mobile machine is being processed over 

a workpiece and several mobile machines are collaborating. A 
mobile machine is used for cutting, drilling, milling, welding, 
riveting, inspection, and cleaning, which moves on a large 
workpiece. The mobile machine must repeat walking and 
stopping on a workpiece. Then, a device for fixing the mobile 
machine is essential. A vacuum pad is generally used regardless 
of the material of the workpiece and it is also used on a curved 
surface. However, the horizontal stiffness is weak because the 
substance of the vacuum pad is rubber, which makes it difficult 
to hold the mobile machine in the correct position.  

On the other hand, a magnetic chuck is advantageous for 
controlling the precise position of the moving machine. 
However, if the surface of the workpiece is curved, the magnetic 
holding force is reduced due to the lack of contact area on the 

curved surface. Therefore, this paper introduced a different 
design of electro permanent magnet (EPM) chuck set that can 
be flexibly adapted to a curved surface as well as a flat area. Also, 
the developed design showed usefulness for a curved surface 
adaptation by experiment. 

2. Electro permanent magnet chuck 

Magnet chucks consisting of only permanent magnets are 
inconvenient to use because it is not easy to remove that from 
the attached object. Therefore, electromagnets are sometimes 
used, but it is not preferred because electric current must be 
continuously applied. Instead, AlNiCo magnets are used to 
control the magnetic circuit. AlNiCo magnets have proper 
magnetization even with a small magnetic field compared to 
permanent magnets such as Nd magnets. These characteristics 
are used to convert the magnetic circuit of the permanent 
magnet chuck. 

 

           
Figure 2. Magnetic circuit with AlNiCo magnet and Nd permanent 
magnet for attaching and detaching 

 
Figure 2 is an example of an EPM chuck combining a 

permanent and an AlNiCo magnet [3]. When magnetizing the 
AlNiCo magnet in the same direction as the permanent magnet, 
the magnetic circuit is formed outside. When magnetizing in the 
opposite direction to the permanent magnet, the magnetic 
circuit is formed inside. Figure 3 is an electrically switchable 
commercial permanent magnet chuck. The magnetic path of the 
permanent magnet is switched using an electromagnet. It is not 
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suitable for miniaturization because it is large in size and weight 
by using two electromagnets and permanent magnets. 

 

     
Figure 3. A commercial switchable permanent magnetic chuck 

 

           
Figure 4. Magnetic circuit with only AlNiCo magnet for attaching and 

detaching 

 
Figure 4 shows an EPM chuck using only one AlNiCo magnet. 

In general, Demagnetization is achieved by applying alternating 
currents several times, but here, the magnetic field 
corresponding to the coercive force of the AlNiCo magnet is 
estimated to demagnetize it with one application of current. 

 
EPM chuck using only AlNiCo magnet 

When the AlNiCo magnet is magnetized, the surface of the 
AlNiCo magnet is unipolar, and when demagnetized, it is bipolar. 
Therefore, when the magnet is magnetized, the magnetic circuit 
is formed externally, and when demagnetized, the magnetic 
circuit is formed internally. 

 

 
Figure 5. Magnetic views of AlNiCo magnet attached and detached 

 
Figure 5 shows the magnetic images of the AlNiCo magnet 

surface when magnetized and demagnetized. However, when 
the AlNiCo magnet is demagnetized, the magnet surface is 
bipolar. In the bottom figure, the center of the AlNiCo magnet 
shows the North Pole, and the edge shows the South Pole [5]. 

 

       
Figure 6. EPM chuck with only AlNiCo magnet for attaching and 
detaching 

 
Figure 6 is an EPM chuck made using only an AlNiCo magnet. 

Since the EPM chuck is designed for use on a flat surface, the 
diameter of the EPM chuck is large, so that the fixed force may 
reduce and the chuck may shake on the curved surface. 

3. EPM chuck set design to adapt to a curved surface 

In fact, most workpieces have more curved surfaces than flat 
surfaces. EPM chucks made for on-plane use differ in their 
holding forces depending on the shape and surface conditions of 

the object. On curved surfaces, the holding force may be 
reduced and the EPM chuck may swing. Therefore, this paper 
designed and fabricated an EPM chuck that can adapt to a 
curved surface and verified its usefulness through experiments. 

 

  
Figure 7. Design of EPM chuck set for curved surface 

 
Figure 7 is a model of a surface adaptive EPM chuck set. In 

order to minimize the weight and size of the EPM chuck, the EPM 
chuck using only the AlNiCo magnet was made small and 
designed by combining them. Each EPM chuck connected to the 
main body in the center corresponds to the curved surface by 
two-way rotation in a certain range when it contacts the curved 
surface. When an electric current is applied to the contacted 
EPM chuck along the slope of the curved surface, the AlNiCo 
magnet is magnetized and attached to the object. 

 

       
Figure 8. An experiment of the EPM chuck set on sphere surface  

 
Figure 8 shows the curve-adaptive EPM chuck set fabricated 

by the proposed method and the holding force at 2.5m radius. 
The experimental result shows that the holding force is well 
maintained on the curved surface. 

4. Summary 

This paper designed and fabricated an EPM chuck set that can 
adapt a mobile machine to curved surfaces. To reduce the 
weight and size of the EPM chuck, several EPMs made of only 
AlNiCo magnets were connected. The experimental results 
confirmed that the proposed method is useful. 
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Abstract 
In modern manufacturing industry, industrial robots have been widely used. Health status of the robots should be always monitored 
to prevent a sudden shutdown of manufacturing lines. Supervising the signals measured from the industrial robot and diagnosing the 
status of machines in real time are essential tasks for us to manage the manufacturing lines.  
In this work, we developed a system for data-driven fault diagnosis of industrial robots, which includes a data acquisition and mining 
process, a machining learning process, and a cloud computing framework. The signals gathered from attached sensors on the robot 
are stored in a database within the framework. Structured data are extracted from the stored raw signals. The most important 
features are selected from the structured data for preventing the overfitting problems in the machine learning process. The fault 
diagnosis models are trained based on several machine learning algorithms and selected features. Finally, the fault diagnosis results 
are monitored by operators using mobile devices in real time. All monitoring and diagnosing processes including signal processing, 
feature extraction, feature selection, and diagnosis operate in the server of our cloud computing framework.  
 
 
Keywords: Artificial Intelligence, Cloud Computing, Diagnostics, Manufacturing, Robot 

 

1. Introduction 

In modern manufacturing  industry,  monitoring the health 
status of industrial robots has become important. Faults of 
industrial robots may  decrease  the  quality of manufactured 
products  and  cause shut down of  manufacturing lines. Fault 
diagnosis of machineries have been widely studied [1]. However, 
model-based or signal-based fault diagnosis, which rely on prior 
knowledge, are difficult to apply to industrial robots because of 
their  complicated structure  and movement.  In this work, we 
developed a data-driven fault diagnosis, which does not require 
prior knowledge,  for industrial robots. A cloud computing 
framework  is  also developed  to minimize  the resource of 
humans. 

Our data-driven fault diagnosis system with a cloud computing 
framework includes a data acquisition module, data processing 
modlue, fault diagnosis module, process monitoring module and 
alarming module. The data acquisition module is located in the 
physical space where the industrial robot is installed. Data 
processing and fault diagnosis module run in a server of our 
cloud computing framework. Monitoring and alarming modules 
are developed with web application program interface. With the 
combination of the two powerful modules, we provide a 
complete solution to monitor the health status of industrial 
robots in real time. 

2. Research flow      

The cloud computing framework for fault diagnosis is shown 
in Fig. 1. The analog signals measured by sensors were 
transformed into digital signals by the data acquisition (DAQ) 
module and transfered to a local gateway. The local gateway 
transmited the gathered signals to the cloud to analyze data 

using signal processing techniques and machine learning 
algorithms.  
   
2.1. Data acquisition module 

In this work, we attached accelerometers and acoustic 
emission sensor on the industrial robot. The status of an input 
gear in the joint of the industrial robot is diagnosed. The sensors 
are attached near the target input gear and measure the signals 
while the industrial robot is in the programmed motion. The 
measured signals are converted into digital signal via DAQ and 
transmitted to server using the local gateway. 

 
2.2. Data analysis and diagnosis module in server 

The developed server includes programs of signal processing, 
feature extraction/selection, machine learning and database. 
The transmitted digital signals are decomposed using signal 
processing techniques like wavelet packet decomposition, and 
seven numbers of structured data are extracted as follows: max, 
min, mean, absolute mean, root mean square, variance, and 
kurtosis. 

The number of structed data is large because of multiple 
sensors and 12 decomposition levels while processing the signal. 
252 numbers of features are extracted in one experiment using 
three sensors. The massive numbers of features may cause 
overfitting problems and reduce the accuracy of the diagnosis 
models. We employed feature selection process including filter 
and wrapper method [2]. The most important features are 
selected from the structured data before the machine learning 
process. 

We employed support vector machine, artificial neural 
network, convolutional neural network [3], and critical 
information map [4] as the machine learning algorithms. The 
fault diagnosis models are trained based on the mentioned 
machine learning algorithms and selected features. All data 
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including raw signals, diagnosis results, and fault diagnosis 
models (diagnosis AIs) are saved in mongoDB repository [5]. 

The fault diagnosis results are transmitted through the Web 
API and monitored using mobile devices in real time.  
 

 
Figure 1. A schematic diagram of the cloud computing framework 

3. Results 

We validate the fault diagnosis model using data which is not 
used during the model training process. Table 1 and 2 show the 
diagnosis results of the unused data using the trained models 
with feature selection process and without the process 
respectively. The fault diagnosis model with feature selection 
classify normal and abnormal conditions with 98% accuracy, 
which are 9% higher than the model without the process. This 
result shows that the extracted features cause overfitting 
problems during machine learning process and feature selection 
process can effectively prevent the problem.  

 
Table 1 Validation result of the input gear fault diagnosis with feature 
selection process 

 
Predicted status 

Normal Abnormal 

True status 
Normal 30 0 

Abnormal 1 29 
 

Table 2 Validation result of the input gear fault diagnosis without feature 
selection process 

 Predicted status 
Normal Abnormal 

True status 
Normal 26 4 

Abnormal 2 28 

4. Conclusions 

In this work, we developed a data-driven fault diagnosis 
system with a cloud computing framework for industrial robots. 
The fault diagnosis model classified normal and abnormal status 
of the input gear with very high accuracy.  

All process except the data acquisition operates automatically 
in the cloud computing system. Therefore, our cloud computing 
framework may provide an efficient diagnosis operation by 
giving prompt and accurate monitoring results regardless of 
location. In addition, our framework may facilitate quality 
control in a manufacturing process which has become critical in 
autonomous factory. 
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Abstract 
The use of Atmospheric Pressure Plasma (APP) holds much promise for processing without the high cost and consumption of time of 
traditionally used vacuum plasmas, however operation at atmospheric pressure necessitates generation of a plasma that is stable 
spatially and temporally, for processing that is controllable and repeatable. This work employs different methods of characterisation 
to investigate stability and distribution of plasma generated by an APP device. 
 
Atmospheric Pressure Plasma (APP), spectroscopy, X-ray computed tomography (XCT), precision manufacture, metrology, in process monitoring, 
          

 

1. Introduction   

Many precision processes such as during the manufacture of 

films, application of coatings , and adhesion of polymers, 

require a surface clean and free of contamination and soiling 

[1] [2] [3]. Plasma has been utilised extensively for cleaning of 

the surface however occurs most commonly in vacuum plasma 

systems that are time consuming and costly [4].  Atmospheric 

pressure plasmas (APP) are an area of increasing interest in 

research as they can enable processing of materials in-process, 

without the need for vacuum chambers [5]. As plasmas 

generated at atmospheric pressure do not exist uniformly as in 

a vacuum chamber, characterisation of APP is important to 

ensure repeatability and optimisation of processing [6].  

Presented here is characterisation of a novel plasma generation 

device  from Adtec Plasma Technology that utilises an array of 

plasma to allow faster treatment of larger areas.   

2. Background 

  There is huge variation in plasmas produced both within 
industry and research, indicating the wide variety of applications 
plasma has. Sufficient determination and control of these 
characteristics are vital for plasma’s integration in industrial 
processes, as poorly optimised or controlled parameters can 
result in damaged materials, inconsistencies in production, or 
inadequate processing effects. Plasma temperature is one such 
variable that can have considerable effect on processing 
capabilities [7]. Due to high energies required for ionisation, 
plasma temperature is usually high, in some cases up to 10000 K 
[8]; however it is possible to create “cool” plasmas, which are 
used for more delicate applications such as in medical 
applications, for example wound sterilisation [9], treatment of 
polymers [10] [11], and processing of crystal quartz [12].   
 

  

In atmospheric pressure plasmas distribution of species within 
the plasma jet or array is also of considerable importance. In 
particular plasmas utilising reactive or multiple species require 
precise spatial control to ensure processing effects are only on 
the desired areas. Careful control of gas flow both within and 
upon exit of the torch is often necessary to ensure the plasma is 
contained in a repeatable manner [13]. 

3. Methodology      

Three methods of characterisation were undertaken: X-ray 

computed tomography (XCT), for a better understanding of the 

structure of the torch itself; spectroscopy in the UV-Visible-

Near Infrared range to characterise the plasma produced; and 

measurements of torch temperature, to determine attainment 

of thermal equilibrium. These were then compared to better 

understand the data obtained from each.  

 
3.1. X-ray computed tomography (XCT) 
 

For this the torch was placed on a motion stage within the XCT 
chamber, as shown in Figure 1, with parameters as showin in 
Table 1, and images generated at various angles and positions 
such that an image of the internal composition of the torch was 
built up. This work was carried out at the National Physical 
Laboratory (NPL), London. 

 

Beam Energy 170 kV 

Beam Current 80 µA 

Beam Power 13.6 W 
Table 1. Parameters of beam used for XCT analysis. 
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Figure 1. Experimental setup for XCT of torch  

 
3.2. UV-Visible-Near Infrared Spectroscopy      

The second method of characterisation was using UV-Vis-NIR 
spectroscopy. The torch was mounted in an enclosure below 
which a lens was positioned on a motion stage (Figure 2). 
Spectrometers (OceanOptics) were used to obtain emission 
spectra from the plasma for both spatial mapping, where the 
lens travelled to cover an area across the plasma, and temporal 
mapping, where the lens was stationary under each electrode.  

A static whole spectrum (200 nm – 850 nm) was taken first to 
determine the composition of the plasma, from which a single 
peak was chosen for analysis of temporal and spatial stability.  
Plasma was generated first using a supply of clean dry air (CDA), 
then with pure nitrogen gas, with gas flow rate and forward 
power kept constant. 

 
3.3. Temperature measurements 
   Measurements of temperature were taken from a 
temperature sensor built into the device by Adtec Plasma 
Technology. Readings were taken every 30 seconds from a start 
temperature of 25 °C up to 80 °C, at which a safety limit is 
reached and system shuts down. This was done with and 
without application of a rudimentary cooling system (a flow of 
clean dry air over the upper section of the torch). 

 

 
 
Figure 2. Schematic for attainment of spectroscopy data: (a) RF 

Generator, (b) Mass Flow Controller, (c) plasma generating device, (d) 
lens mounted on motion stage, (e) Spectrometer. 

 

 

 

 

 

 

4. Results and Discussion   

 4.1. X-ray computed tomography (XCT) 
 

 
 
Figure 3.   XCT image of plasma generating device, with direction of 

plasma generation indicated with arrows.  

 
The image obtained using XCT (Figure 3) showed the torch unit 

comprising of an array of micro-discharges arranged into seven 
electrodes. Also observed is the temperature sensor and 
associated connections.  

 

 
 4.2. Air plasma 
 
  Plasma generated from the CDA supply exhibited maximum 
intensity at the 337.13 nm peak which corresponds to the 
second positive system emission of nitrogen [14] (Figure 4). The 
majority of peaks observed can be attributed to emission from 
nitrogen, with the exception of a small peak at 272.2 nm which 
occurs from the nitrogen third positive system of Nitric Oxide 
(NO) [14]. Therefore it can be concluded that the plasma 
generated here is almost entirely nitrogen plasma, with 
negligible ionisation of other components in the air such as 
oxygen and carbon dioxide. The relatively low intensities of 
nitrogen observed suggest considerable energy is wasted on 
these species providing thermal kinetic energy at a level below 
which ionisation occurs. 

 
Figure 4. Emission spectrum of air plasma with peaks labelled as 

follows: a, NO A-X; b, N2 C-B (1-0); c, N2 C-B (0-0); d, N2 C-B (0-1); and e, 
N2 C-B (0-3) [15].  
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 As a result of the low intensities of emission, noise from the 
spectrometer presented a considerable challenge in accurate 
analysis of data, consequently this has been omitted from 
further discussion presented here. 
 
4.3. Nitrogen plasma 

 
Emission spectrum in the whole measured range from the 

plasma generated using pure nitrogen demonstrated the 
presence of nitrogen plasma (Figure 5), with the most prominent 
peak observed at the same 337.13 nm nitrogen peak as in the air 
plasma.  This peak was used for all further spectroscopy analysis.  
Observed intensities were considerably higher than for air 
plasma, suggesting a far higher degree of ionisation and 
therefore more efficient plasma generation.  

 

 
Figure 5. Emission spectrum of Nitrogen plasma with peaks labelled as 

follows: a, N2 C-B (1-0); b, N2 C-B (0-0); c, N2 C-B (0-1); and d, N2 C-B (0-3) 
[15].  

 
Spatial mapping observed 7 distinct peaks in emission 

intensity at the 337.13 nm peak (Figure 6), with a roughly 
Gaussian distribution in both x and y. When compared to the 
image obtained via XCT, it can be concluded that the plasma 
generating device consists of 7 distinct electrodes (Figure 7).

 
 
Figure 6. Intensity of 337.13nm peak of nitrogen plasma in x and y. 

 
Spatial mapping also showed a significantly lower emission at 

the second electrode. This corresponds with the location of the 
temperature sensor as shown in the XCT image, suggesting the 
placement of this has interfered with the plasma during or after 
generation. 

 

 
 
Figure 7. Intensity of 337.13nm peak relative to x position of the 

plasma emitting device (above), and intensity of peak at x and y position 
(middle), aligned with electrodes visible in XCT image (below). 
 

Temporal stability measurements (as shown in Figure 8) 
showed the nitrogen plasma discharged from each electrode to 
be temporally stable to within ±6 %, with a gradual increase in 
intensity. It also shows each electrode experiences a brief 
(approximately 15 seconds) ramp up of intensity before 
becoming more stable. A gradual increase in intensity is 
observed over the time elapsed, suggesting the plasma did not 
reach thermal equilibrium during the duration of data collection. 
This may also explain the seemingly large envelope of instability. 

 

 
Figure 8. Intensity of 337.13nm peak relative to time for each of the 
electrodes. 
 

Also apparent from temporal stability data is disparity in the 
average intensity emitted at each electrode. Average intensity 
for all electrodes was 2757 counts, with the highest average 
being electrode 5 at 3203 counts, and the lowest average of 
2084 counts at electrode 2. This considerable range in intensities 
may be due to initial prototype design of the plasma generating 
device and/or lack of precision in manufacture of the torch 
electrodes. 

Temperature measurements (Figure 9) demonstrated the 
need for cooling, which significantly increased running time 
despite its basic nature. It also increases the possibility of 
reaching thermal equilibrium as seen by the heating curve 
levelling off. It is possible that if left to run this equilibrium of the 
Nitrogen plasma would have been reached, however gas use 
constraints meant it was necessary to switch off the plasma 
torch before this could be observed.  Nitrogen plasma with 
cooling heated at a far slower rate than the air plasma, which 
may be due to the higher incidence of ionisation (and therefore 
more efficient generation if plasma) than in the air plasma, 
where significant energy went into heating molecules that were 
not subsequently ionised. Cooling of the torch without 
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application of external cooling air flow was observed to 
approximately obey Newton’s law of cooling. 

 
 

  
Figure 9. Plasma generating device temperature with and without 

cooling. 
 

5. Conclusion     

Investigation of the plasma generated by the device has shown 
the importance of torch design and construction for the 
generation of a stable plasma. Also demonstrated is the 
importance of characterisation of plasma produced, such that 
processes and/or torch design may be altered to ensure any 
processing conducted using the device is stable, repeatable, and 
optimised. Additionally, it has been shown that it can take 
considerable time for the torch to reach thermal equilibrium, in 
this instance greater than 5 minutes, resulting in a plasma that 
is temporally unstable. Thus, time until equilibrium must be 
determined and taken into account for processing applications. 
An efficient cooling system is can help achieve this, and allows 
for longer running times that are beneficial for industrial 
applications. 

6. Future Work      

Factors that affect plasma stability are numerous and will vary 
between systems. Typically, these include physical factors such 
as torch design, as well as more easily variable parameters such 
as gas flow and forward power. Future work will be conducted 
to optimise these parameters to produce a more stable plasma 
than was investigated here. Additionally, further analysis of 
spectroscopy data will enable a better understanding of 
distribution of species within the plasma. 

The effect of stability and distribution of plasma on control and 
repeatability of processing, such as surface energy modification, 
cleaning, and deposition of coatings at atmospheric pressure, 
will be explored. 
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Micro milling can be used to manufacture microstructures and ‐components. The tool substrate used for micro end mills is mostly 

cemented carbide, whose grain size limits the minimum achievable cutting edge radius. Especially for small tool diameters the cutting 
edge radius is large compared to the undeformed chip thickness, resulting in high mechanical stresses on the end mills. Technical 
ceramics offer very good mechanical and thermal properties, and may allow to further reduce the cutting edge radii. Yet they have 
not been used for micro end mills, as there is very little knowledge regarding the manufacture of all‐ceramic end mills in general. In 
this study, novel all‐ceramic micro end mills (Ø100 µm) were manufactured via grinding and examined to explore their capabilities. 
Four ceramics (aluminum oxide, silicon nitride, zirconia and zirconia toughened alumina) were used as tool substrates. Defect‐free 
end mills with low cutting edge radii were ground from zirconia. For the silicon nitride end mills only a 'chamfered' cutting edge was 
attained, while the alumina‐based ceramics were found unsuitable for micro end mill production due to severe grain pullout. 
 

micro milling, micro end mill, ceramic, tool grinding 

 

1. Introduction  

The demand  for micro products has  risen  in  the past years. 
Small  components with high quality and accuracy are e.g.  re‐
quired  in medical devices, sensors and measuring  instruments 
[1]. Micro milling with micro end mills is well suited to produce 
custom and individual micro‐parts, as it is highly flexible, can ma‐
chine most materials and has low setup costs [2]. However, the 
small tool diameters and comparatively high cutting edge radius 
to undeformed chip thickness ratios result  in ploughing during 
chip formation, and thus high mechanical stresses on the micro 
end mills. The cutting edge radius cannot be further reduced, as 
it  is  limited by the grain size of the cemented carbide used as 
tool substrate [3].  
Technical ceramics offer very good properties as well and may 

allow to further reduce the cutting edge radii due to their small 
grain  sizes and  the material  structure of  ceramics. Hence,  ce‐
ramic micro  end mills  are  expected  to  lower  the  amount  of 
ploughing present during milling and be less prone to wear. Yet 
they  have  not  been  used  for micro  end mills  and  very  little 
knowledge manufacturing all‐ceramic end mills exists in general 
[4].  Therefore,  in  this  study novel  all‐ceramic micro end mills 
made out of four ceramic substrates are manufactured and ex‐
amined to explore their capabilities. 

2. Tool manufacturing  

2.1. Ceramic substrates 
Table 1 shows the properties of the ceramic substrates used 

to grind micro end mills. There are three oxide ceramics: Pure 
aluminum oxide (alumina/ Al2O3), yttria stabilized tetragonal zir‐
conia polycrystal  (zirconia/ Y‐TZP) and zirconia toughened alu‐
mina (ZTA). Alumina  is very hard but has  low flexural strength 
and fracture toughness, and vice versa for zirconia. This is based 
on  the  transformation  toughening  of  Y‐TZP.  Upon  crack  for‐
mation a phase transition from tetragonal to monoclinic is initi‐
ated  and  the  crack  propagation  is mitigated  or  stopped.  The 
combination of zirconia and alumina into ZTA aims to keep the 
strengths and eliminate the weaknesses of both substrates. As  

Table 1: Mechanical properties of the ceramic substrates used [5] 

the only non‐oxide ceramic, silicon nitride  (Si3N4)  is tough and 
hard at the same time, particularly at higher temperatures. 
 

2.2 Grinding setup and tool grinding  [6]  
To  evaluate  the  four  ceramics'  performances  as  tool  sub‐

strates, single edged micro end mills of 100 µm in diameter were 
ground from the ceramic tool blanks (Ø3 mm h6 x 39 mm). This 
was performed on an ultra‐precision  lathe LT‐Ultra MTC 2501. 
The machine tool  is comprised of a granite bed with an active 
vibration  isolation,  hydrostatic  linear  guides  (resolution 
< 0.009 nm)  and  an  air‐bearing  main  spindle  (maximum 

property 
ceramic substrate 

Y‐TZP  Si3N4  Al2O3  ZTA 

hardness / HV10  1.300  1.600  1.800  1.700 
compressive strength / MPa  2.200  2.500  2.800  2.600 
flexural strength / MPa  1.100  850  340  600 
fracture toughness / MPa∙√m  10.5  6.0  4.3  4.5 
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Figure 1: Grinding unit (a)), geometry of the micro end mills after [6] 
(b)) and grinding parameters (c)) 
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RPM: 2500)  that doubles as a  rotary axis. The grinding unit  is 
mounted on the machine table, see figure 1a, and positioned via 
the X‐ and Z‐axis of the  lathe.  It consists of two hydrodynamic 
grinding  spindles  equipped with  diamond  grinding wheels,  a 
resin‐bonded  blade  with  #800  and  a  blade  with  an  electro‐
formed bond and #4800. They are used for roughing and finish‐
ing operations, respectively. The tool blank  is heat‐shrunk  in a 
tool holder fixed to the lathe's main spindle. The setup is similar 
to [7], however this unit's spindles are capable of speeds up to 
20 000 rpm.  A minimum‐quantity‐lubrication  (MQL)  system  is 
mounted  to  the  side  of  the  unit,  supplying  the  fine  grinding 
wheel with an aerosol stream.  
To grind the end mills, a cylinder is first produced at the tip of 

a  conical  tool blank.  In a  second  step,  the  final  geometry de‐
picted  in figure 1b  is ground using the fine grinding wheel. For 
further information concerning the grinding process we refer to 
[6]. With the setup described, end mills of each substrate were 
ground.  The  grinding  process  parameters  (cutting  velocity  vc, 
feed velocity vf and depth of cut ap, ranges see figure 1c) were 
varied  in order to ascertain the best settings regarding cutting 
edge radii and grain pullout on the ground end mill. 
 

2.3. Results 
Figure 2 displays SEM‐images of the best end mill made from 

each of the four ceramics. The cutting edges for the Y‐TZP end 
mill are very sharp, with no grain pullouts or defects across the 
entire surface. For the Si3N4 end mill, the cutting edges are still 
rather sharp, although sort of 'chamfered' due to grain pullouts 
along  the cutting edges. The geometry of both end mills con‐
forms to the target geometry. In addition, both substrates prof‐
ited  from adjusted grinding parameters: Y‐TZP responded well 
to medium settings (vc 24 m/s, vf 2 mm/min, ap 4 µm), whereas 
Si3N4 needed to be ground with very low feed and high cutting 
velocity (vc 53 m/s, vf 0.1 mm/min, ap 2 µm). Variation with the 
aforementioned parameters was low for both substrates, most 
ground end mills are similar to the ones shown in figure 2. 
In contrast, both alumina‐based ceramics suffer from severe 

grain pullouts and dull cutting edges as can be seen in the SEM 
images. The end mills' geometries differ largely from the target 
geometry. The corners of the cutting edges are only partially in‐
tact. This  is even more pronounced on most of  the other, not 
depicted end mills ground, which exhibit even more pullouts and 
further  geometry  deviations.  Also,  no  improvement  was 
achieved with varied grinding parameters. It is evident from the 

intact parts of the rake face without scratches or micro‐plough‐
ing that grinding took place in the ductile cutting regime [8]. Yet, 
entire grains have been pulled out of the substrate. A possible 
reason for these pullouts is the low fracture toughness of both 
substrates. If the total stress  in one grain  is too high,  it breaks 
away as a whole rather than entering brittle mode at that junc‐
ture. Additionally, the average crystal size  is high as  individual 
grains  can  already  be  identified  in  figure 2  (approximately 
5 µm ‐ 10 µm).  While  submicron  alumina‐based  substrates 
might be less prone towards such severe pullouts, the tested alu‐
mina‐based substrates are not suitable for micro end mill pro‐
duction. 

3. Conclusion and outlook 

Despite their good mechanical and thermal properties, tech‐
nical ceramics have not yet been applied to manufacture micro 
end mills. In this study a unit for grinding ceramics has been built 
and micro end mills made from four different ceramic substrates 
have been  ground using  varied  grinding parameters.  The end 
mills' geometry and the quality of the cutting edges after manu‐
facturing  were  examined.  In  conclusion,  the  tested  alumina‐
based ceramics are not suited for micro end mill production due 
to severe grain pullouts during grinding, which result in dull cut‐
ting edges and tool geometry deviations. Zirconia and silicon ni‐
tride  are  adequate  tool  substrates  for  micro  end  mills.  The 
sharpest cutting edges were realized with zirconia, while the sil‐
icon nitride end mills had 'chamfered' cutting edges due to mi‐
nor pullouts.  
In  conclusion  all‐ceramic micro  end mills were  successfully 

produced for the first time. In further studies, the end mills will 
be deployed in brass as well as hard to machine materials such 
as titanium to analyze their cutting performance and wear be‐
havior. This will show the  influence of the  'chamfered' cutting 
edges of the silicon nitride end mills and identify whether zirco‐
nia or silicon nitride ceramics are better suited as tool substrate 
for micro end mills. 
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Abstract 
Materials development for next-generation alloys in critical applications requires high-throughput methodologies.  This is due to the 
number of alloy permutations, processing routes, and operando conditions to be evaluated.  Nanoindentation can provide statistical 
datasets at length scales that allow not just macro behaviour, but behaviour at microstructural length scales to be evaluated.  A new 
nanomechanical test system, capable of elevated temperature testing under vacuum, enables mechanical mapping of oxidation 
sensitive materials.  As a demonstration of the system’s capabilities, a dual phase FeNiCoCrMnAl0.3 high entropy alloy is evaluated 
which is an alloy of interest for nuclear applications owing to its potential to absorb substantial radiation defects.  We correlate the 
mechanical maps made via nanoindentation with crystallographic maps made via electron backscatter diffraction.  We also explore 
the automatic assignment of indents to the two phases using machine learning clustering techniques with reasonable success.  This 
alloy is found to have stable mechanical properties in the temperature range evaluated, which will prompt further studies at higher 
temperatures and under simulated radiation damage. 
 
Nanoindentation, High Entropy Alloys, Electron Microscopy, Machine Learning   

 

1. Introduction 

For the development of advanced alloys designed to be utilized 
in extreme environments, the ability to test individual phases or 
microstructural features at the desired operating temperatures 
is valuable.  For instance, softening by annealing or formation of 
unwanted new phases can degrade the performance of the 
materials.  To do these measurements, nanoindentation is a high 
throughput technique with the necessary resolution that only 
requires a flat polished specimen, from which many thousands 
of measurements can be extracted.  One limitation is oxidation 
or other contamination of the sample surface at high 
temperatures, which interferes especially with a surface 
characterization technique [1,2] like nanoindentation.  For this 
purpose, development of a high vacuum, high temperature 
nanoindenter was undertaken.  This system can perform an 
indent and reposition a sample within seconds, which has 
numerous benefits [3].  The most obvious is the feasibility of 
maps with a large number of data points, but also reduced tip-
sample reactions which can produce rapid probe wear and 
influence of thermal drift.  An ideal test case is a dual phase high 
entropy alloy.  The high temperature performance of these 
alloys is also of concern since they are in a relatively high energy 
metastable state by virtue of their processing route [4].  The 
number of potential alloys in a given HEA family is massive and 
it is hoped that exploring these compositional spaces will yield 
alloys with superior combinations of properties for different 
applications.  This means a lot of microstructural-level 
mechanical data is needed to help with the screening and alloy 
development process [5]. 

2. High Vacuum Nanoindentation Platform 

A commercially available vacuum chamber (Kurt Lesker Co.) 
was used as the enclosure for the vacuum nanoindenter, which 

can reach the 1E-7 torr range.  The internals follow the tried and 
true formula from the Hysitron TI-980 TriboIndenter (Bruker) 
platform, except redesigned for use in a high vacuum.  The 
gantry has been changed from granite to invar to aid in 
temperature stability.  Vacuum compatible, stepper motor 
driven precision positioning stages are utilized with added water 
cooling for the motors and appropriate vacuum compatible 
lubrication.  The transducer is based upon a multi-range 
nanoprobe (Bruker), which is a piezo actuated system with a 
capacitive, flexure-based load cell sensor.   

 
   

 
 

Figure 1. Layout of the Vacuum Nanoindenter system 
 

The indenter tip and sample are heated independently using 
resistive heater coils under closed-loop control with feedback 
from thermocouples and can reach temperatures in excess of 
800°C.  Materials for the remaining components were carefully 
selected for vacuum and additional water cooling was also 
integrated into the metrology head to combat radiative heating 
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from the high-temperature system.  Thermal breaks and active 
water cooling are utilized to minimize heat flow into the rest of 
the system.  Finally, the system has two types of vibration 
isolation, which are active piezo system underneath the gantry 
and passive vibration isolation air shock feet isolating the 
chamber from the floor.  Indents are optically targeted using a 
10x objective lens with a LED light source.  When operating in 
mapping mode, the tip is retracted and actuated using the piezo 
while the stage is moved underneath to the next specified 
position. 

3. Methods and Materials: Case study on FeCrCoMnAl0.3      

The HEA samples were provided by collaborators from Los 
Alamos National Laboratory.  This material is of interest for 
nuclear applications since there’s potential for the absorption of 
many radiation defects [6].  It has a microstructure consisting of 
dendrites of fcc material, which is Ni-rich.  The interdendritic 
regions were an eutectic lamellar mixture of Cr-rich BCC phase 
and the FCC phase.  Mapping was carried out using a diamond 
Berkovich probe with 10um indent spacing and 1um indent 
depth in displacement-controlled loading.  The loading time was 
1s and the total time between indentation was 3s giving a 
complete map in just under 5 min.  The indentation grids were 
correlated using fiducial markers with SEM based post-mortem 
analysis.  The clustering analysis was performed using a K-means 
algorithm from sci-kit learn [7].  The only required input was the 
number of clusters to sort the data into.   

4. Results: Case study on FeCrCoMnAl0.3      

A 12x12 hardness map is shown for each of three temperatures 
as measured under vacuum: RT, 300°C and 400°C.  It can be 
generally observed that the highest hardness regions indeed 
correlate to the darker, minor phase in the microstructure which 
is the BCC/FCC interdendritic region.  For the clustering, we 
chose to use 3 clusters, to attempt to capture the pure response 
of the two distinct phases and an extra cluster for tests landing 
on or near the interface (since a nanoindentation test has a long-
range stress field). 

 
Figure 2. Comparison of Hardness (a-c), post-mortem SEM (middle-f) 
and clustering (bottom-i) for RT, 300°C and 400°C. 

 
The final results of the hardness of the two distinct phases 
(having removed the interface points from the clustering 
method, resulting in 72% data usage) give Figure 3.  It can be 
observed that the agreement between the manual method and 
machine-learned clustering is reasonable.  The overall property 
change was a slight decrease in hardness for both material 

phases, which indicates good thermal stability of the mechanical 
properties in the tested temperature range [8]. 
 

 
Figure 3. Comparison of Hardness as assigned to the two phases of this 
microstructure as a function of temperature for both the manual 
assignment and machine learning clustering technique. 

5. Closing      

In summary, high throughput evaluation of individual 
properties of microstructural phases is a valuable goal for alloy 
development in advanced applications.  The use of a high 
vacuum environment helps to protect the sample surface at 
elevated temperatures and improve measurement accuracy for 
nanoindentation techniques.  We successfully demonstrated 
this capability on a dual phase high entropy alloy, complete with 
the initial evaluation of a high-throughput analysis scheme using 
machine learning based on K-means clustering. 

Future work would include evaluation of additional data for 
the clustering scheme – this would include some kind of spatial 
weighting or correlated structural and chemical data from other 
techniques.  For the alloy family studied here, the introduction 
of simulated radiation damage will also be tested in a similar 
scheme to that presented here.  
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Abstract 
Double-sided polishing technique is commonly applied to achieve high total thickness variance (TTV) and high flatness in large 
silicon wafers, which are used to manufacture Integrated circuit (IC) cards and smartphones. However, a polishing method that 
realizes both high TTV and high flatness has not been studied in depth theoretically. On the other hand, polishing simulation, based 
on gap theory, has been developed. It was determined that the simulated results agreed well with the experimental results for 
single-sided polishing. This paper describes a polishing method to achieve high TTV and high flatness, the values of which were 
calculated using the new double-sided polishing simulation program. When the flat lower plate and the cone upper plate with the 
optimum slope are used, the TTV is less than 0.04 μm and the flatness is less than 0.05 μm, the carrier rotation speed is small, and 
the speed difference between the upper plate rotation and the carrier revolution is equal to that between the lower plate rotation 
and the carrier revolution. In addition, this study clarifies that higher flatness is obtained by optimally overhanging the workpiece 
from the inner side of the plate. 
 
Double-sided polishing simulation, Gap theory, High flatness, TTV, Average thickness variation   

 

1. Introduction   

Fine patterns of less than 7 nm are exposed using extreme 
ultraviolet lithography (EUV) to fabricate Integrated circuit (IC) 
cards and smartphones [1]. Therefore, a flatness of less than 
0.1 μm and a total thickness variance (TTV) of less than 0.3 μm, 
not considering the wafer periphery of 1 mm, are required for 
300-mm semiconductor wafers. Such high accuracies can be 
achieved owing to the progress of the fabrication technique, 
caused by using the double-sided polishing machine and by 
accumulating the polishing knowhow. However, this has not 
been explained in a theoretical manner so far. On the other 
hand, kinematical analysis of the double-sided machine has 
been reported [2]. However, double-sided polishing with cone 
and convex plates has not been investigated thoroughly. 

This paper describes the best polishing method to achieve 
high TTV and high flatness, the values of which were calculated 
using the new double-sided polishing simulation program 
developed on the basis of gap theory. 

2. Analysis and calculation conditions      

Double-sided polishing generates profiles with high flatness 
and TTV by sandwiching workpieces between an upper plate 
and a lower plate. If the workpiece is a thin plate with 
asymmetric sides, it is deformed to achieve almost symmetric 
sides during polishing, as shown in Figure 1. In this case, the 
bending moment of the workpiece is negligibly small and the 
distribution of pressure on the top surface is equal to that on 
the bottom surface. Furthermore, the gap between the 
workpiece and the upper plate is balanced to that between the 
workpiece and the lower plate. Based on this supposition, the 
polishing process was calculated with the double-sided 
polishing simulation program (CarrierPolish) [3], which was 
developed by applying the gap theory used in single-sided 
polishing [4][5]. 

Figure 1 Analysis method in double-sided polishing 

Table 1 Calculation conditions 
Inner radius 220 - 250
Outer radius 670 - 680

200
500
450
125

3
3

Upper plate -10
Lower plate 50
Workpiece 0
Rotation 1 - 50

Revolution 20
10
0.1
7.9

1
3

Cast iron
GC#1000

Quartz glass

Carrier speed (min-1)

Pressure (kPa)
Relative elastic coefficient (kPa/μm)
Stock removal rate [(μm/km)/kPa]

Plate radius (mm)

Workpiece diameter (mm)
Carrier diameter (mm)

Carrier planet radius (mm)
Center distance between carrier and workpiece (mm)

Number of carriers

Rotation speed (min-1)

Number of workpieces / carrier

Total polishing time (min)
Plate material
Abrasive grain

Workpiece material

Wear rate [(μm/km)/kPa]
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Table 1 shows the calculation conditions. The double-sided 

polishing machine is general-purpose, and the sizes and the 
rotation speeds for the upper and lower plates can be used 
widely. Workpieces are made of quartz glass, an abrasive grain 
is GC#1000, and the plates are made of cast iron.   

3. Flatness and thickness accuracy 
As the carrier rotation speed largely influences the flatness 

and TTV, the calculation was carried out for a wide range, from 
1 to 50 min-1. TTV is defined as the difference between the 
maximum thickness and the minimum thickness for a 
workpiece, and the thickness variation is defined as the 
variation of average thicknesses for all the workpieces as 
shown in Figure 2. 

Figure 3 shows the removal amount, flatness, TTV, and 
thickness variation after 3 min. The removal amount for the top 
surface of a workpiece increases with the carrier rotation speed 
and that for the bottom surface is almost constant. This is due 
to the running distance with the carrier rotation speed as 

shown in Figure 4. Conversely, the removal amount for the 
bottom surface is almost constant because the running 
distance does not almost increase with the periphery of the 
workpiece, which is caused due to the decrease in the speed 
difference between the carrier and the lower plate.  

Figure 3 Removal amount, TTV, thickness variation, and flatness 
calculated for a workpiece made of quartz glass and a plate 
made of cast iron polished with GC#1000 after 3 min when 
carrier rotation speed changes from 1 to 50 min-1. 

(a) Removal amount for the top and bottom surfaces of a workpiece 

(b) TTV and thickness variation for a workpiece 

(c) Flatness for a workpiece and a plate 

Figure 4 Total running distances of a workpiece at the carrier 
rotation speed of 2, 25 and 50 min-1. 

Figure 2 Definitions of TTV and thickness variation 

118



  
The flatness of the upper or the lower plate is approximately 

-1 μm (minus indicates concave), and it deteriorates with an 
increase in the carrier rotation speed. The flatness of the top 
surface of the workpiece increases with the carrier rotation 
speed and becomes a convex profile of more than 2 μm at the 
carrier rotation speed of 50 min-1. The profile for the bottom 
surface of the workpiece changes from convex to concave at 
the speed of 20 min-1. As the relative velocity between the 
bottom surface of the workpiece and the lower plate becomes 
uniform, at the speed of 50 min-1, the flatness of the bottom 
surface of the workpiece approximately becomes zero. Thus, 
the flatness of the bottom surface of the workpiece does not 
exceed 0.3 μm at any speed more than 20 min-1. This is 
attributed to the fact that when the concave shape of the 
lower plate increases by a huge amount due to wearing, the 
average pressure in the periphery of the workpiece increases 
with the carrier rotation speed. Conversely, the running 
distance reduces.   

The TTV is 0.5 μm below a carrier rotation speed of 2 min-1 
and becomes higher with an increase in the carrier rotation 
speed. It exceeds 2 μm at a carrier rotation speed of 50 min-1. 
The thickness variation is less than 0.1 μm outside the range of 
20±2 min-1, but the maximum value exceeds 10 μm inside the 
range. The TTV and flatness also deteriorate inside this range.  

Accordingly, a good flatness and TTV are obtained under the 
following polishing conditions: the speed difference between 
the upper plate rotation and the carrier revolution is nearly 
equal to that between the lower plate rotation and the carrier 
revolution, and the carrier rotation speed is small. In addition, 
it is necessary to avoid the condition in which the carrier 
rotation speed corresponds to the carrier revolution speed 
within 10 %. 

Figure 5 shows the thickness variation with respect to the 
polishing time. The carrier rotation speeds are 2, 51, and 101 
min-1. When the rotation speed is slower, the amplitudes and 
periods are larger. The period does not change with the 
polishing time, but the amplitude reduces slightly with the 
polishing time. This period corresponds to a period of the 
change in the distance between the plate center and the 
specimen center. This change influences the running distance 
and the removal amount, and eventually leads to deterioration 
in the thickness variation. The carrier rotation speed must be 
increased to reduce the thickness variation, as is clear from 
Figure 5. The thickness variation decreases rapidly with an 
increase in the carrier rotation speed. The value of the 
thickness variation becomes less than 0.01 μm at 101 min-1 
and is 1/10 of that value at 2 min-1. Subsequently, the thickness 
variation is smaller than the flatness. Thus, the thickness 
variation can easily be reduced by increasing the carrier 
rotation speed. However, this method deteriorates the flatness 
and TTV, as previously mentioned.  

Figure 6 shows the periods of the TTV variation and the 
thickness variation with respect to the polishing time. The TTV 
variation in Figure 6(a) was calculated by removing the slope 
amount from the TTV. As the carrier rotation speed comes 
close to the carrier revolution speed of 20 min-1, the amplitude 
and the period of the TTV variation increase rapidly. The 
thickness variation in Figure 6(b) reaches 14 μm at the carrier 
rotation speed of 19.9 min-1. Accordingly, the carrier rotation 
speed near the revolution speed should avoid using, because 
the condition deteriorates largely the TTV variation and the 
thickness variation. 

4. Improvement of flatness and TTV 

It is impossible to improve the flatness and the TTV to be less 
than 0.1 μm by optimizing only the carrier rotation speed. 

Therefore, a polishing technique using a flat lower plate and a 
conical upper plate is proposed.  

Figure 7 shows calculated results of the flatness and the TTV. 
Upper plates with slopes of 50, 70 and 80 μm/250 mm were 
used. Both the top and bottom surfaces of a workpiece are 
convex for the slope of 50 μm and they become convex and 
concave for the slope of 70 and 80 μm. The flatness is less than 
0.04 μm for the slopes of 70 μm. The TTV is more than 0.15 μm 
for the slope of 50 μm after 3 min, but it is less than 0.03 μm 
for the slope of 70 μm. This simulation result clarifies that it is 
possible to achieve flatness below 0.05 μm for both the top 
and bottom surfaces of the workpiece and a TTV below 0.04 
μm by using the cone plate to adjust the slope.  

Figure 8 shows the removal amount or the profile for the top 

Figure 5 Thickness variations of a workpiece in various carrier 
rotation speeds with respect to polishing time. 

Figure 6 TTV variation and thickness variation of a workpiece in 
various carrier rotation speeds with respect to polishing 
time. 

(a) TTV variation of a workpiece 

(b) Thickness variation of a workpiece 
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and bottom surfaces of the workpiece, improved by 
overhanging a workpiece from the plate. The profile for the top 
surface is almost same as that of the bottom surface. The 
carrier rotation speed is 1 min-1. The overhang amount for the 
inner and outer sides is shown in parentheses. Overhang (0, 5) 
shows that the overhang amount is 0 mm for the inner side and 
5 mm for the outer side.  

The improvement due to the overhanging is greater in the 
inner side than the outer side. The flatness of the top surface 
or the bottom surface was improved from 0.27 μm to 0.15 μm 
or from 0.23 to 0.16 μm, respectively, by the inner overhanging 
of 25 mm or 23 mm. The TTV were improved from 0.5 to 0.3 
μm, 

5. Conclusion 

The best polishing method under certain polishing conditions 
was determined with the new double-sided polishing 
simulation program, which was developed on the basis of gap 
theory. It was determined that it is necessary to reduce the 
speed difference between the carrier revolution and the upper 
plate rotation to the speed difference between the carrier 
revolution and the lower plate rotation and to have a small 
carrier rotation speed. In addition, the only solution to improve 
the TTV to less than 0.1 μm is to use a combination of flat 
plates and cone plates with adjusted slopes.  
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Figure 8 Top and bottom surface profiles of a workpiece 
improved by overhanging from a plate at the carrier 
rotation speed of 1 min

-1
. 

 

(a) Flatness for the top surface of a workpiece  

(b) Flatness for the bottom surface of a workpiece  

Figure 7 TTV and flatness of a workpiece improved by using flat 
lower plate and cone upper plate with various slopes. 

  

(a) TTV for a workpiece 

(b) Flatness for the top and bottom surfaces of a workpiece 
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Abstract 
Additive Manufacturing (AM) processes enable new designs and part functionalities by a new way of using various materials. In the 
wake of climate change, we decided to investigate how AM technologies could be used to produce parts out of bio-based 
residual/waste material, providing an upcycling strategy for those materials and making use of their individual properties at the same 
time. Binder Jetting (BJ) and Fused Filament Fabrication (FFF) technologies (also known as Fused Deposition Modelling) are specifically 
interesting in this perspective, as various materials can be used as a filler in combination with biodegradable thermoplastics used as 
a binder. In this work we introduce the concept of manufacturing parts out of residual peach kernels grinded into powder in 
combination with polyvinyl alcohol (PVA). Parts manufactured from such materials have a decomposition rate measured in hours 
when exposed to water, making them ideal for applications such as unique single use packaging or short-lifetime products. The aim 
of research is to determine the feasibility of using these materials in BJ and FFF. For filaments used in FFF, various amounts of peach 
powder concentration in PVA were investigated with the aim to determine concentration effects on the properties of the test part 
and to determine the maximum amount of filler that still enables manufacturing of quality products. For BJ, different filler-binder 
concentrations were investigated in order to produce a stable part. Geometrical stability, density, pressure stability and 
decomposition rate in water were measured on test specimens. It was found out that these materials could be used in BJ and FFF to 
produce biodegradable products and support a circular economy paradigm. 
 
Additive Manufacturing, Binder Jetting (BJ), Fused Filament Fabrication (FFF), circular economy, renewable materials, single use 
packaging  

 

1. Introduction   

A lot of research has been conducted on producing 
biodegradable and biocompatible materials to be used in 
additive manufacturing manly in FFF and BJ technologies.  

PLA is usually used as base material for producing filaments for 
FFF technology to which different amounts of various filler 
material is added in order to obtain either new mechanical or 
visual properties, or to increase the sustainability aspect, etc. 
[1], [2]. The main motivation of our investigation is to use the 
residual bio-based materials such as peach kernel as filler 
material in FFF and the base material in BJ. In food processing, 
the peach kernels are disposed after being removed from the 
fruit.   

In BJ technology, the percentage of base/filler material is far 
greater (more than 80%) than with FFF technology (less than 
40%), but the mechanical properties of manufactured parts are 
far inferior. 

While PLA is indeed biodegradable and biocompatible it may 
still take quite a long time for it to degrade, from 6 months to 
two years [3], which is still an insignificant amount of time 
compared to decomposition rate of the ordinary plastics, but 
could be considered as long in applications such as single use 
packaging and other short-lifetime products. 

As an alternative to PLA, PVA can be used with both 
technologies.  Compared to PLA, PVA has shorter decomposition 
times and is biodegradable as well as biocompatible. On the 
other hand, it offers lower mechanical properties and is more 

difficult to handle.  The latter facts are probably the main 
reasons why it is usually not considered as a building material 
for FFF technology but is mainly used as a support material. In BJ 
technology however, PVA is more often used as a binder 
material since it can be dissolved by using water based binders. 

In this work we examine the performance of comminuted 
peach kernels as a building material in abovementioned additive 
technologies. 

2. Methodology      

Before being used in either technology the peach kernels had 
to be comminuted into a powder form. Our aim was to produce 
a particle fraction below 180 µm. Before comminution the soft 
inner kernels were removed. Before the shells were grinded into 
powder form, they had to be dried extensively. 

Geometrical stability, density, pressure stability and 
decomposition rate in water were measured on cuboid shaped 
test specimens of 10 mm x 10 mm x 5 mm in dimensions. After 
the first set of optimal parameters was determined for each 
technology, it was used to manufacture three specimens which 
were then tested as presented below. Pressure stability was 
determined qualitatively and only on green part test specimens 
manufactured with BJ technology. 

3. FFF Technology 

Our first aim was to determine the maximum amount of peach 
kernel filler in combination with PVA which would produce the 
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filament suitable for additive manufacturing. Powder mixtures 
with various percentages of peach kernel powder were used to 
produce a 1.75 mm filament using a 450 Composer extruder (3D 
EVO, NL). Materials were both in powder form and were dried 
for 12 hours at the temperatures up to 80 °C before they were 
mixed and filament was created. We were able to produce 
filament with maximum of 40% of peach kernel powder. 
However filaments containing more than 20% of peach kernel 
powder were very brittle and broke inside the extruder of the 
printer.  
Test specimens were therefore manufactured using the filament 
with 20% peach kernel powder and 80% PVA. The test specimens 
were manufactured using Creality Ender 3 (CHN) 3D printer. The 
printing parameters were chosen based on those recommended 
for pure PVA (Table 1). Material extrusion was performed in a 
similar way as pure PVA and needed to be dried in order to 
successfully manufacture the test specimens. The mixture of 
peach kernel powder and PVA proved to be very sensitive to 
temperature. Namely, temperature of 200°C seem to be the 
optimum, at 190°C the extrusion was poor (under extrusion) 
while at 210°C the materials showed signs of burning. The 
manufactured parts are shown in Figure 1 and results are 
presented in Table 2. The geometric stability, i.e. the measured 
dimensions of the manufactured parts deviated from nominal 
values in x and y direction by less than 0.18 mm and 0.03 mm 
respectively, while in z-direction the maximum deviation was 
below 0.13 mm. The parts showed no signs of delamination, 
even when small force was applied by hand. It took about 14 
hours for the test specimen to completely dissolve in a glass of 
water. 
 
Table 1. FFF manufacturing parameters 

 

nozzle diameter  0.8 mm 

layer height 0.2 mm 

print velocity 40 mm/s 

print temperature 200 °C 

bed temperature 45 °C 

infill density 100 % 

 

 
Figure 1. Cuboid test specimens manufactured with FFF technology 
using the filament produced out of 20% peach kernel and 80% PVA 
powder mixture. 

 
Table 2. Results of FFF. Nominal dimensions are 10x10x5 mm 

 

Specimen 
x 

[mm] 
y 

[mm] 
z 

[mm] 
mass 

[g] 
density 
[kg/m3] 

1 9.82 9.92 4.87 0.37 779.7 

2 9.84 9.99 4.98 0.38 766.3 

3 9.84 9.97 4.99 0.38 772.2 

4. BJ technology 

Test specimens were manufactured on a Zcorp ZP350 (US) 
binder jetting 3D printer. Water was used as a binder liquid. Test 
specimens were manufactured using a 15% PVA and 85% peach 
kernel powder. The powder mixture was dried for 12 hours 
before it was used. Different layer heights (0.08 mm, 0.1 mm, 
0.15 mm and 0.2 mm) and saturation levels (97%, 100%, 150% 

and 200%) were tested, while the spreading and rolling speeds 
were kept constant. 
Better dimensional stability was observed at layer heights above 
0.1 mm. Spreading of the powder was best at layers heights 
above 0.15 mm, but the dimensional stability in z axis was better 
at 0.1 mm layer height. Saturation levels didn’t have much effect 
in the tested parameter sets. Final test specimens were 
manufactured at layer height 0.1 mm and 97% saturation level. 
The results of these specimens are presented in Table 3 and in 
Figure 2. Some shrinkage in x and y axis was observed, while 
dimensions achieved in z-axis were slightly bigger than nominal. 
Compared to the FFF manufactured parts the green parts 
manufactured with BJ technology have 40% less mass. Parts are 
firm to the touch and somewhat flexible which could be useful 
for shock absorption if used for packaging. Decomposition time 
of a test specimen inside a glass of water was around 60 s. 
 
 Table 3. BJ results 

 

specimen 
x 

[mm] 
y 

[mm] 
z 

[mm] 
mass 

[g] 
density 
[kg/m3] 

1 9.51 9.52 5.33 0.25 517.6 

2 9.70 9.67 5.19 0.24 493.5 

3 9.65 9.63 5.25 0.24 492.2 

 

 
Figure 2. Cuboid test specimens manufactured with BJ technology using 
85% peach kernel and 15% PVA powder mixture. 

5. Conclusions      

Peach kernels can be used as a material for additive 
manufacturing in both BJ and FFF technologies. Material is more 
temperature sensitive and prone to burning which should be 
considered when using FFF technology.  

Parts manufactured with BJ technology are sturdy enough to 
be handled and are slightly flexible when loaded.  

Manufacturing parts using the combination of PVA and peach 
kernel powder is therefore feasible and offers an advantage of 
being rapidly dissolved in the water. This material could be used 
to produce biodegradable products and may contribute to a 
circular economy paradigm. 

Further work is needed to improve the methods of powder 
preparation, which has proved to be challenging. The material 
properties should be further investigated, using standard test 
methods to provide the quantitative data. We are currently 
working on compressive testing after which we will determine 
the next suitable test method. In addition, the optimal 
parameters for manufacturing with both technologies need to 
be determined. 
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Abstract 
Saving energy for environmental protection and cost reduction are one of the most important objectives of our time. Topology opti-
mizations and additive manufacturing make it possible to design complex structures with optimal stress distribution. This type of 
additive lightweight design will be one of the most important areas of research in the coming decades. However, due to the still high 
manufacturing costs today, additively manufactured components must offer further advantages, such as maximum functional inte-
gration, in order to offer an additional value compared to traditionally manufactured components. 
The integration of sensors for monitoring the stresses and forces in heavily loaded structures such as cutting tools is a major focus of 
the developments. The application of foil strain gauges to determine force and torsion in a milling tool is very time-consuming and 
expensive due to the limited installation space and the necessary wiring. The Institute for Machine Tools at the University of Stuttgart, 
Germany developes additively manufactured milling tools in function-integrated lightweight design with the target to produce addi-
tively manufactured sensors in one process step with the production of a vibration damping plastic structure inside the tool.  For this 
purpose, a non-conductive filament for an inner component geometry and a conductive filament for the creation of electrical con-
ductor paths were used. A parameter study with different printing orientations, layer thicknesses, filling patterns, print head tem-
peratures and printing speeds as well as different connection types or combinations between the materials provided the basis for 
the design of the special test samples with integrated sensors in the form of 3D-printed strain gauges.  
Based on bending tests, new test samples were developed in accordance with the intended application in shell end milling tools. The 
additive and sensor integrative manufactured test samples were experimentally tested in a test bench specially developed for the 
typical combined loading of torsion and bending of milling tools.  
 
Keywords: additive manufacturing, lightweight design, In-process measurement 

         

1. Introduction 

This paper describes the process development and the process 
optimization of additively manufactured electrical conductors 
using FFF (fused filament fabrication) also known under the 
brand name FDM (Fused Deposition Modelling) 3D printing. 
Conductor tracks in the form of strain gauges were additively in-
tegrated into an additively manufactured base body made of 
non-conductive material and subsequently tested. The combi-
nation of an additive damping structure with integrated stress 
sensors was investigated in further investigations for the direct 
integrability in tools.  

After the selection of the electrically conductive material, the 
most important parameters of the FDM 3D printing were ana-
lyzed and optimized with the help of reference specimen regard-
ing the electrical resistance. Strain gauges made of electrically 
conductive material were embedded in a carrier plate made of 
PLA in order to investigate the behaviour of the electrical re-
sistance under bending loads. In extensive tests, the strain 
gauges demonstrated a high sensitivity to strain. As a result, four 
strain gauges were integrated into a cylindrical PLA test sample 
and additively manufactured. Connected as a Wheatstone full 
bridge, it was possible to compare the measured values for tor-
sion loads with those of standardized strain gauges using a scal-
ing factor. Finally, strain gauges produced with FDM 3D printer 
were bonded into a metallic test sample to compare the behav-
iour under torsion loading with standardized strain gauges. 

 
 

1.2  State of the art 
A review of 3D-printed sensors was given in [1] und [2]. These 

two papers, published almost simultaneously, presented a good 
overview of various additively manufactured sensors. Since 
there is already a large and constantly growing number of 3D 
printing processes in the development of additive technologies, 
almost 150 literature sources were cited in both papers from 
2017. Both papers contain an extensive reference and overview 
table, in which [1] the sensor table is sorted according to the 3D 
printing process and [2] the sensor type, for example strain sen-
sor, pressure sensor etc., is used as reference criterion. In a fur-
ther table the processes with advantages and disadvantages as 
well as the possible 3D printing materials are presented.  

An initial approach to 3D-printed strain sensors using the FDM 
method was presented in [3] in the form of printed conductor 
tracks. The authors from the University of Warwick, United King-
dom, produced an electrically conductive material made of 15 % 
Carbon Black and PCL (polycaprolactone) with the name "Car-
bonmorph". With application examples such as flex sensors, 3D 
printed glove, 3D printed capacitive interface device and 3D 
printed smart vessel, both the test objects and the measured 
variables of the applications were presented clearly. Preliminary 
research in the field of dynamic measurement of 3D-printed 
strain sensors has already shown the ability to measure frequen-
cies up to 800Hz [4]. A similar material was used in the experi-
ments for this paper.  

The developments presented in this paper will be used in a 
smart milling tool after the basic investigations presented/per-
formed, which, in addition to the tool presented in [5] and [6], 
also contains additively manufactured load-bearing structures in 
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multi-material lightweight design in addition to the additively in-
tegrated tracks and strain gauges (see [7]). 

2. Material and print parameters  

For the development of printed strain gauges presented in this 
paper, we used an ECC filament (electrically conductive compo-
site) already available on the market under the brand name of 
“Proto-pasta” with volume resistivity of molded resin (not 3D 

printed): 15 cm. This is comparable to the filament presented 
in [3] and consists of a PLA (polylactide) enriched with carbon 
black. The conductivity of the filament depends significantly on 
the process parameters of the 3D printing process. The parame-
ters extruder temperature, layer height and filling pattern in x-y 
layer were identified on the basis of a preliminary investigation. 
In addition, further dependences could be identified by the lay-
ered design in z-direction as well as the contacting of the con-
ductive surfaces. Samples with three conductive areas were de-
fined for comparable tests. Figure 1 shows an exemplary sample.  

 
Figure 1. Sample with three conductive regions 

 

2.1 Influence of extruder temperature 
One of the main criteria for a successful 3D printing process is 

the extruder temperature. The temperature setting is important 
for the reliable material flow as well as for the conductivity of 
the filament. The minimum printable temperature without 
printing error is Td = 200 °C. The maximum temperature without 
deformation of the printing lanes is Td = 240 °C. For the tests, the 
extruder temperature was varied in 5 K steps. Figure 2 shows the 
measured resistance R as a function of the extruder tempera-
ture. 

 
Figure 2. Resistance variation as a function of extruder temperature 
 

The results shows a reduction of the resistance R with increas-
ing printing temperature up to Td = 230 °C out of a total of 22 %. 
This was due to an increasing adhesion of the individual layers. 
Macroscopically, the samples showed no clear differences. 
Td = 230 °C was subsequently determined as the optimum print-
ing temperature for the target of small circuit resistances. 

 
2.2 Influence of the filling pattern 

The filling pattern is a basic setting in FDM 3D printing and de-
scribes the travel path of the extruder inside a layer. In contrast 
to the conventional requirements of stability and optics, the fill-

ing pattern is to be examined with regard to the different con-
ductivities. To avoid gaps, the filling density is kept constant at 
100 %. The filling patterns "Grid", "Linear", "Triangles", "Concen-
tric" and "Gyroid" were investigated. For the investigation, sim-
ple tracks in the size from 5 mm to 40 mm were used. Figure 3 
shows the different resistances of the different filling patterns  

 

Figure 3. Results of the test series with different filling patterns 
 

A closer look at the filling patterns revealed inhomogeneities 
of the electrically conductive layer. A parallel arrangement of 
the printing tracks showed an up to 21 % improved conductivity 
compared to vertical tracks. This was particularly evident in the 
comparison of the linear filling patterns in 0°, 45° and 90°. The 
concentric filling had the lowest resistance due to a very dense 
filling of the samples and was used for the further investigations. 

 
2.3 Influence of the layer height 

In classic FDM 3D printing, very small layer heights of 0.05 mm 
are used to achieve high accuracies. The basic principle is that 
the thinner the layer, the finer the component is dissolved. How-
ever, the electrical resistance of a conductor track behaves in the 
opposite direction. The smaller the conductor cross-section, the 
greater its resistance. The results in Figure 4 showed that the 
electrical resistance decreased with increasing layer height and 
layer thickness. Therefore several thin layers had a worse effect 
on the total resistance than one thicker layer. 

 

 

Figure 4. Influence of the layer height on the electrical resistance 

 
2.4 Layer structure (angle dependence) 

In addition to the influence of the layer height and the filling 
pattern, the component orientation and angular position during 
the printing process also influence the conductivity of the mate-
rial. Tests of various samples with angles of 0° - 90° showed that 
the measured resistance in the z-direction increased by up to 
37.5 %. Figure 5 shows the measuring results of the samples 
printed at different angles.  
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Figure 5. Resistance values at different printing angles 

 

It is clearly visible that prints at an angle of 45° provided the 
highest resistance. A reduction in the inclination angle to 30° re-
duced the expected resistance by half. 

 
2.5 Influence of the contact zone  

The contacting of the printed conductors is another challenge. 
Depending on the contacting method, the resistance values can 
be noisy or stable. Various types of contacting such as panel-
mount-sockets, solder, silver conductive lacquer and melted 
down wires were investigated. Figure 6 shows the different 
contact types. 

 

 
Figure 6. Contact zone 

For short-term resistance measurements with a multimeter, the 
silver conductive lacquer with a special contact resistance ρV of 
0.1209 Ωm proved to be suitable. However, this is not suitable 
for permanent measurements. Melted wires in the contact zone 
provided more stable measured values with a specific contact 
resistance of ρV = 0.1281 Ωm. 

3. Application of printed conductors  

The additive manufacturing of embedded, electrically conduc-
tive filaments in non-conductive plastic base structures paves 
the way for highly integrable components and products. The 
main goal of this development was the application-oriented in-
tegration of conductive structures, in particular for stress meas-
urement, in passively damping plastic structures. In a first re-
search step, strain gauges were manufactured and tested for 
functionality. Figure 7 shows the first basic tests of an additive 
strain gauge in combination with a PLA base plate. 
 

 
 

Figure 7. Printed strain gauge on base material 

The structure was loaded with test weights of 200 g - 800 g and 
the measured values were recorded using a HBM Quantum am-

plifier. The load phases were repeated 5 times to identify devia-
tions of the measuring signal. Figure 8 shows the result of an ex-
amination of a sample printed on the x-y plane. 
 

 
Figure 8. Measuring result of printed strain gauges:  

The samples were printed in different directions and angular po-
sitions taking the influence of the printing orientation into 
ccount. The measured values of the different samples showed 
different changes in resistance for the bending test (the re-
sistance of the samples is not constant due to the design) but 
with similar curves. Figure 9 summarizes the results of the inves-
tigations for four different pressure angle positions. 
 

 
Figure 9. Comparison of the resistance change of samples for different 

printing orientations 

The tests shows a basic functionality of additively manufactured 
strain gauges in polymer structures. However, the results of the 
printing orientation tests also showed that the behaviour of the 
strain gauges changed depending on the angular printing posi-
tion. The investigation of this dependence, with the aim of pro-
ducing cylindrical components for integration into tools, was 
carried out by comparing standardized strain gauges on a torsion 
test bench (see Figure 10 on the right). Several strain gauges 
were printed into the sample (see Figure 10 left) and connected 
as a full bridge.  
 

 
 
 

Figure 10. Printed model (left) and test bench (right) 

Strain gauges with a resistance value of 120 Ω, type QFLAB-3-11 
by Tokyo Sokki Kenkyujo Co. were used as reference. The sam-
ples were loaded and unloaded five times with 70 Nm. The force 
applied caused the sample to rotate by 2.3°. The results of the 
measurements in Figure 11 showed clearly low amplitudes of 
the printed strain gauges (orange) compared to the reference 
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strain guages (blue). Using a scaling factor 30.71 (determined by 
the basic test bench Figure 7 & 9), the measuring results of the 
printed strain gauges are comparable with the results of the ref-
erence strain gauges (red). 
 

 
Figure 11. Torsion measurement printed strain gauges vs. bonded 

strain gauges 

Figure 11 shows the small deviation of the measured values. The 
measured values of the printed strain gauges showed neither a 
temporal shift nor larger amplitude deviations. The maximum 
deviation of the tested strain gauges was 5 % for multiple loads. 
However, the large twist angle of the specimen also indicated 
large strains in the measuring region. For the integration into 
metallic bodies, which exhibit considerably smaller defor-
mations, the behaviour of the additive strain gauges was inves-
tigated. Figure 12 shows the schematic structure and the inter-
connection of the sample with four printed strain gauges. 
 

 
Figure 12. Connection diagram of printed strain gauges 

The basic body was made of aluminium. The additive structures 
were bonded into the aluminium body with a two-component 
adhesive 9200FR by MG Chemicals. Four 120 Ω strain gauges of 
type QFLAB-3-11 were also used as full bridges for reference 
measurements. The additive structures had an outer diameter 
of 45 mm with a grid length of 20 mm and a conductor cross-
section of 2 mm2. The size reduction of the additive manufac-
tured strain gauges leads to an increase of the basic resistance 
to 20 kΩ per strain gauge based on the experiences of the pre-
liminary investigations. The evaluation of the printed strain 
gauges was therefore only possible with an extended bridge cir-
cuit consisting of parallel-connected 1 kΩ resistors. This reduced 
the maximum resolution of the bridge circuit. Figure 13 shows 

the results of the measurement with a load of 100 Nm and a 
maximum rotation angle of 0.3°. 
 

 
Figure 13 Sample comparison of standard strain gauges with printed 

strain gauges in a composite design under torsion stress 

The results show clearly recognizable amplitudes of the printed 
strain gauges. Despite a longer transient response at the begin-
ning of the measurement and the strong reduction in measuring 
resolution, repeated measurement values with low fluctuations 
could be generated. 

4. Conclusion and outlook 

The investigations shows that the additive manufacturing of ro-
tationally symmetrical basic bodies with integrated strain meas-
uring structures with the required accuracy is possible. The ge-
ometry to be printed at an angle of 45° and the resulting high 
basic resistances of 20 kΩ were considered to be problematic in 
this application. In addition, due to the angular position and the 
step effect, at least 1 mm thick conductor paths of the strain 
gauges were possible. For the integration of printed strain 
gauges in tool bodies, a reduction in the size of the strain gauges 
as well as a general reduction in the line resistances were there-
fore required. New conductive materials for FDM 3D printing are 
currently being tested at the Institute for Machine Tools in 
Stuttgart and validated for the application shown. In addition, 
new printing methods for reducing the step effect are being re-
searched in order to reduce the print-angle dependence of con-
ductive filament.  
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Abstract 
The term hybrid machining refers to the use of two or more process energies simultaneously in the same machining zone so as to  
exploit additional benefits from their interaction. Hybrid laser-electrochemical micromachining process involves laser and 
electrochemical processes applied concurrently in the same machining zone. The process derives additional advantages from the 
interaction of the two process energies in the same machining zone. To enable the simultaneous application of laser and ECM in the 
same machining zone, a hybrid tool concept is used where the tools serves the function of both an ECM tool and a multimode 
waveguide for the laser. This paper presents the simulation and experimental investigations on the effect of interelectrode gap on 
the profiles of the cavities machined by hybrid laser-electrochemical micromachining process. Experimental investigations are 
performed on Inconel IN718 as workpiece material. The results have been explained by means of multiphysics ECM simulations. 
Overall, it is shown that interelectrode gap is an important parameter influencing the machining response in the current configuration 
of hybrid process. 
 
Keywords: Hybrid machining, Non-conventional machining , ECM, Electrochemical machining, Laser-electrochemical machining.  

 

1. Introduction   

Electrochemical micromachining [1] has evolved as a 
promising machining technology for fabricating complex, high 
surface quality and defect-free shapes on difficult-to-cut 
materials without affecting mechanical, functional or 
microstructural property of workpiece material. The technology 
has passed through several research phases including process 
development, tooling/machine-tool development, process-
material interaction, electrolyte development and methods to 
improve process accuracy [2].  Electrochemical machining has 
several interesting properties such as the  non-contact nature of 
the process, independent of workpiece hardness, and no 
process-related tool wear. This makes ECM a good candidate for 
hybridization with other processes. One promising hybridization 
of ECM is hybrid laser-ECM process where the two processes 
(i.e. ECM and laser) can either participate simultaneously in 
material removal or assist each other.  In prior state of the art 
[3], [4];  it has been proposed that hybrid laser-ECM process 

offers gentle material processing, weakening of passivation 
layer, accelerated material removal due to temperature induced 
increase in reaction kinetics, reduced heat affected zone and 
spatter in case of laser as main process energy and more uniform 
dissolution of multi-phase materials. The present research 
focusses on a tool based hybrid laser-electrochemical 
micromachining technology [5] where the tool serves dual 
function of an ECM tool and a multimode waveguide for the 
laser. 

The interelectrode gap (IEG) is an important parameter which 
influences machining efficiency, workpiece surface quality, 
shape precision, temperature distribution and current density 
distribution during hybrid laser-electrochemical micromachining 
process. In this work, combination of simulation and 
experiments is used to study the effect of interelectrode gap on 
the process performance.  

2. Simulation and results      

In order to study the effect of interelectrode gap, a 
multiphysics model (Figure 2) is developed in Comsol 5.4® 
considering primary electric currents, fluid dynamics and heat 
transfer physics. The electrolyte flow is modelled using the k-
epsilon turbulence model in Comsol 5.4®. The tool is a hybrid 
tool which comprises an outer layer of stainless-steel (EN 
1.4301)  tube and an inner concentric layer of quartz glass. The 
workpiece is Inconel IN718. The electrolyte is 200 g/l aq. NaNO3 
with electrical conductivity of 12 S/m. The two-phase electrical 
conductivity is modelled using Eq. (i). A property switch is 
created in the software based on temperature threshold. The 
liquid phase electrical conducitivity is described using Eq. (ii). 
The vapor phase electrical conducitivity should be ideally zero. 
However, to improve convergence and avoid sharp transition of 
electrical conductivity to zero, a mathematical function is  

Figure 1. Process schematic of a tool based hybrid laser-electrochemical 
micromachining process. 
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defined as in Eq. (iii). This model only takes into account the laser 
induced temperature effects and doesn’t takes into account the 
temperature effects on reaction kinetics. 

 

                     ρ = {  
ρ_el(T)           (𝑖𝑓 𝑇 ≤ 393 𝐾)

ρ_vap(T)       (𝑖𝑓 𝑇 > 393 𝐾)
                     (i) 

 
 

        ρel(T) = ρ𝐸(1 − 𝛽)
3

2(1 + α(T − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡))                    (ii) 

 

                   ρ_vap(T) =
ρ_el𝑇=393 𝐾

𝑒
𝑇−393

100

                                      (iii) 

 

The laser source is applied as a Gaussian heat flux on the 
workpiece surface and is modelled using Eq. (iv) 
 

      𝑄(𝑟)|𝛤1 =
𝑃𝑎

𝜋𝑅2
. (1 − 𝑅𝑒𝑙). 𝛼𝐼𝑁. 𝑒𝑥𝑝 (

−2𝑟2

𝑅2
)                   (iv) 

 
The model parameters are depicted in Table 1. The temperature 
(T) and electrical conductivity (ρ) are evaluated at the workpiece 
surface (T0, ρ0) as well as along the section line XX (Figure 2) 
passing through the centre of inter-electrode gap (T1, ρ1).  

 

Table 1. Model parameters. 

Model parameter Value 

Electrolyte conductivity, ρE 12 (S/m) 

Gas volume fraction, β 0.2 (assumed) 

Coefficient of thermal exp., α 0.025 (1/K) 

Ambient temperature, Tambient 293.15 K 

Reflectivity of electrolyte (Rel) 0.04 @532 nm 

Absorptivity of Inconel (αIN) 0.5 @532 nm 

Laser average power (Pa) 5, 7 W 

Voltage 20 V  

Interelectrode gap (IEG) 20, 50, 100, 200 µm 

 

Figure 3. Current density distribution on the workpiece surface at 
different IEG values for (a) ECM process (b) laser-ECM process with 
average laser power 5 W and (c) laser-ECM process with average laser 
power 7 W. 

(a) (b) 

(c) 

Figure 2. Schematic representation of multiphysics 

model of hybrid laser-ECM process. 

Figure 4. Temperature and electrical conductivity profiles for (a) ECM 
process (b) Laser-ECM with average laser power of 5 W (c) Laser-ECM 
with average laser power of 7 W for different IEG values i.e. 20, 50, 100 , 
200 µm. 

(a) 

(b) 

(c) 
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Figure 3 shows the electric current density distribution for 
ECM and laser-ECM process at different IEGs. IEG values below 
20 µm were not simulated as they are more prone to short-
circuits based on experimental experience with the process. For 
the ECM process (Figure 3(a)), it is clear that at shorter IEGs, the 
impedance of the gap is lower and hence higher current 
densities are observed on the workpiece. It can be seen from Fig. 
3(a) that the maximum current density at IEG = 20 µm is more 
than 2.5 times the maximum current density at IEG = 200 µm. It 
can be observed from Figure 3(b&c) that for laser-ECM process, 
the temperature effects come into picture and a slight 
temperature induced rise in current density is observed. This 
model does not takes into account the reaction kinetics so only 
the effect of temperature on the primary currents is seen. For 
this laser-ECM process, it can be observed that the current 
density is higher at shorter IEGs (20, 50 µm) as compared to 
higher IEGs (100, 200 µm). At higher IEGs, the current density 
values in laser-ECM are nearly the same as in ECM process. This 
can be explained on the basis of the fact that at higher IEGs, the 
convection effects are dominant as the flow conditions improve 
due to increase in IEG. As a result, the temperature 
accumulation is less pronounced and current density is nearly 
the same as in ECM process. Furthermore, it can also be 
observed that at average laser power of 7 W, the temperature 
induced rise in current density effect does not improves a lot as 
the power is increased from 5 to 7 W. This can be due to the 
reason that at 7 W laser power, electrolyte phase change (liquid 
to vapor) starts occurring and hence the electrical conductivity 
drops which limits rise in current density corresponding to the 
laser power applied. These results will be further correlated with 
the temperature and electrical conductivity profiles as in Figure 
4. 

Figure 4(a-c) shows the temperature and electrical 
conductivity variation for different IEGs for ECM and laser-ECM 
process. The temperature and electrical conductivity are 
evaluated at two different positions, one on the workpiece 
surface (T0, ρ0) and other along the section line XX (Figure 2) 
along the centre of IEG (T1, ρ1). It can be observed from Figure 
4(a), that the temperature and electrical conductivity remains 
nearly unchanged with a change in IEG. This is also independent 
of the location. There is no change in the simulated temperature 
and electrical conductivity along the workpiece surface and 
along the line XX. It can be observed from Figure 4(b) that during 
the laser-ECM process, the temperature is higher below the tool 
in the centre of workpiece. At 5W laser power and considering a 
turbulent flow model, a temperature of about 356 K is observed 
at an IEG of 20 µm. When the IEG is increased to 50 µm, there is 
a 5 K rise in  the temperature when IEG is increased from 20 to 
50 µm. The magnitude of temperature is maximum at IEG 200 
µm. It can also be observed that there is not a drastic change in 
temperature (T0) or electrical conductivity (ρ0) along the line XX. 
This is because the electrolyte is continuously flushed and there 
is no accumulation of thermal energy.  A similar trend is 
observed for the laser-ECM process at a laser average power of 
7 W as in Figure 4(c). At IEG of 200 µm (Fig. 4(c)), maximum 
temperature is observed which also causes evaporation of small 
packets of electrolytes and the electrical conductivity drops. The 
increase in temperature with an increase in IEG on the 
workpiece surface can be explained on the basis of two 
phenomena (i) An increase in IEG leads to a decrease in flow 
velocity and results in temperature accumulation in the centre 
and therefore temperatures are higher at higher IEGs. This can 
be observed in Figure 5 where the velocity magnitudes are 
shown for different IEG values. (ii) A reduction in IEG leads to 
some fraction of heat being conducted back into the tool and 
thus less heat is available for the workpiece. With an increase in 

IEG, a larger fraction of heat is available on the workpiece. The 
effects of temperature in the centre are not seen completely on 
the current density profiles in Figure 3 because the model 
considers only primary currents. To account for the temperature 
effects on diffusion of species/charge transfer/mass transport, 
secondary and tertiary currents need to be included in the 
simulation which is beyond the scope of this paper.  

3. Experimentation and results      

To study the effect of IEG on the machined cavities, a limited 
set of experiments has been conducted. An in-house developed 
prototype hybrid laser-ECM machine tool was used for 
experiments (as in Figure 6) [6]. A ns pulsed green laser of 532 
nm wavelength was used as it has negligible absorption in water. 
The equipment is controlled using NI® Crio system as master 
controller and the controllers of other peripherals were slave 
controllers.  Table 2 shows experimental parameters. The three 
dimensional profiles of machined cavities were acquired using 
Sensofar® Neox microscope in confocal mode. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5. Variation of electrolyte velocity in the inter-electrode gap for 

different IEGs. 

(a) (b) 

(c) (d) 

Figure 6. Prorotype hybrid laser-ECM machine tool with major 
peripherals. 
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Figure 7 shows the cavity profiles machined at IEGs of 20 and 

50 µm using ECM and laser ECM with laser average power of 5W 
and 7W. It can be observed that for ECM process, there exists a 
central undissolved pin for IEG of 20 µm whereas at IEG of 50 
µm, the pin is dissolved with a very little undissolved feature left 
in the centre. This is because at IEG of 50 µm, the current 
transfer occurs via the electrolyte jet similar to the jet-ECM 
technology.  At IEG of 20 µm, the current density is highest and 
localized mainly below the conductive area of tool and in the 
centre the current densities are not sufficient to cause 
dissolution.  In case of the laser-ECM process, the central feature 
is dissolved due to a temperature induced rise in the electrical 
conductivity of the electrolyte as explained in the simulation 
section. Furthermore, the dissolution area in the centre (blue 
color in Fig. 7) starts to become larger when the IEG is changed 
from 20 to 50 µm for laser-ECM process at both average laser 
powers of 5 and 7 W. This can be explained on the basis of 
simulated temperature and flow field as in Fig. 4 and 5. This is 
because at an IEG of 50 µm the temperature is relatively higher 
because of lower flow velocity in the gap. Thus, the temperature 
induced interaction between laser and ECM is more 
pronounced. There are additional temperature effects on 
reaction kinetics and mass transport which have not been 
considered in the model in this paper. Additionally, the 
dimensional accuracy is better at an IEG of 20 µm and the edges 
are well defined (sharp) as compared to the cavities at IEG of 50 
µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. Conclusions      

In this work, simulation and experimental investigations were 
carried out to study the effect of interelectrode gap on the 
machined cavities during hybrid laser-ECM process. The 
following points can be concluded: 

(i) It is already known for ECM process that with an increase 
in IEG, the gap reactance increases and the current 
density decreases. Similar current density trends are 
observed for laser-ECM process as well. However the 
current densities with laser-ECM process are a bit higher 
due to a temperature induced rise in electrolyte 
conductivity. At IEG of 20 µm, an 18.6 % and 25.5 % rise 
in maximum current density is observed from ECM to 
laser-ECM 5W and laser-ECM 7W respectively. On the 
other hand at higher IEG of 200 µm, the maximum 
current densities rise only about 7.5 % and 12.5 % 
respectively  for ECM to laser-ECM 5W and laser-ECM 7 
W. This is based on model prediction considering 
primary currents only. Temperature induced reaction 
kinetics and diffusion/mass transport effects are not 
considered here. 

(ii) Based on the combined thermal and flow field 
simulations,  it can be concluded that the workpiece 
surface temperature is higher at higher IEGs due to 
decrease in flow velocity in the gap. Furthermore, at 
small IEGs, some part of the heat is conducted back into 
the tool. 

(iii) From the experimental investigations, it can be observed 
that the dimensional accuracy is higher at smaller IEGs. 
The edge of the cavities become sharper as the IEG is 
decreased. From the experimental experience, IEGs of 
10 µm or below are not desired as they cause repetitive 
short circuits and the process becomes unstable. 

Overall it can be concluded that the setting of interelectrode 
gap (IEG) is a crticial decision in the laser-ECM process. This is 
because this hybrid process deals with both electrical and 
thermal fields. It is desired not only to have small IEGs for better 
dimensional accuracy but also to have a stable process with 
desired current densities, no short-circuits, better flushing of by-
products and better temperature control in hybrid laser-ECM 
process. 
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Experimental parameter Value 

Electrolyte  200 g/l aq. NaNO3 

Electrolyte conductivity 
(measured) 

12.9 S/m @ 19.3 0C 

Workpiece material Inconel IN718 

Voltage 20 V  

ECM pulse on time and duty 
cycle 

10 µs, 50 % 

Laser average power (Pa) 5, 7 W 

Laser wavelength 532 nm  

Laser pulse on time and 
repetition rate 

50 ns, 150 kHz 

Interelectrode gap (IEG) 20, 50 µm 

Machining time 20 s 

(c) (d) 

(e) (f) 

(b) (a) 

Figure 7. Cavities (Sensofar® Neox) machined with ECM and LECM 
process at different IEGs. (a,c,e) IEG = 20 µm (b,d,f) IEG = 50 µm. 

Table 2. Experimental parameters. 
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Abstract       
 
Plasma electrolytic Polishing (PeP) is an innovative technique for finish machining of metallic parts even with complicated shapes or 
with micro surface features. Since the applicability of the immersion-based PeP process is limited by the maximal available energy of 
the applied process energy source and localized machining of confined areas or features was not feasible up to now, the application 
of an electrolyte jet was developed. Jet-Plasma electrolytic Polishing (Jet-PeP) not only offers the possibility for controlling the 
required process energy by an adjustment of the nozzle diameter but also for localized treatments. 
The present investigations are focused on the localized surface functionalization of stainless steel AISI 316 L, which is a typical material 
for medical applications. Here, usually specific requirements on the surface parameters such as a roughness value of Ra less than 
0.2 µm are necessary, e.g. to avoid biofilm formation. Thus, it will be shown that localized polishing by Jet-PeP is realized at voltages 
in the range of 300 V to 400 V. The influence of the flow velocity of the electrolyte jet on the resulting total electric current was 
investigated by varying the volume flow rate of the electrolyte pump between 150 ml/min and 400 ml/min. The analyses of the 
surface parameters revealed that roughness values of Rz between 0.10 µm and 1.03 µm were achieved. From the comparison of the 
cross-sectional profiles of the initial surface and the surface after Jet-PeP, it will be shown that the surface charcteristics were changed 
from a sharp-edged to a rounded surface with less significant peaks. In addition, the wetting characteristics on the polished surface 
areas were investigated. The results indicate that the surface energy was not increased. 
 
Plasma electrolytic Polishing, PeP, Jet-PeP, localized functionalization, surface energy      

 

1. Introduction   

Surfaces, which define functionality, application and life time 
of parts are characterized through a multitude of distinct 
properties to suit the requirements in terms of tribological, 
optical, thermal and other properties. Biocompatibility, bacteria 
growth inhibition and freedom from adsorbates or particles are 
often requested in medical applications [1, 2]. High fatigue 
strength is one main requirement for aerospace and other 
topology-optimized components. Products can be enhanced by 
selectively modifying their surface properties. 

Known conventional technologies often fail to operate on 
complex and micro geometries, which are especially generated 
in precision engineering and in additive manufacturing. 
Precision parts require the right surface in the right place, 
meaning that surface functionalities need to be locally set 
without interfering e.g. with neighboring sharp edges. Many 
surface treatment processes such as tumbling and electro-
polishing are applied over the complete part. Local processing is 
often manual work and very time-consuming. Mechanical 
polishing or blasting may lead to residual stresses on surface 
layers. Hence, these processes are not applicable for fragile and 
micro parts. Furthermore, many existing processes are not 
resource efficient, which leads to long machining times, the 
necessity of dangerous electrolytes or the need for post-
processing [3]. In addition, small features such as grooves are 
difficult to access. Jet-Plasma electrolytic Polishing (Jet-PeP) 
using a material-specific, low concentrated electrolyte thus 
offers a potential alternative.  

2. State of the Art of Jet-PeP 

In Plasma electrolytic Polishing (PeP) a setup comparable to 
electropolishing is used. Material-specific, low concentrated 
electrolytes with conductivities usually in the range from 
80 mS/cm to 120 mS/cm and with temperatures in the range 
from 75 °C to 85 °C are applied [3].High voltages of several 
hundreds of volts are required for the initialization of the 
gaseous layer surrounding the workpiece surface. Material 
removal rates less than 5 µm/min are characteristic for PeP [3, 
4]. The PeP process is based on a combination of anodic 
dissolution, oxide and hydrogen formation, and plasma-
chemical reactions [5]. Due to the concentration of the electric 
flux lines, the removal of near-surface micro peaks is preferred 
thus offering adequate polishing results [6]. The main restriction 
of PeP is the polishable component size, which depends on the 
capability of of the process energy source. In addition, complex 
internalfeatures with high aspect ratio can hardly be 
adresseddue to the concentration of the process on the part’s 
surface according to the distribution of the electric flux lines.  

To overcome these limitation, the immersion based PeP 
process was enhanced by the development of the jet-based 
process Jet-PeP. Here, the cathode is a nozzle, which is moved 
over the workpiece in the three-dimensional space, especially 
for adjusting the distance between the nozzle and the workpiece 
surface to assure a constant, specific working gap. Figure 1 
presents the principle of Jet-PeP.  

As in immersion-based PeP, the tool nozzle is connected to the 
cathodic pole of the process energy source, while the workpiece 
is connected to the anode. By continuously ejecting electrolyte 
from the nozzle to the workpiece surface, a continuous free jet 
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is formed, which is used as electrical connection to the 
workpiece. Hence, the electrical circuit is closed and electric 
charge is exchanged between the the nozzle and the workpiece. 

 
Figure 1. Principle of Jet-PeP [7] 

 
It was shown that  voltages higher than 200 V are required for 

the formation of a gaseous layer, which is necessary for the 
initiation of the Jet-PeP process [8]. Lower voltages lead to an 
increasing amount of electrochemical processes, which is not 
aspired since itv results in too high removal rates, which is not 
applicable for polishing. At voltages higher than 320 V a strong 
increase of the system resistance due to the expansion of the 
gaseous layer was observed. An intense glow at the anode was 
observed, which was caused by electrical discharges and the 
polishing results were downgraded.  

Ablyaz et al. [9] investigated the Jet-PeP process of complex 
components, which were produced by selective laser melting 
(SLM). The components were polished with 330 V with an 
ammonium sulfate based, aqueous electrolyte at electrolyte 
temperatures between 85 °C and 90 °C. The surface roughness 
Ra was decreased from 5.6 µm to 1.4 µm. It was proven that 
polishing of internal surfaces was possible .  

Own preliminary experiments in Jet-PeP showed that a 
minimal voltage of 300 V, a working distance larger than 5 mm 
and an electrolyte conductivity of 120 mS/cm as well as an 
electrolyte temperature of 75 °C are applicable for the 
initialization of the process [7]. It was found thattemperatures 
less than 70 °C lead to a significant increase of the 
electrochemical removal process.  

3. Experimental setup 

The design and setup of the components for the experimental 
investigations are described in [10]. Keysight 34465 A digital 
multimeters are used to detect the voltage and the current 
values. A custom control software based on National 
Instruments LabVIEW was developed to control the peripheral 
devices and extended to measure the electrolyte temperature 
via thermocouples.  

By using a Keysight N8762 A process energy source, voltages 
in a range from 300 V to 400 V with an increment of 20 V were 
applied. The remaining process parameters are charted in 
Table 1.  
Table 1 Process parameters for Jet-PeP experiments 

Parameter Value 

Electrolyte temperature (79 ± 1) °C 

pH value  2.12  

Electrolyte conductivity  101.7 mS/cm  

Nozzle diameter 5 mm 

Working gap 6 mm 

Volumetric flow rate  (150, 200, 300, 400) ml/min 

Polishing Time 1 min 

 
An aqueous solution of ammonium sulfate was used as 

electrolyte. The electrolyte was delivered from Beckmann-
Institut für Technologieentwicklung e.V. 

The experiments were carried out on a planar surface of a 
sample made of AISI 316 L stainless steel. The sample had a size 
of 48 mm x 48 mm and a height of 9 mm. Befor carrying out the 
experiments, the sample was cleaned with acetone and dried 
afterwards. 

4. Characterization of the surfaces      

After the Jet-PeP-Experiments and before carrying out the 
surface characterization, the sample was cleaned with 
isopropanol and dried with compressed air. The material 
composition of the initial surface and the composition after Jet-
PeP wer measured with a scanning electron microscope (SEM) 
Zeiss EVO 25 by energy-dispersive X-ray spectroscopy (EDS) for 
comparative analyses. Likewise, the initial surface roughnesses 
and the roughnesses resulting from the Jet-PeP were 
characterized using a Keyence VK-9700 confocal microscope 
equipped with an objective with a magnification of 50 and used 
for comparison. For these investigations, each roughness value 
was measured three times according to DIN EN ISO 4287 and 
ISO 13565-2.  

Contact angle measurements were carried out on the polished 
surfaces and analyzed with a Dataphysics OCA 200 from 
DataPhysics Instruments GmbH. From the resulting contact 
angles, the surface energy σ was calucalted according to 
DIN 55660-2:2011-12 using water, diiodmethan and ethylene-
glycol as reference solutions. 

5. Results and Discussion 

Figure 2 shows SEM images of the initial surface and the 
polished surfaceat different positions of the sample, to highlight 
the modification of micro-scratches resulting from preliminary 
mechanical preparation methods.  

 

 
Figure 2. SEM images of the initial surface (a) and the surface polished 
at a voltage of 320 V and an electrolyte flow rate of 300 ml/min (b) 

 
In comparison to the initial surface shown in Figure 2 a), the 

polished surface shown in Figure 2 b) appears smoother and 
micro-scratches are obviously removed. Holes in sub-
micrometer scale, which are marked by the white arrows in 
Figure 2 a), were detected on the initial surface. On the polished 
surface, the holes are even better cognizable as highlighted by 
the black arrows in Figure 2 b). According to [5] the PeP process 
is based on anodic dissolution. It is expected that the holes are 
caused by higher removal rates of ignoble intermediate 
constituents of the steel due to locally higher current densities 
compared to the surrounding, more noble matrix [11].  

The results of the EDS measurements of the initial and the 
polished surface are presented in Table 2. The measurement 
results of the initial surface show the expected composition for 
this material according to online available data sheets of 
material manufacturers. The relative change of single element 
concentrations are illustrated by the arrows. The comparative 
values indicate, that polishing of AISI 316 L with Jet-PeP leads to 
a reduction of the weight content of Cr of -0.09 % and to an 
increase of the weight content of Fe of +2.1 %, which 
corresponds to the results in [12]. 
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Table 2 EDS results of the composition for polished surface and change 
of the content of the element (↑ increasing, ↓ decreasing) 

Element in wt.% 

Si Cr Mn Fe Ni Mo 

Initial surface 

0.55 17.48 1.80 66.57 10.62 2.98 

Polished surface 

0.48  17.39  1.41  68.67  9.79  2.26  

Change of the content of element 

↓  ↓  ↓  ↑  ↓  ↓  

 
The remaining elements Si, Mn, Ni and Mo are reduced by less 

than 1 %. Thus, the surface composition of AISI 316 L is slightly 
influenced by the Jet-PeP process, but chemical residues of the 
electrolyte were not detected.  

Figure 3 presents the average values of the measured total 
electric currents as function of the applied voltages and 
electrolyte flow rates.  

 

 

 
Figure 3. Avarage electric current as function of the voltage at flow rates 
increasing from 150 ml/min to 400 ml/min 

 
The points represent the averaged current values over the 

whole duration of each experiment. Polynomial fits were 
calculated to highlight the current development at increasing 
voltages. For the flow rates of 300 ml/min (blue triangles) and 
400 ml/min (black circles) the polynomial fits were calculated 
without considering the values measured at a voltage of 300 V, 
since they are situated in the region predominated by 
electrochemical removal. In general, the increase in voltage 
leads to significantly decreasing trends of the averaged currents 
as highlighted by the polynomial fits. At a flow rate of 
400 ml/min the relatively wide variation indicates a low process 
stability. An inreasing trend of the averaged electrical currents 
at increasing flow rate was determined as can be seen from the 
comparative values measured at 150 ml/min (green squares), 
200 ml/min (red diamonds) and the higher flow rates. As a 
reason, it is expected that a higher flow rate causes a higher 
pressure reducing the thickness of the gaseous layer, which 
leads to a higher averaged current due to a decrease in ohmic 
resistance. According to comparative results of the current 
characteristics in PeP, it can be stated the the Jet-PeP process 
can realiably be initated at voltages higher than 300 V and flow 
rates less than 400 ml/min [13]. 

In Figure 4 the cross-sectional profile of the initial surface and 
a comparative profile of the surface polished at a voltage of 
360 V and an electrolyte flow rate of 150 ml/min are shown. 
Sharp-edged peaks and valleys are characteristics of the initial 
surface, while the polished surface comparatively smooth with 
rounded edges. The measurements also shows that the 
kinematic roughness with an amplitude of approximately 2 µm, 

which is a result from the previous mechanical preparation, is 
retained. The waviness of the kinematic roughness was filtered 
to exclude influences on the roughness measurements 
according to DIN EN ISO 4287. 

 

 
Figure 4. Cross-sectional profiles of the initial surface (black) and the 

surface polished at 360 V and 150 ml/min (green) 
 

The analysis of the maximum profile peak height Rp and the 
maximum height of the profile Rz after polishing with varying 
voltages and electrolyte flow rates are shown in Figure 5.  

 

 
Figure 5. Average value of Rp and Rz depending on the voltage and flow 
velocity 

 
The green columns show the averaged values of the three 

measurements and the error bars highlight the respective 
standard deviations. The results marked by the orange-colored 
columns indicate that Rp is reduced from an initial value of 
0.68 µm to values between 0.05 µm and 0.50 µm, where the 
minimum was realized at an electrolyte flow rate of 150 ml/min 
and a voltage of 340 V. Also Rz indicated by the green columns 
is reduced for all investigated voltages and flow rates from an 
initial value of 1.36 µm to values between 0.10 µm and 1.03 µm. 
The lowest Rz was achieved at a voltage of 340 V and a flow rate 
of 150 ml/min, too. In general, it can be stated that voltages 
between 320 V and 360 V result in the lowest roughness values 
for both analyzed parameters Rp and Rz. In contrast, the 
maximal Rp and Rz were measured at a voltage of 400 V and 
300 V each at a flow rate of 300 ml/min. These values can be 
caused by more instable process at 400 V and electrochemical 
removal at 300 V.  

In addition to Rp and Rz, the core roughness depth Rk, the 
reduced peak height Rpk and the reduced valley depth Rvk were 
analyzed to describe the Abbott-Firestone curve of the surface 
profiles according to EN ISO 13565-2. Figure 6 a) shows the 
result for the initial surface and Figure 6 b) the exemplary result 
for the surface polished at a voltage of 360 V and a flow rate of 
200 ml/min. The comparison of the Abbott-Firestone curves 
indicates a significant reduction of the distribution of the 
measured values. Hence, the core roughness depth as well as 
both the peaks and the valleys are significantly reduced.  
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Figure 6. Abbott-Firestone curve of the initial surface (a) and the surface 
polished at a voltage of 360 V and a flow rate of 200 ml/min (b)  

 
The single values measured after polishing at increasing 

voltages at a flow rate of 400 ml/min are presented in Figure 7.  
 

 
Figure 7. Rk, Rvk and Rpk of the polished surfaces machined at flow rate 
of 400 ml/min 

 
The columns represent the avarege values of the three 

measurements and the error bars indicate the respective 
standard deviations. It can be seen that the surface roughness 
was significantly reduced after all analyzed polishing processes, 
partially down to less than a tenth of the initial values. The least 
values were achieved at voltages in the range from 300 V to 
380 V. For Rk the minimal realized value is 0.04 µm and for Rvk 
the minimum amounts to 0.02 µm.  

For both parameters, certain deviations without clearly 
cognizable trends were observed in the voltage range from 
300 V to 380 V. But for the reduced peak height Rpk a decreasing 
trend from the initial value of 0.26 µm to the lowest value of 
0.03 µm at a voltage of 320 V can be recognized. At voltages 
higher than 320 V, an increasing trend can be derived. At the 
highest analyzed voltage of 400 V the averages as well as the 
standard deviations are significantly increased. 

Figure 8 shows the surface energy σ of initial surface and after 
Jet-PeP at 300 V and 400 V as function of the electrolyte flow 
rate.  

 
Figure 8. Surface energy σ of initial surface and after Jet-PeP at 300 V 
and 400 V as function of the electrolyte flow rate  

The measured value of the initial surface energy was 
31.67 mN/m. As can be seen by the green columns, most of the 
values measured after Jet-PeP are within the standard deviation, 
which is represented by the error bars. One exception is 
represented by the value measured after machining at a voltage 
of 300 V and an electrolyte flow rate of 150 ml/min. In summary, 
the surface energy was not systematically increased by the Jet-
PeP process but almost kept constant. 

6. Conclusion       

It was shown that local surface treatment of AISI 316 L 
stainless steel is possible with Jet-PeP. Comparative SEM images 
indicated the qualitative smoothening of the workpiece surface. 
In contrast to the sharp-edged initial profile, the cross-sectional 
profile after Jet-PeP was characterized by a rounded 
topography, which was highlighted by the significant reduction 
of peaks and valleys indicated by the parameters Rpk and Rvk. 
Also for the remaining roughness parameters such as Rp, Rz and 
Rk reductions partially down to less than a tenth of the initial 
values were determined. The roughness value Rz was reduced 
from an initial value of 1.36 µm down to 0.10 µm, but the surface 
energy was not systematically increased by the local treatments. 
Hence, Jet-PeP offers a potential alternative to conventional 
processes for localized polishing of micro-strcutured surfaces 
without mechanical impact. 
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Abstract 
Several compliant mechanisms have been completely redesigned for Additive Manufacturing (AM) and have allowed CSEM to 
develop an innovative concept. In addition to the new geometric possibilities offered by AM, the need for machining and assembly 
after printing are drastically reduced. Support structures under flexure blades are thus minimised and the overall process becomes 
more streamlined. Moreover, this idea allows us to easily design and produce monolithic cross blade flexure pivots with interlocked 
flexible blades.  
Thanks to this concept, CSEM is now developing and testing new architectures of Compliant Mechanisms based on Additive 
Manufacturing (COMAM) for the European Space Agency (ESA) in the frame of a GSTP research project. 
 
Compliant mechanisms, frictionless, Additive Manufacturing, Selective Laser Melting, fatigue testing, flexure blade, monolithic cross flexure pivot 

 

1. Introduction 

Mechanisms with friction present significant drawbacks with 
the need of lubrication, the generation debris, backlash and stick 
slip. In cryogenic and space environments, suitable lubricants 
are very limited when not prohibited. Wear generation can 
pollute optics, obstructing a smooth motion and can even lead 
to early failures. 

To overcome these important limitation, Compliant 
Mechanisms (CM) are usually proposed. They can achieve 
macroscopic linear and rotary motion without friction, wear, 
backlash, and with extremely high fatigue performance thanks 
to the elastic deformation of flexible structures. They are used 
in harsh environment such as vacuum, cryogenic and space, 
where friction is to be avoided, high-precision and a high lifetime 
are required.  

To date, the extreme complexity of compliant mechanisms has 
required highly sophisticated and expensive manufacturing 
methods, the gold standard being the Wire Electro-Discharge 
Machining (WEDM) from a bulk material block with consecutive 
large material losses and very long and delicate machining 
procedures. Moreover, the assembly has actually to be realized 
with many precautions to ensure a very precise positioning 
between all parts. 

Today, this paradigm is questioned by the possibilities offered 
by AM technologies, notably the metallic powder bed processes 
such as the Selective Laser Melting (SLM) [1].  

After more than 30 years of successful developments using 
compliant mechanisms produced by conventional 
manufacturing methods, CSEM demonstrated in 2016 the 
feasibility of high performances compliant structures made by 
AM [2]. CSEM has over the last few years, acquired an expertise 
in the computerized optimization of such mechanisms for AM 
and has proceeded further by inventing a totally new design 
concept: the interlocked lattice flexures. This new type of 
compliant structure geometry and arrangement is such that the 
flexure elements cross, but never touch each other, even when 
deformed. This new architecture – made only possible by AM 
technologies – creates the opportunity to develop completely 

new flexure topologies but also to improve existing ones, as 
demonstrated with the example of a redesigned C-flex type 
pivot (patent US 3073584) illustrated in Figure 1.  

The complete design process, including the definition of the 
architecture and, the integration of the interlocked flexures 
before the topology optimization, will be detailed in the next 
chapter. Then, several compliant mechanisms conceived and 
manufactured will be presented. The microstructure, tensile, 
fatigue test results will be detailed and finally, next steps and 
conclusion will be drawn. 

 
 
Figure 1. Example of the redesign of a C-flex type pivot with interlocked 
flexure blades. 

2. Design methodology for AM-based Compliant Mechanisms     

The development methodology for CM buid by AM consists in 
multiple steps to ensure fulfilling the specification. First, the 
preliminary design is performed with the definition of the global 
compliant architecture and a preliminary sizing. Then, the design 
is refined in two parallel processes: topology optimization of the 
rigid structure and shape optimization of the flexures. Finally, 
complete Finite Element Modeling (FEM) simulations are 
performed to verify the compliance with the requirements. 

The principal steps of the design flow that have been 
elaborated to successfully achieve the development of a 
compliant mechanism based on AM are presented hereafter and 
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illustrated by the example of the Compliant Rotation Reduction 
Mechanism (CRRM) shown in Figure 2. 

 
Figure 2. Compliant Rotation Reduction Mechanism (CRRM). 

 

2.1 Inputs to the design 
The principal specifications for the CRRM, at the general 

design and interface levels, are that the mechanism shall be 
frictionless. In terms of performance, the input angle shall be 
±10° while the output angle shall be ±1°, meaning that the 
reduction ratio of the mechanism shall be 1:10. The repeatability 
of the system implies that the parasitic motion at output shall be 
smaller than 10 µm in the lateral and axial directions and that 
the parasitic tilt shall be smaller than 1/100°. Its dimensions shall 
be 120 mm x 50 mm and its mass shall be a maximum of 0.4 kg. 
For environmental performances, the mechanism shall 
withstand launch sinusoidal vibrations of 24 g, random 
vibrations of 18.4 gRMS and shocks of 1000 g.  

 
2.2 Preliminary design and trade-off 

The preliminary design activity of an AM-based compliant 
mechanism can be divided into two phases. The first one 
consists in conventional pre-design activities. The flexure 
topologies and the overall physical architecture forming the 
basis of the design are defined, involving the analytical pre-sizing 
of various alternatives. A pre-design example of the CRRM is 
given in Figure 3. 

 

 
Figure 3. Architecture and pre-design of the CRRM. 

 

The pre-design is then considered under the perspective of the  
Selective Laser Melting (SLM) process. The optimum build-up 
orientation is chosen during the design phase, the critical 
geometries are identified and the AM process strategy (support 
material and its future separation from the part) is defined. This 
is performed by taking into account support structure 

minimization in critical locations – where post-AM machining 
could be difficult if not impossible, post-process strategy 
(thermal treatment before/after removal) and separation from 
the build plate.  

These activities are realized in accordance with the general 
design rules for AM and the specific rules for compliant 
structures. The manufacturability of the design should then be 
assessed. This is done thanks to SLM process simulation 
software. A post-processing sequence and a verification strategy 
is defined in accordance with the specific requirements for 
compliant structures, such as temporary fixation of mobile or 
intermediate stages and the considered material foreseen. 

 
2.3 Detailed design 

The detailed design comprises two main phases:  

 Topology optimization of the rigid structure, 

 Optimization of the compliant structure, i.e. the 
flexure blades.  

 
Rigid structures optimization 

A topology optimization of the rigid structure is performed on 
the initial design in order to improve its mechanical 
characteristics, especially the overall rigidity, together with a 
mass reduction goal. The work flow is the following:  
1. Definition of the design and non-design spaces, where the 

design space is the part of the item where the optimization 
solver will be active. The non-design spaces are mainly the 
interfaces and other peculiar locations which need to be 
conserved as-is. 

2. The boundary conditions and the load cases are defined. 
3. The optimization parameters are defined. 
4. The results are interpreted. 
5. A CAD smoothing and/or rebuild is performed at the end as 

illustrated in Figure 4. 
6. A final analysis with the new shape is performed. 

 

 
Figure 4. Result of the topological optimization (top);  
design example after smoothing (bottom) 
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Flexure blades optimization 
The compliant structure shall be optimized separately to 

ensure an optimum solution with regard to performances, but 
also to ease as much as possible the manufacturing and the post-
treatments, mainly the removal from the build plate. 

The need to include support structures while producing thin 
flexure blades by AM is a critical aspect that must be taken into 
account while designing CM. The support structure is minimized 
and the attachment points of the support structure to the 
flexure are weakened in order to make its removal easier. The 
separation is performed when the part is cut off from the build 
plate. This concept has been successfully tested with several 
designs, as shown in Figure 5. 

 

 
Figure 5. Example of minimization of the attachment points of flexure 
blades on the AM build plate. 
 

While looking for the most appropriate design for flexure 
blades, CSEM innovated with a lattice structure (patent pending) 
having the main advantages of: 

 Lowering the bending stiffness while maintaining a sufficient 
thickness for manufacturing, 

 Avoiding internal support structure thanks to the overhang 
angle, 

 Ability to be interlocked to form a pivot. 
As no single solution allows for simultaneously optimizing the 

rigid and the flexible part of the mechanism [2], a dedicated 
procedure is devoted to this task.  

We start by defining a unitary lattice cell from which the whole 
blade pattern will be generated applying symmetry operations. 
Then, this unitary cell is geometrically parametrized. Next, a 
large number of different cells are generated using a Monte 
Carlo method. Some rules must be respected regarding the 
manufacturing and integrity of the structure. Therefore, only the 
designs that are compliant to those rules are considered. For 
these remaining solutions, an objective function is defined 
based on different mechanical parameters with dedicated 
weighting factors. Example of such parameters are transverse 
stiffness and stresses. Another criterion to be assessed is the 
constancy of the section area along the longitudinal axis of the 
leaf spring.  

The goal is to select a lattice that has a cross-sectional surface 
as constant as possible in order to avoid having a polygonal 
effect, to maintain a constant curvature of the leaf spring and to 
mimic at best the behaviour of a plain leaf spring. Finally, one of 
the remaining designs is selected as candidate for the final, 
detailed design.  

  
Figure 6. Stress distribution for one particular design (left);  
optimal lattice leaf spring pattern (right). 
 

Interlocked lattice structures 
Thanks to these optimized lattice structures as well as the 

opportunities given by AM, interlocked lattices flexures as 
illustrated in Figure 7 can be proposed. This architecture forms a 
rotational pivot with a high axial stiffness and which can be 
additively build with very little support structure. 

 

 
Figure 7. Rotation pivot composed of two latticework blades. 
 

3. Test results 
The preliminary material, process and post-process test results 

have already been presented during ESMATS 2017 [2]. During 
the current project, these results are consolidated with new 
tests such as residual stresses, dissolved gases, tensile, fracture 
toughness, hardness, roughness, general corrosion, stress 
corrosion cracking and fatigue. In parallel, the microstructure is 
verified as well. These samples have been additively 
manufactured in a high-strength stainless steel 17-4PH. They 
have seen the same post-processing treatments as foreseen for 
the final mechanism (i.e. HIP and solution annealing and age 
hardening).  

 
3.1 Tensile test results 

Ten tensile samples machined out of cylinders were 
characterised using a tensile test. Measured values of Yield 
strength (Rp0.2) and Ultimate tensile strength (UTS) were very 
similar for all tested samples at room temperature and varied 
from 1280 to 1330 MPa and 1380 to 1450 MPa for yield strength 
and UTS, respectively. The yield strength was slightly higher at 
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1410 MPa and 1440 MPa for samples tested at -40°C while UTS 
remained relatively unchanged. Measured Young’s modulus E is 
between 190-210 GPa. 

Elongation at failure exhibited the highest degree of variation 
from 1.2 to 6 %. Fractography revealed the presence of lack-of-
fusion defects in the specimen with the lowest elongation 
(1.2%). For the rest of the samples tested at room temperature, 
necking occurred outside the measured gauge length, which 
contributed to the overall spread in measured elongations. 
At -40°C the ductility remaines relatively high reaching near 7%.  

 
Figure 8. Stress-strain curves of six tensile tests performed at room 
temperature. 

 
3.2 Hardness test results 

Micro-hardness was measured on both ends of tensile 
samples after machining from cylinders. HV0.3 results lie within 
450 and 500 which is a spread in values typical for micro-
hardness measurements (ca. 10%). HV0.3 between 450 and 500 
corresponds to approximately 48 HRC which is near the upper 
end of expected hardness values of 17-4 PH for this thermal 
condition. 

 
Figure 9. Hardness measurements. 

 
3.3 Roughness test results 

The roughness has been measured with a surface roughness 
tester on the fatigue test samples. No mechanical process has 
been performed on the surface. The mean Ra value is 8µm 
(±1.5µm) and is independent of the direction of printing and of 
the thermal treatments performed after printing. Compared to 
surfaces obtained by machining, this value could be seen as 
much higher but the roughness is only an indicative value. The 
fatigue test results are much more important with regard to the 
behavior of the compliant mechanism. 

 
3.4 Fatigue test results 

The fatigue behavior of this material has been already defined 
during a previous activity at CSEM with an alternate bending 
fatigue test bench [2]. The results highlight that, for flexure 
blades without surface improvement and therefore with a high 
rougness, the fatigue limit is only 15% under the one for  flexure 
blades obtained by WEDM. 

Additional fatigue tests have been carried out to consolidate 
the results, including the lattice flexure blades. The results 

indicate that the values of plain flexure blades are comparable 
to the results previously obtained by CSEM [2].  

 
3.5 Performance tests 

The performance tests will start soon and the results will be 
available in June. The following parameters will be measured 
and compared with the requirements and the simulation results: 

 Dimensions with 2D optical and 3D laser scanner, 

 Mass, 

 Parasitic motions, 

 Output torques and forces, 

 Repeatability of the trajectory without output load, 

 Accuracy of the trajectory with maximum output load, 

 Stiffness; along and perpendicular to the motion, 

 Elastic torque. 
These performance tests will be followed by the environmental 
tests, comprising thermal cycling, vibration, shock and lifetime. 

 
4 Conclusion 

This paper highlights the methodology developed at CSEM to 
design, optimize and verify the development of innovative 
compliant mechanism made by additive manufacturing, while 
trying to take the best of this technology and overpassing the 
new limitations. 

The ESA project COMAM is ongoing. The next steps are the 
manufacturing of two Elegant Breadboard Models and the tests; 
performances, vibration, shocks, thermal cycles and lifetime. In 
parallel, the testing of the characterization samples is in 
progress. All these results will be presented during the 
conference. 

CSEM continues to work on the ultimate goal to have a global 
tool for the optimization of compliant mechanisms. 
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Abstract 
 

Innovative materials and new manufacturing technologies can make a substantial contribution to conserving resources. Such a path 
can be taken by adapting additive manufacturing processes for the use of renewable raw materials. It is particularly important to 
consider residual materials, for which both cost of procurement are low and interest in using them as raw materials is substantial. 
Such powders have to be characterized in the first step. In the following steps, a printable mixture must be produced, suitable binders 
chosen and the powder must be 3D-printed by means of binder jetting. Subsequently, an assessment can be made based on 
component strength as well as surface- and geometric properties.  
In the study, the first step in the described process chain - powder characterization - will be examined in more detail. Typical synthetic 
powders have a particle size of 40 to 100 µm and a close to spherical shape. Their properties allow for good thin powder layer creation 
using a rake system. The renewable substances considered here are mostly fibrous, have high length-to-width ratios and low 
flowabilities. The particle size and particle shape distributions, the moisture and the density have to be determined for 
characterization. Statements about special distribution functions, flowability or squeegee suitability, solid volume fraction or porosity 
and producible layer thickness are expected. The aim is to be able to assess usability for binder jetting for newly available raw 
materials. 
With the help of the findings on powders made from renewable raw materials, it should be possible to make a statement about 
printability already from particle analysis or to verify a powder made from renewable raw materials specifically for 3D printing. In 
further investigations, specific properties of the 3D components will be analysed. 

 
Additive Manufacturing, 3D printing, Parameter, Powder Characterisation        

 

1. Introduction 

Innovative materials and new manufacturing technologies can 
make a substantial contribution to conserving resources. Such a 
path can be taken by adapting additive manufacturing processes 
for the use of renewable raw materials. It is particularly 
important to consider residual materials, for which both cost of 
procurement are low and interest in using them as raw materials 
is substantial. Such powders have to be characterized in the first 
step. In the following steps, a printable mixture must be 
produced, suitable binders chosen and the powder must be 3D-
printed by means of binder jetting. Subsequently, an assessment 
can be made based on component strength as well as surface- 
and geometric properties. In the study, the first step in the 
described process chain - powder characterization - will be 
examined in more detail. 

2. Powder Characterisation – Theory  

Spherical particles smaller than 100 µm are typically used for 
ceramic, plastic and metal powders [1]. In addition, the powders 
have a narrow particle size distribution (PSD) and thus a steep 
increase in the cumulative passage curve [2]. The cohesion of the 
powders is usually achieved by subsequent sintering. MIYANAJI 
[2] specifically investigates the influence of the particle size of 
steel powders on binder jetting and subsequent sintering. 
Smaller particles (8-20 µm) have a higher solids volume fraction 
and thus a higher density and hardness of the sintered parts. On 
the other hand, larger particles (54-105 µm) have a better flow 

dynamic of the binder droplets (droplets do not flow wide) and 
thus the printed parts have a higher accuracy in x- and y-
direction than parts made of finer powder. 

Powders with non-spherical particles have a poorer flowability 
and also a higher porosity due to a lower bulk density [3]. For 
the dependence of the flowability on the fineness of the powder, 
a poorer flow behaviour is expected at higher fineness. Of 
course, the PSD and particle shape distribution also play a role 
here. It is nevertheless assumed that similarly distributed and 
shaped powders also have a similar flowability [4]. In addition, 
SCHULZE [5] considers the bulk material behaviour of fibrous 
and plate-like particles from the point of view of bulk material 
behaviour. Using typical process equipment such as ring shear 
tester and pressure pot, he investigates the properties of 
flowability, modulus of elasticity, porosity and breaking 
strength. He concludes that the worse the length/with-ratio, the 
greater the particle friction coefficient, the solids volume 
fraction and the change in length of the particle length under 
load, the poorer the flow properties.  

3. Experiments 

In this paper it shall be determined which characteristic values 
describe the squeegee capability of powders from renewable 
raw materials well. The following parameters have been 
considered: moisture, particle shape distribution and PSD (with 
CAMSIZER XT), density (with helium pycnometer), bulk density [6], 
tap density [7], Hausner number [8] or Carr Index [9], pourability 
[10], slope angle [11] and flowability on a ring shear tester [12]. 
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Figure 1. SEM image of ZP150 (left) and Miscanthus (right) 

In Table 1 are some results summarised for the two powders 
ZP150 (standard powder for 3D printing) of Z CORPORATION® 
and Miscanthus grass (mixture of dust and milled powder). The 
crystal shape of ZP150 can be clearly seen in Figure 1 due to the 
very high proportion of gypsum. The Miscanthus is a natural 
product (renewable raw material) and fibrous. Therefore, the 
sphericity is small against the more cubic ZP150. The Miscanthus 
has a width (dimension on sieving) under 180µm - small enough 
to be processed in 3DP. Thus, the median particle size (d50) is 
almost twice as high as that of the ZP150. However, both 
powders can be described well with a Rosin-Rammler-Sperling-
Bennett (RRSB)-distribution, compare with Figure 2.  

Table 1. Measured parameters for ZP150 and MiscanthusMiscanthus 

Parameter ZP150 Miscanthus 

Moisture [%] 0,61 8,26 

Density [g/cm³] 2,47 1,48 

Bulk density [g/cm³] 1,18 0,12 

Tap density [g/cm³] 1,48 0,16 

Hausner number [-] 1,25 1,28 

Carr Index [-] 20,1 22,1 

Slope angle [°] 42,3 - 

Pourability [g/s] 87,3 - 

Flowability (yield locus 0) [-] 5,40 6,00 

d50 [µm] 44,0 72,0 

Sphericity SPHTm [-] 0,89 0,73 

RRSB-
Distribution 

d63,2 [µm] 53,0 84,0 

n [-] 2,02 1,40 

R² [-] 0,99 0,92 

 
The two powders also show differences in their densities.  

Miscanthus measures a density of 3/5 of ZP150, and for bulk and 
tap density it is even more striking at 1/10. Therefore, 
significantly higher porosities can be expected even during 
printing. The flowability according to Hausner and Carr is 
sufficient or rather moderate for both powders. But further 
measurements have already shown that these two parameters 
do not reflect the squeegee ability very well. From the slope 
angle, the coefficient of static friction between the particles can 
be determined. For ZP150 the static friction coefficient is quite 
high at 0.91. For Miscanthus, however, a slope angle and a 
pourability cannot be measured due to a very poor flowability 
(particles get stuck). The pourability is a dynamic parameter – 
but while printing the material is not so air-conditioned. The 
flowability for both materials are in field of easy-flowing 
powders – Miscanthus even better. It can be assumed that the 
dynamic methods can better represent the squeegee capability. 

An important factor influencing the flowability is the moisture 
content of a powder. For ZP150 this is very low. Miscanthus, on 
the other hand, has a much higher moisture content, since 
natural materials are usually hygroscopic. It should be noted 
that the flowability decreases with increasing moisture. A limit 
value for squeegee ability in relation to moisture is dependent 
on the material (normally moisture should remain under 10 %). 

Both powders can be printed well in the 3DP process. The 
printed parts have an accuracy correlating to the particle size, 
hence also a limited precision. Still, the variation coefficient 

(ZP150 1.26 % / Miscanthus 0.84 %) is low with a percentage 
deviation of 3.07 for ZP150 and -2.81 for Miscanthus. 

Figure 2. RRSB-distribution for ZP150 and Miscanthus 

4. Conclusion 

The examined powders ZP150 and Miscanthus show a very 
different particle size and shape as well as varied densities. On 
the other hand, Hausner number, Carr index and flowability are 
comparable. These dynamic parameters could be an indication 
for the squeegee ability of powders for Binder Jetting. However, 
the exact influences are not yet fully understood. A way to better 
evaluate the squeegee capability is to develop a test rig in which 
the mass per applied layer (squeegee density) can be measured. 

All in all, it is assumed that the most important influencing 
variables are particle shape distribution, PSD and the internal 
friction angle. For these parameters the influence on the 
flowability should also be determined for other renewable raw 
materials and their mixtures with different binders.  
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Abstract 
Injection molded direct joining (IMDJ) is an in-mold process to directly join a metal piece, whose surface is fine-structured, and an 
injection molded polymer part. A fine-structure at the polymer–metal interface contributes micro-/nano-scale interlocking and 
resultant direct joining. The interlocking is formed when melt polymer flows in a mold by injection molding. To produce better 
interlocking and high joining performance, controlling the physical state of melt polymer is important. One of the most effective 
physical quantities is temperature, which is usually controlled by changing temperature of an injection nozzle and a mold. This study 
presents an advanced temperature control, dynamic control of mold temperature (DCMT), to control temperature of melt polymer 
during injection molding. DCMT is constructed with a local heating system of mold. The experimental results show that a system of 
DCMT produces high joining strength and improves efficiency of the IMDJ process. 
 
Polymer–metal direct joining, Injection molding, Mold temperature, Joining strength 

 
1. Introduction 

A polymer-metal direct joining technology, which does not use 
any joining parts or materials such as screws and adhesives, can 
enhance productivity and reduce weight of products. One of the 
proposed direct joining methods is injection molded direct 
joining (IMDJ) that consists of a surface fine-structuring of 
metals and injection molding. An injection-molded polymer is 
joined with a metal piece via fine-structured surface (Fig. 1). One 
of joining mechanisms is micro-/nano-scale interlocking 
between materials. 

Joining performance or productivity is determined by physical 
states of melt polymer during molding, which is affected by 
molding condition. Some previous studies investigated effects of 
molding conditions [1-3] to achieve strong joint. One of the most 
effective physical quantities is temperature, which is controlled 
by temperature of a mold or an injection nozzle. The higher 
temperature may provide both better and worse effects for the 
IMDJ process and product. The better effect is, for example, 
improvement of mechanical interlocking between a polymer 
and a metal, which can improve joining strength as performance. 
Whereas, the higher temperature causes the longer cooling 
(solidifying) time period, which results in the lower productivity. 
To avoid the tradeoff, this study presents dynamic control of 
mold temperature (DCMT) to change temperature of melt 
polymer during molding process dynamically. The effect of 
DCMT is experimentally validated in this paper. 

2. Experimental procedure 

2.1. Surface fine-structuring for metal pieces 
To form fine-structures, metal pieces (A5052 aluminum alloy) 

were surface processed by short-pulse laser (FLS-IRM-50, IPG 
photonics) [4]. The condition of the laser was as follows; power: 
0.375 mJ; wavelength: 1 064 μm; pulse width: 100 ns. Figure 2 
shows the fine-structured metal. The laser processing formed a 
micro dimple array on a square grid with pitch of 60 μm. The size 
of each dimple was 47 μm in diameter and 108 μm in depth. 

2.2. Injection molding 
Injection molding was carried out to join an injection molded 

polymer part (PBT: polybutylene terephthalate) with a surface 
fine-structured metal piece placed in a mold in advance. Table 1 
shows the molding condition. In this experiment, two different 
values were used for injection speed. Otherwise, constant values 
were used for the condition parameters. The molding machine 
was a horizontal type with clamping force of 1 000 kN (α-S100iA, 
Fanuc). The mold was a newly developed and had a function of 
DCMT; the detail is described in the next section. 

2.3 Dynamic control of mold temperature 
Figure 3 shows a schematic illustration of the mold that was 

designed to produce a single-lap joint (ISO19095) and to have 

 

Figure 2. Laser processed metal piece. A micro dimple array was 
formed. 

 

Figure 1. Process overview of injection molded direct joining. 

Table 1. Molding condition. 

Injection 
speed 

[mm/s] 

Polymer 
temperature 

[°C] 

Packing 
pressure 

[MPa] 

Holding 
pressure 

[MPa] 

10, 100 260 60 30 
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the function of DCMT. There was a pressure sensor (6158A, 
Kistler) to measure pressure in a mold cavity, which is applied by 
injected melt polymer. DCMT was achieved by a local 
temperature controller (Y-HeaT system, Yamashita Electric) that 
consists of tiny heaters. The temperature-controlled part is 
divided into four local areas. Since this study did not investigate 
spatial distribution of temperature control, the temperature of 
the four areas were controlled by the same reference. 

Figure 4 shows a reference of DCMT and timing of an action 
on the injection molding. In this profile, when the mold closes (t 
= 0 s), the reference of DCMT is changed from low temperature, 
Tlow, to high temperature, Thigh. After heating time, th, the 
temperature is changed to low temperature again. The injection 
process starts after the actual temperature reaches Thigh, at t = ti. 
In this study, the parameters of temperature were as: Tlow = 
140 °C; Thigh = 140, 160, and 200 °C. The condition of Thigh = 
140 °C means the temperature keeps constant. The parameters 
of time, ti and th, were determined by a pilot experiment and are 
shown in Table 2. Figure 5 shows an example of time course 
measurements of mold temperature and cavity pressure. 

2.4 Evaluation of joining performance 
The joining specimens were evaluated by a tensile shear test. 

The test applied strain to a specimen with a constant tensile 
speed of 1 mm/min and measured the applied load. The 
maximum load until failure occurred was divided by joining area 
of 5 mm2 to obtain tensile shear strength. In each condition, five 
samples were tested. 

3. Results and discussion  

Figure 6 shows relationships between joining strength and 
high temperature Thigh under different injection speed (v) 
conditions. If the mold temperature was constant (Thigh = 140 °C), 
the higher injection speed provided the higher strength. The 
reason is because the high speed kept high temperature and 

fluidity of flowing polymer, which causes high infiltration of 
polymer into micro dimples. The strength under the condition 
Thigh = 160 °C was much higher than the condition Thigh = 140 °C, 
which can be also due to high infiltration. However, the 
condition Thigh = 200 °C provided quite lower strength. This could 
be caused by thermal degradation of polymer. Overheating by 
DCMT can provide the degradation and resultant weak joining. 

4. Conclusion 

This study investigated the effect of dynamic control of mold 
temperature (DCMT) on injection molded direct joining (IMDJ). 
IMDJ specimens were produced under different DCMT 
conditions and evaluated by a tensile shear test. The results 
showed that the joining strength increased if the mold was 
heated during melt polymer was flowing. Even if the injection 
speed was low, which is not suitable condition, the joining got 
high strength. It means that DCMT improved the efficiency of 
the IMDJ process. However, the overheating by DCMT provided 
low strength, which might be provided by thermal degradation 
of polymer. Future work will confirm the degradation and 
investigate effects of DCMT under various conditions. 
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Figure 5. Time course measurement of temperature controlled by 
DCMT and cavity pressure. 

 
Figure 6. Relationship between joining strength and high 
temperature of DCMT, Thigh. Marker: average. Error bar: standard 
deviation. 

 
Figure 3. Schematic of mold (top view and front view). 

 
Figure 4. Reference of time course variation of temperature for 
DCMT and timing chart for injection molding process. 

Table 2. Process parameters for IMDJ using DCMT. 

Tlow/°C 140 140 140 

Thigh/°C 140 160 200 

ti/s NA 15 32 

th/s NA 20 38 
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Abstract          
 
The production of components for automotive and aerospace industry by conventional machining is still limited by hardness and 
strength of the workpiece materials. Electro-discharge drilling is used for machining electrically conductive materials without any 
limitation due to mechanical properties. 
Electro-discharge drilling causes debris in the working gap, which leads to arcs and short circuits on the lateral surface with negative 
effects on processing results and process duration. Due to these arcs and short circuits limited drilling depth, increased tool wear, 
conicity of boreholes and process instabilities are still challenges in electro-discharge drilling. 
In this work, a new approach for passivation of the tool electrode material by oxidation is shown. Different oxidation processes for 
tool electrodes made of brass were applied and analysed. 
Surface modified tool electrodes were used for electro-discharge drilling of Elmax, SuperClean from the company VOELSTAPINE AG, 
Linz, Austria. The investigation was carried out on the machine tool AGIETRON Compact 1 from the company AGIE SA, Losone, 
Switzerland, for machining of through holes with a depth of t = 33.5 mm using different surface modified tool electrodes with a 
diameter of d = 0.8 mm. 
First results show a reduction of the erosion duration by 20 % for the application of thermally oxidized brass.  
The investigation of different defined oxide layer thicknesses and electrical resistances for specific applications are part of this 
ongoing work. This work is funded by the German Research Foundation (DFG). 
 
Type the keywords here: drilling EDM, oxidation, efficiency       

 

1. Introduction  

The production of high-precision components with micro-
scale features is of growing importance in almost all industrial 
sectors. Due to the high requirement and complexity in the field 
of micro-machining, UHLMANN ET AL. [1] proposed a new process 
chain. Furthermore, the state of the art with the advances and 
limitations of current micro-machine tools in the field of micro-
turning, micro-milling, grinding and different variants of electro-
discharge machining were shown. 

Electro-discharge drilling was presented as a key technology of 
manufacturing advanced fuel injection nozzles and cooling holes 
in turbine blades made of super alloys in the automotive and 
aerospace industry, respectively [2]. For the consumer market 
micro-holes are used in various micro-components as in watches 
and cameras [3]. The non-conventional process of electro-
discharge drilling is capable for machining electrically conductive 
materials with high mechanical properties such as tool steel, 
carbides, titanium alloys and super alloys.  

An everlasting challenge in this field is the formation of debris 
in the working gap of dielectric fluid resulting from the thermal 
removal process. The metallic nature of these debris acts as an 
electrical conductor in the electro-discharge drilling process, 
leading to arcs and short circuits. To remove debris and its 
related arcs and short circuits pressure flushing is utilized to 
evacuate the debris along the lateral working gap sl. Although 
the process has been significantly improved, arcs and short 
circuits still occur on the lateral surface of the tool electrode. 
These arcs and short circuits lead to increased process 

instability, erosion duration tero, tool wear Δle, conicity of 
boreholes α and a formation of a white layer across the 
machined surface of the workpiece electrode with a reduced 
mechanical endurance f [4]. Therefore, a surface modification of 
the tool electrode to reduce the number of arcs and short 
circuits is required to achieve precise machining of boreholes 
with high aspect ratios a. 

In this work, a new approach for passivation of the lateral 
surface of brass tool electrodes by oxidation according to 
UHLMANN ET AL. [5] is shown. It is expected, that the oxide layer 
on the surface of the tool electrode increases the electrical 
resistance R, which decreases the probability of the occurrence 
of arcs and short circuits. An improved process stability, 
decreased erosion duration tero and tool wear Δle is expected. 

2. Materials and Methods 

2.1. Thermal oxidation of brass 
Prior the oxidation, the brass tool electrodes with an outer 

diameter of do = 0.8 mm, an inner diameter of di = 0.3 mm and a 
length of l = 150 mm from the company EDM DEUTSCHLAND GBR, 
Kahl am Main, Germany, have to be cleaned. Therefore, a 
diamond paste with a grain size of sg = 1 µm from the company 
STRUERS GMBH, Dresden, Germany, was applied to remove grease 
films and natural oxidation layers to provide identical conditions 
before oxidation. The tool electrodes were cleaned with an 
ultrasonic bath device Sonorex RK 100 from the 
company BANDELIN, ELECTRONIC GMBH & CO. KG., Berlin, Germany. 
To prevent a natural oxidation, ethanol was applied. Afterwards, 
the brass tool electrodes were either thermally oxidized at an 
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oxidation temperature of ϑoxi = 250 °C or ϑoxi = 550 °C by the 
labaratory-type drying cabinet 6120 or furnace 110 from  
the company HERAEUS DEUTSCHLAND GMBH & CO. KG., Hanau, 
Germany, respectively. The oxidation parameters are listed in 
Table 1. After the oxidation process, the oxidized tool electrodes 
were cooled to ambient temperature ϑ in air on a fireclay brick. 
 
Table 1 Chosen parameters for the oxidation of tool electrodes 
 

Oxidation 
atmosphere 

Oxidation 
temperature ϑoxi  

Oxidation 
time toxi 

Air 
250 °C 1 min; 10 min; 

30 min; 60 min 
H2O 

O2
 550 °C 

 

On the lateral surface of the tool electrode, the specific 
electrical resistance ρ was determined using the four-point 
probe method. The high-precision multimeters 5000 and 5001 
from the company PREMA SEMICONDUCTOR GMBH, Mainz, 
Germany, were used for this purpose. 

2.2. Electro-discharge drilling 
Surface modified tool electrodes were used for electro-

discharge drilling of Elmax, SuperClean from the company 
VOELSTAPINE AG, Linz, Austria. The investigation was carried 
out on the machine tool AGIETRON Compact 1 from the 
company AGIE SA, Losone, Switzerland, for machining through 
holes with a depth of t = 33.5 mm using different surface 
modified tool electrodes with a diameter of d = 0.8 mm. An 
inner pressure flushing with a pressure of p = 50 bar through the 
single channel electrode was used. The erosion duration tero as 
well as the tool length wear Δle were measured. 

3. Results 

3.1. Oxidation 
Figure 1 shows the dependance of the specific electrical 

resistance ρ on the oxidation duration toxi. 

 
Figure 1. Specific electrical resistance ρ of oxidized tool electrodes 
 

Due to the oxide layer, a higher specific electrical resistance ρ 
is expected. However, the specific electrical resistance ρ 
decreased with a higher oxidation time toxi. By using an 
atmosphere of air, the specific electrical resistance ρ could be 
reduced from ρRef = 0.084 Ωmm²/m to ρ = 0.082 Ωmm²/m at an 
oxidation time of toxi = 1 min, whereas the specific electrical 
resistance ρ was reduced to ρ = 0.074 Ωmm²/m at an oxidation 
time of toxi = 60 min. This can be explained by the thermal 
exposure of the tool electrodes. For brass, stress-relief annealing 
occurs at a temperature of ϑoxi = 250 °C. This leads to a 
decreased number of dislocations and defects resulting in a 
decreased specific electrical resistance ρ. The tool electrodes 

heated at an oxidation temperature of ϑoxi = 550 °C show a 
decreased specific electrical resistance of ρ = 0.070 Ωmm²/m as 
well as a reduced hardness H and strength f due to 
recrystallization. Thus, these tool electrodes were unsuitable 
and not used for electro-discharge drilling. An error could be 
caused by the low thickness t of the oxide layers. As a result the 
measuring of the specific electrical resistance ρ could be 
influenced by unoxidized parts of the surface of the tool 
electrodes. The oxide layer thickness t was not measured. 

3.2. Electro-discharge drilling 
Figure 2 shows the erosion duration tero as well as the 

tool length wear Δle of the oxidized tool electrodes. Three 
through holes were drilled with each tool electrode 
configuration. 

 
Figure 2. Processing results of oxidized tool electrodes  

 

The lowest erosion duration tero was achieved by the tool 
electrode configuration I, which led to a reduction of the erosion 
duration from tero,Ref = 20.2 min to tero,I = 16.0 min. Longer 
oxidation times toxi resulted in an increased erosion duration tero. 

The tool length wear was reduced from Δle,Ref = 65.5 mm to 
Δle,I = 64.8 mm. 

4. Conclusion and Outlook 

The oxidation of brass tool electrodes showed promising 
results regarding process stability, erosion duration tero and tool 
length wear Δle. Nevertheless, thermal exposure during 
oxidation of the tool electrodes leads to a stress-relief annealing 
or recrystallization. This results in a reduction of the electrical 
resistance R, hardness H and strength f and effects the electro-
discharge drilling process directly. Further investigations 
address the oxidation behaviour of different electrode materials 
and the effect on the electro-discharge drilling process. This 
work is funded by the German Research Foundation (DFG). 
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Abstract 
Miniature size optics are the key components in most electronic devices. They are becoming increasingly important for example in 
intelligent systems, mobile robots or driving assistance devices. The image quality depends, among others, from the surface 
roughness and the shape of the optical lenses. Alvarez-Humphrey-lenses is one type of these lenses, which are focused by laterally 
shifting two lenses against each other. Such a lateral focussing can minimize the size of optical systems. The aim of this work is to 
manufacture miniaturized additive Alvarez-Humphrey-steel-moulds. The manufacturing methods of the injection mould for this 
complex lens are disclosed. The main advantage of using additive manufactured moulds for injection moulding are the possibility of 
using conformal cooling channels, that will shorten the manufacturing cycle of the plastic lenses. Furthermore, specific moulding 
materials can be efficiently used. Due to the holes and pores, from the additive manufacturing process, it is impossible to polish 
additive manufactured surfaces in optical quality without a further process step in between. In that case, the injection mould surface 
is manufactured in a process chain: after selective laser melting (SLM) the surface is milled, generating the main shape and removing 
irregularities. In a second step, the surface is laser polished to close small holes and pores by re-melting of a thin surface layer. 
Afterwards, the surface is milled a second time to generate the final shape of the mould, this time without holes and pores. In the 
final step, the surface is polished by conventional pad polishing process and/or fluid jet polishing. With this process chain, additive 
manufactured injection moulds with optical surface quality can be manufactured. 
 
Keywords: additive manufactured injection moulds, laser polishing, pad polishing, fluid jet polishing, selective laser melting 

 

1. Introduction 

Miniature size cameras becoming increasingly important in 
mobile electronic devices like smartphones or as vision sensors 
in intelligent systems. Today, image sensors a few millimetres in 
size incorporate more than ten million pixels. However, image 
quality does not only depend on the resolution of the image 
chip, but also on quality and functionality of the optics. The most 
critical factor for active optics in miniature size cameras is the 
available space. Due to their great potential for miniaturization, 
Shape Memory Alloys (SMA) appear particularly well suited for 
this task. SMA wires change their electrical resistance with their 
shape, so they can be employed as actuators and sensors at the 
same time. SMA can used as adjustment systems for lenses 
systems [1]. For example anamorphic lenses, which generates 
variable cylinders lens power and variable cylindrical lens 
rotational alignment over incremental viewpoints chosen 
through its surface, by moving two identical lenses planar in x-y-
direction. A type of anamorphic lenses are Humphrey lenses, 
which are round instead of the square Alvarez lenses. This 
adjustment of the optical axis results in a space-saving design. 
The optical surface of such a lens can be defined in terms of 
thickness equation:  

 
t(x,y)=0.0583175389x^3+0.1749526169xy^2+0.2 
 

A figure of the 3D-model of the lenses is shown in Figure 1. 
The presented lenses have a diameter of 16 mm and a high of 
the lowest to the highest point of the optical surface from 5 mm.  

Lenses are usually injection moulded in large quantities and a 
steel mould is manufactured. The polishing of such moulds is 
usually the final processing step and is still mainly carried out 
manually by experienced specialists [2]. Therefore a great 
interest in automation of the polishing process for complex 
surfaces exist. The advantages of additive injection moulds are 
close contour cooling, fast production of mould inserts and the 
possibility of repairing moulds [3]. In preliminary tests, the pores 
created by additive manufacturing were flushed out. Therefore, 
additional process steps in the production chain are necessary. 
Between the two lenses there is a transparent liquid with a high 
refractive index [4]. The aim of that publication is to show the 
additive manufacturing of optical surfaces from such Humphrey 
lenses. With the introduced process chain, injection moulds with 
compelx geometries and / or contour-closed cooling can be 
produced in all sizes with optical surface quality. 
 

Figure 1: 3D-model of the optical surface of a lens 

X 

Y 
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2. Methodology 

A process chain was set up for the production of additive 
mould inserts with optical quality: additive production of the 
basic contour by SLM, production of the contour by milling, laser 
polishing to close the pores, milling again to eliminate the 
waviness. In a final step, the surface is polished to optical quality 
by fluid jet polishing and abrasive pad polishing (see Figure 2). 
Due to the complex geometry of Alvarez-lenses, the shape of the 
injection mould and the injection-moulded lens are both 
identical. After each production step, the surface is qualitatively 
measured in order to evaluate the change. The quality of the 
surface is determined by the roughness and shape accuracy. The 
roughness is measured by a white light interferometer (WLI) and 
the shape is measured tactilely. The shape accuracies are 
measured with the tactile machine ZEISS Prismo. Sa is the 
average roughness and is  evaluated over a 3D surface. As 
already mentioned additional process, steps are necessary. Due 
to the conventional process chain, laser polishing and fluid jet 
polishing are combined to create high precise optical surfaces. 
Milling is done by a conventional high speed milling cutting 
machine with a cartesian movement system. All polishing steps 
are done by using industrial six axis robots. The surface quality 
of the moulds is an essential requirement due to its direct 
appearance of the plastic injected parts [4]. The contour of the 
tool insert is enlarge by a factor of four, so the diameter of the 
lens will be 16 mm. Because of the novel process chain, the focus 
was on the manufacturing and not on the miniaturizing or 
minimizing of the tool insert. 
2.1. Selective laser melting 

Selective laser melting (SLM) is a powder-based additive 
manufacturing technique with the opportunity to produce 
highly complex shapes. In comparison to conventional produced 
parts without a remarkable wastage of material and a long 
production time. Stainless steel 316L was used to manufacture 
the tool insert for the injection mould. The 3D printing was done 
at a TruPrint 1000 Multilaser with a focal diameter of 50 µm. The 
samples were build up with a layer high of 30 µm at a laser 
power of 175 W and a scan velocity of 350 mm/s. The lens is 
tilted slightly to obtain a surface that is as horizontal as possible 
for laser polishing. However, the surface of the manufactured 
SLM parts has a high roughness which can affect integrity and 
the SLM process can affect geometric tolerances [5]. So 
afterwards different types of manufacturing steps are necessary 
to generate an optical quality surface. The tool insert is also 
lightly larger and the outer contour is produced in a final milling 
step. 

 
 

2.2. Milling 
As an initial test, the shape of the lenses are milled in a larger 

scale and different material (S235JRC+C and Böhler W400). 
W400 is a vacuum remelted hot work tool steel with a good 
macro- and microstructure. That kind of steel has a good 
polishability, because of the lowest levels of unwanted trace 
elements and an excellent homogeneity and isotropy. In a 
second step, the moulds are manufactured additively and pre-
processed by milling. All milling steps are done on a RÖDERS 
RXP500 DS with jig grind technology. The grind technology 
enables the usage of precisely temperature-controlled, flushing 
grinding oil. That increases the optical surface quality of the 
milled work pieces. To increase the accuracy of the 
manufacturing a zero point clamping system is used. A HITACHI 
EPBTS2060 TH with a short cantilever extension is used. In a first 
step, the edge and bottom of the base plate of all additive 
manufactured tool inserts were milled. Therefore, in further 
steps there was a clear orientation and an easy calibration of the 
tool inserts. The optical surface of the tool insert is milled with a 
meander toolpath and a path distance of 0,005 mm. The 
idealized prediction of surface roughness (Sa-value) done by 
PowerMILL was 2 nm, which differ from the reality by vibrations 
of the machine and process fluctuation. 
2.3. Laser polishing 

Laser polishing is a contact-free and volume-remain surface 
treatment technique. It offers the opportunity to work on 
complex 3D-freefrom surfaces with acheavable high roughness 
reduction rates in combination with high area rates and fully 
automatic [6]. Laser polishing is done by remelting of a thin 
surface layer of the material. For a areal treatment the laser 
beam is guided highly dynamically over the surface of the 
workpiece by means of multidimensional scanner optics. Several 
investigations on additive manufactured metall parts, e.g. Steel 
alloys, Titanium, Inconel or Aluminum have shown a huge 
surface improvement. In order to prevent oxidation on the 
polished surface by reaction with the oxygen content of the air, 
the process is done inside a process chamber, which is flooded 
by a controlled Argon atmosphere. The laser polishing was done 
with a 4 KW disc laser TruDisk4002 (Trumpf). The beam was 
guided by means of a 3D-Scanner optics I-PFO (Trumpf) with a 
focal diameter of 760 µm. The samples were polished by a linear 
hatching with a hatch distance of 50 µm at a laser power of 
300 W in combination with a scan velocity of 200 mm/s, 
comparison to complex 3D-surfaces laser polishing of flat 
samples was already investigated [7].  

 

Figure 2: Process chain to generate optical surfaces on additive manufacturing tool inserts 
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2.4. Abrasive polishing 

In preliminary tests, fluid jet polishing (FJP) [8] (an alternative 
polishing process) was carried out on injection moulded 
components manufactured with additives. The processing 
pressure creates pores in the surface (see Figure 3), which are 
created by the additive manufacturing basic form. If the surface 
is frequently run over by FJ polishing, the pores deepen due to 
washing out effects. For this reason, laser polishing was 
combined with abrasive polishing in this paper. 
 

 
Figure 3: FJ polished surface of laser polished surface (left) and 
FJ polished surface of additve manufactured surface (right); the 
white spots on the surface are the pores 

Like FJP, abrasive pad polishing is a cutting technique with 
geometrically undetermined cutting edges. Aluminiumoxid is 
used as loose abrasive, which is added to water to generate the 
polishing slurry. It is a continuation of fine grinding with even 
finer grains and more accuracy to ensure a high surface quality 
and less shape deviation. The objective of polishing is the 
levelling of the surface and removing of spikes from previous  
process steps. The suspension acts between the workpiece and 
metals. 
 
 
 
 
 
 
 
 
 
 

There are various theories in the literature regarding the 
mechanisms of the mechanical polishing carrier removing glass, 
silicon and metal [9]. 

3. Results 

All different processing steps of the tool inserts process chain 
are shown in Figure . As can be seen in the pictures and the WLI 
images (Figure 4 and Figure 5), the roughness was considerably 
reduced by the milling steps and polishing.  

 

Figure 5: Additive manufactured tool inserts in different 
manufacturing steps; (1) Additive manufactured; (2) Milled 
surface; (3) Laser polished surface; (4) milled again; (5) Abrasive 
pad polished surface 

Laser polishing achieves a homogeneously remelted surface 
layer, shown in Figure 6. Thereby the melting depth varies 
between 102 µm and 147 µm. The remelted surface layer is 
absolutely free of porosity.  The mean hardness of the remelted 
layer decreases to 195 HV 0.5, compared to the SLM initial 
structure hardness of 240 HV 0.5. Table 1 shows that the 
roughness was reduced about 98,5 %. These Sa-values are the 
average from five measuring points, all almost the same position 
on the surface. Laser polishing as the third process step 
increased the roughness slightly. Considering the form deviation 
between the desired form and the required surface, there was a 
maximum deviation of 1 µm (see Figure 7). The coordinate 
system of the figure is identical with the coordinate system of 
Figure 1. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: WLI measurements of each process step; (1) Additive manufactured; (2) Milled surface; (3) Laser polished surface; (4)  
milled surface after laser polishing; (5) Abrasive pad polished surface 
Measuring field size: 1,66 x 1,66 mm (additive) and 0,22 x 0,22 mm (all others); Filter: 4th Order 
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Figure 6: Cross section of laser polished sample, homogenious remelting zone without porosity 
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Table 1: Roughness of each manufactured surface 
Manufacturing step Sa [µm] 

Additive manufactured 5,82 

Milling step 1 0,16 

Laserpolishing 0,325 

Milling step 2 0,1 

Abrasive polishing 0,09 

 
The form deviation is symmetrical, which indicates systematic 

errors: With a 6 mm milling cutter, the kompleye contour cannot 
be machined to the desired shape everywhere. Small milling 
cutters could be a remedy, but they are less rigid than the 
selected milling cutter. Oversizing could also be a remedy. 

4. Summary and conclusion  

The rapid additive production of injection moulds with optical 
surfaces was successfully demonstrated. Optical quality 
(Sa < 10 nm) was not reached yet, but the surface quality of 
additive manufactured tool inserts was improved. Pores from 
the additive manufacturing step were closed. To have an exact 
orientation and exact position of the tool insert, the additive 
part should be printed on a milled base plate. This makes it much 
easier to calibrate the tool insert in further steps for milling or 
post-milling after laser polishing. Furthermore, the repeatability 
of the manufacturing will be increased. Due to the high radius of 
curvature, the surface could only be measured in the centre of 
the surface. With this process chain, the pores from the additive 
manufactured surfaces can be closed. With this step, polishing 
processes can be improved to generate in futher optical surfaces 
on additive manufactured parts. It was possible to produce 
practically reproducible additive surfaces for tool making. These 
are comparable with conventionally manufactured steel 
components. In a further step, the behaviour during injection 
moulding (e.g. heat and pressure) must be considered over a 
longer period. 

5. Discussion  

Due to the complex process chain, an economic production of 
workpieces is not possible. The effort is only worthwhile for 
injection moulds with conformal cooling channels or for complex 
geometries. Manufacturing of moulds by die-sinking EDM or 
milling is just cheaper, time saving and much more simple. 

The targeting with the laser beam and the fluid jet beam 
during manufacturing will be a challenge. One possibility could 
be the using of conventional manufactured and milled base 

plates. The manufacturing of such small objects with optical 
surface quality challenges the optic manufacturing as well as the 
conventional manufacturer. 

6. Further work  

The real scaled shape of the optical lens was milled and 
polished on an ejector with a diameter of 4 mm. The ejector has 
a hardness of about 45 HRC. With this ejector as a tool insert first 
real scale lenses are manufactured by injection moulding. As a 
further step the ejector should be replaced by an additive 
manufactured ejector. At the moment, the surface is just 
polished by abrasive polishing. This is just possible due to the 
enlarge contour of the tool insert. Another next step is the 
development of a demonstrator in original size, with a diameter 
of the lens of 4 mm. In this scale pad polishing is no longer 
possible and the steel must be polished by FJP. The complexity 
of the additive manufacturing of such scaled parts and the 
calibration of the work piece for polishing are challenges for the 
future. In a further step material, which is simple to polish 
should be used. Such material has is very homogeneous and has 
a fine macro- and microstructure.The shape of the surface is not 
measured yet. In a further step, the shape should be measured 
and corrected by polishing. 
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Abstract 
Hydrophilic/hydrophobic pattern on a surface repels water droplet because a driving force acts on the droplet from hydrophobic 
area to hydrophilic area due to the imbalance of surface tensions. In the case of oil droplet in water, the driving force acts oppositely 
due to the same reason. These driving forces can be applied to produce a self-cleaning function. The forces can be enhanced with 
tapered wettability pattern on the surface. To extend the functional life, this study applied the patterned hydrothermal synthesis of 
TiO2 for hydrophilic area because its hydrophilicity can be ensured by photocatalytic activity with UV irradiation. Hydrothermal 
synthesis on a fluoride-doped tin oxide (FTO) substrate produces an array of TiO2 vertical rods. By masking the hydrothermal synthesis 
with star-like patterned photomasks, TiO2 rods were successfully synthesized leaving hydrophobic star-like areas. A star-like pattern 
has four tapers to gather the spread thin oil film to make a droplet. After observing the morphology of the structure, oil droplet 
repelling performance was examined. It was found that the sliding angle of oil droplet in water drastically decreased with the help of 
patterned structure. The effect of UV irradiation dose on the repelling performance was also made clear. 
 
Hydrothermal synthesis, wettability pattern, water/oil, droplet, repellent  

 

1. Introduction 

Anti-adhesive or self-cleaning surfaces are often required not 
only in industry but in daily life. Contact angle of a liquid droplet 
is determined as the equilibrium of interfacial tensions at the 
boundaries between liquid, solid, and ambient substance such 
as air. By applying hydrophilic/hydrophobic pattern on a surface, 
contact angle of a droplet becomes not unique but variant 
depending on the location. Using these patterns, spread oil 
could be gathered and self-cleaning function was demonstrated 
[1]. However, its functional life was limited because the 
wettability changed with time. 

Titanium dioxide (TiO2) has stable super-hydrophilicity after 
ultraviolet (UV) irradiation due to photocatalytic activity [2]. 
Hydrothermal synthesis can produce an array of TiO2 rods on a 
fluoride-doped tin oxide (FTO) substrate [3, 4]. However, its 
patterning has not been tried due to high process temperature. 

This study aims to produce patterned array of TiO2 rods with 
hydrothermal synthesis and evaluate the repelling characteristic 
of oil droplet in water. Future applications are also discussed. 

2. Principle  

Figure 1 shows the change in oil droplet contact angles 
showing the effect of environment and the principle of droplet 
repelling. The upper photographs show the oil droplets in water. 
The contact angle on a hydrophilic surface becomes large while 
that on hydrophobic surface is small due to the change in 
interfacial tension balance [1]. The lower figure shows cross-
section of oil droplet stretched across the wettability boundary 
together with the force vectors representing interfacial tensions 
at the boundaries. It can be found that the oil droplet moves 
from hydrophobic area to hydrophilic one due to a driving force 
caused by the imbalance of tensions, which is the principle of 
repelling. 

 
Figure 1. Principle of droplet repelling in case of oil droplet in water 

3. Preparation of wettability-patterned samples 

Figure 2 shows the preparation of wettability pattern to 
enhance the driving forces together with its principle. Key is the 
tapered wettability to produce repelling forces as shown in 
lower right in the figure. Widely spread oil changes to high-
contact angle droplet with the help of the driving force. With the 
increase in contact angle, the circumference of contact becomes 
shorter and eventually the droplet will float into water due to 
the density difference. Typical design is regularly placed star-like 
pattern that combines four tapers as shown in the figure. 

The pattern was produced by photolithography and the 
remained photoresist was used as a mask for subsequent 
hydrothermal synthesis. After hydrothermal synthesis, vertical 
rod array of TiO2 can be obtained as the results of epitaxial 
crystal growth on an FTO substrate that has similar lattice 
constant (0.474 nm) with TiO2 (0.458 nm). Typical size of the 
star-like pattern was 0.25 mm in width with 0.5 mm pitch. The 
hydrothermal synthesis conditions are shown in Table 1. The 
reaction temperature was set at 150 ºC. The rod length 
increased with the reaction time, and typically, it was set at 4 
hours based on preliminary experiments. 
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Figure 2. Enhancement of repelling force with wettability pattern 

 
Table 1 Experimental conditions 

Substrate FTO glass, 10 mm×12.5 mm 

Photoresist OFPR-8000 (Tokyo Ohka ) 

Contents of source 
solution 

H2O 30 mL 

HCl 30 mL 

TiCl4 1.0 mL 

Reaction condition Temperature 150 ºC 

Time 2-12 h 

4. Results of hydrothermal synthesis 

Upper part of Fig. 3 shows the observation results of scanning 
electron microscopy (SEM). It can be seen from the upper left 
photo that star-like patterns were obtained as intended. 
Detailed observation on the upper right reveals that array of 
nano-rods was produced where the photoresist did not cover.  
Smooth area beside the rods was photoresist. After the process 
of high temperature and pressure in the solution, the resist layer 
remained without any damage though the top surface became 

rough in sub-m. The rods aligned normal to the FTO substrate 
showing the directional crystal growth as already discussed [4], 
though at the edge of the pattern the rods did not align but 
inclined. 

The lower part of the figure shows the results of confocal 
microscopy. It was found that the star-like pattern has sharp 
edge profile. From the cross-sectional profile shown at the 
bottom, the height of the rods over the photoresist was 

measured as about 3.4 m and the variation of the height was 

measured about 0.5 m.  
 

  
Figure 3. Results of SEM and confocal microscope observation 

5. Evaluation of oil repelling performance 

Sliding angle of oil droplet in water was measured to evaluate 
the repelling performance. Measurement was carried out 
upside-down in water because the oil droplet easily floats due 
to density difference. Figure 4 shows the snapshots when 
applying inclination to the substrate at constant speed. It can be 
seen that oil droplet had large contact angle in water and it 
started to move at small inclination angle as 8.4 deg. Then, the 
droplet floated up into the water in a short time. Before this 
experiment, the surface showed super-hydrophilicity after long 
time UV irradiation or sufficient dose. 
 

 
Figure 4. Sliding angle measurement of oil droplet in water 

 
Figure 5 shows the effect of UV irradiation time or dose on the 

sliding angles of oil droplet in water, which shows the effect of 
photocatalytic activity on repelling performance. Sliding angle 
was defined as the critical angle that the droplet starts to move 
as shown in Fig. 4. 

Before UV irradiation, the droplet did not float up into water 
but stayed on the surface. After UV irradiation of 30 min at the 
power of 40 mW/cm2 the sliding angle decreased drastically, 
then decreased further with the increase in the irradiation time. 
It was found that one-hour irradiation is necessary to obtain 
small sliding angle as 10 degrees in this case. 

 

 
Figure 5. Effect of UV irradiation time on sliding angle of oil droplet 

6. Discussion 

Applying the same principle, repelling of water droplet in air is 
also possible. Insects that live near seaside, Ligia exotica, have 
similar water transfer mechanism on their legs. Such water 
transfer system can be also valuable for industrial products such 

as micro-fluidic devices or micro-total analysis systems (TAS). It 
is necessary to establish a comprehensive design methodology 
that can adapt to various combination of liquids, surface 
conditions, and ambient substances. 

7. Conclusions 

Hydrophilic/hydrophobic pattern was obtained using 
patterned hydrothermal synthesis of TiO2 nano-rods. After UV 
irradiation, the sliding angle of oil droplet in water decreased 
drastically. Optimization of pattern design is one the future 
works including its exploitation. 
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Abstract 
Demand for metal–polymer hybrids is increasing to achieve weight-reducing propose. Injection molded direct joining (IMDJ) is one 
of the promising direct joining methods. It involves firstly metal surface treatment and followed injection molding with polymer. 
Joining is achieved by the infiltration of polymer into the surface structures. Although IMDJ has high efficiency and precision, the lack 
of knowledge in its joining mechanisms, especially the influence of surface chemical conditions on the joining strength, impeded its 
application in industrials. In this paper, aluminum A5052 plates were used to make the direct joints with polycaprolactam (PA6) via 
IMDJ. Aluminum plates were treated by hot water treatment (HWT) which needs to immerse metal plates in hot water for several 
minutes. It produces mountain-like nano-structures consisting of aluminum hydroxide (Al(OH)3), boehmite (AlOOH), and 
chemisorbed water on surface. The surface chemical conditions were changed by heating plates at 250 °C and 500 °C for 30 min after 
HWT. Thus, three different surface chemical conditions, HWT, HWT + 250 °C heating, and HWT + 500 °C heating, were studied. The 
surface chemical conditions were characterized by XPS. It shows that heating reduced the amount of hydroxyl group and chemisorbed 
water. This may make the amount of hydroxyl group free of chemisorbed water increase. At the same time, Al/PA6 joining strength 
increased with increase of heating temperature. It may indicate that the hydrogen bonding exists between hydroxyl groups free of 
chemisorbed water on metal surface and PA6. Due to the formation of hydrogen bonding, the joining strength increased after 
heating. On the other hand, the chemisorbed water can combine with the hydroxyl groups and inhibit the formation of hydrogen 
bonding.  
 
Keywords: Metal-polymer direct joining, Injection molded direct joining, Hot water treatment, Hydroxyl group 

 

1. Introduction   

Light weight design now is pursued by automobile industrials 
to improve energy efficiency. Utilizing metal–polymer hybrid is 
one way to fulfil this pursue. Many methods have been 
developed to make metal–polymer hybrid. Among them, 
injection molded direct joining (IMDJ) is a promising one, due to 
its automation and high precision. It needs to treat the metal 
surface (Fig. 1(a)) and then form the polymer part via injection 
molding (Figs. 1(b) and (c)). The surface treatment is a key 
process for IMDJ, because the nano/micro-structures and/or 
surface chemical conditions greatly influence the final joining 
quality [1].  

In our previous study [2], a simple and low-cost surface 
treatment method, called hot water treatment (HWT), was 
applied to join aluminium A5052 and polybutylene 
terephthalate via IMDJ. It treats the aluminum plate by 
immersing it in hot water, resulting in the formation of 
mountain-like nano-structures, as shown in Figure 2. The nano-
structures consist of aluminum hydroxide (Al(OH)3) or boehmite 
(AlOOH) on metal surface, by following reactions:  

Al3+ + 3OH− → Al(OH)3 (1). 
2Al3+ + 4OH− → 2AlOOH + H2 ↑   (2). 

The nano-strucutre formed by HWT was well discussed in our 
previous research. This study focuses on the influence of surface 
chemical conditions, especially hydroxyl groups, since previous 
research shows that hydroxyl groups on the metal surface can 
form the hydrogen bonding with polymer to increase the joining 
strength [3].  

 

 
Fig. 1. Schematic illustration of the IMDJ process. (a) Treatment 

of the metal surface to create micro- or nano-structures. (b) Injection 
of the molten polymer onto the treated metal surface by injection 

molding. (c) Formation of the metal–polymer hybrid joint. 
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Fig. 2. SEM image of nano-strucutes formed by HWT on aluminum 

surface. 
 

Thus, the objective of this research is to reveal the influence 
of hydroxyl groups on the joining strength. we compare the 
joining strength between aluminum A5052 plates with three 
different surface chemical conditions and polycaprolactam 
(PA6). We change the surface chemical conditions by heating 
plates at 250 °C and 500 °C for 30 min after HWT.  Thus, three 
surface conditions are HWT, HWT + 250 °C heating, and HWT + 
500 °C heating. Heating can change the amount of hydroxyl 
groups. The change is characterized by X-ray photoelectron 
spectroscopy (XPS). After that, we discussed the relation 
between the chemical condition change and the joining strength. 

2. Experimental  

Metal–polymer direct joints were fabricated by using A5052 
aluminum alloy plates and 30% glass fiber-reinforced PA6 

polymer (Amilan CM1011G-30,Toray). Figure 3 shows the 

geometry of a direct joint based on the ISO 19095-2 [4]. The 
joining area had a size of 5 mm × 10 mm.  

The aluminum was first treated to remove the contaminated 
oxide layer and then immersed in hot water at 65 °C for 5 min, 
according to our previous research [2]. We changed the surface 
chemical conditions by an additional heat treatment after the 
HWT. Some plates were rapidly heated by directly putting them 
in an oven at high temperatures (250 °C and 500 °C) for 30 min 
and then cooled in air. The change of surface chemical 
conditions was characterized by XPS (PHI 5000 VersaProbe, 
ULVAC-PHI, Inc.). The heating only changed the chemical 
conditions. The surface roughness and the number of nano-
strcutres were not changed [2]. In our previous, it is found that 
the joining strength of HWT treated plates was highly correlated 
to both the surface roughness and the number of nano-
structures. 

 

 
Fig. 3. Geometry of a metal–polymer direct joint.  

 
The treated plates were used to make direct joints with PA6 

via injection molding . Figure 4 shows the top-view and side-view 
of the mold used for injection molding. The injection molding 
conditions are listed in Table 1. We measure the joining strength 
after annealing the direct joints at 85 °C for 4 h.  

 

Fig. 4. Top- and side-views of the mold used for injection 
molding. 

 
Table 1. Injection molding conditions. 

Mold 
Temperature 

Injection 
Speed 

Packing 
Pressure 

Holding 
Pressure 

Polymer 
Temperature 

130 °C 10 mm/s 100 MPa 50 MPa 260 °C 

3. Results and discussion      

The surface chemical conditions were characterized by XPS  to 
show the difference among the surfaces treated by HWT, HWT 
+ 250 °C heating, and HWT + 500 °C heating.  

Figure 5 shows the fitted XPS O1s spectrums of the surfaces 
treated by HWT, HWT + 250 °C heating, and HWT + 500 °C 
heating.  The O1s spectrum shows three peaks due to O in 
chemisorbed water (533.10 eV), O in hydroxyl groups (531.90 
eV), and O in crystal structures (530.50 eV) [5].  

Table 2 shows the relative percentage of chemisorbed water 
(H2O), O in hydroxyl groups (OH), and O in crystal structures (O2-

) by calculating the peak intensity in Fig. 5. The O 1s signal from 
O2- consists of contributions from both AlOOH and Al2O3. 
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Fig. 5. XPS spectrums of O1s for the aluminum plates treated by 

(a) HWT; (b) HWT + heating to 250 °C; (c) HWT + heating to 500 °C. 

 
Table 2. The relative percentage of chemisorbed water (H2O), O in 

hydroxyl groups (OH), and O in crystal structures (O2-). 

Conditions 
chemisorbed 

water (H2O) 
O in hydroxyl 

groups (OH) 
O in crystal 

structures (O2-) 

HWT  19.3 % 53.2 % 27.6 % 

HWT + heating 
to 250 °C 

17.8 % 50.8 % 31.4 % 

HWT + heating 
to 500 °C 

11.4 % 41.9 % 46.8 % 

 
For Al(OH)3, AlOOH, and Al2O3, the ratio OH to O2- should be 

equal to infinite, 1, and 0 based on their compositions.  
For the HWT surface, the ratio of OH to O2- is 1.93. This 

indicates that not only AlOOH but also Al(OH)3 exist on the 
surface.  This agrees with the previous research [6], which shows 
that both Al(OH)3 and AlOOH were produced for aluminum plate 
treated by HWT at low water temperature. In addition, the 
percentage of Al2O3 on the surface is thought to be small, since 
immersing in hot water can highly hydroxylate the aluminum 
surface.  

For the surface treated by HWT + 250 °C heating, it shows that 
OH reduced and O2- increased compared with unheated 
samples. Al(OH)3 has a decomposing temperature near 300 °C. It 
mainly decomposes to AlOOH under fast heating conditions [7]. 

Based on the results, we suggest that heating at 250 °C caused a 
very small percentage of Al(OH)3 to decompose to AlOOH.  

For samples heated at 500 °C, the OH is further reduced, 
indicating the decomposition of Al(OH)3 to AlOOH.  Since the 
heating temperature of 500 °C is much higher than the 
decomposition temperature of Al(OH)3, we believe that nearly 
all of the Al(OH)3 decomposed to AlOOH after heating at 500 °C. 
Under fast heating temperature, AlOOH was reported to 
decompose at 730 °C [7]. Thus, the heating temperature of 500 
°C can hardly decompose AlOOH. The final ratio of OH to O2- is 
0.90 after heating at 500 °C, which is near the ratio of OH to O2- 

of AlOOH. This means the final composition of the surface mainly 
consists of AlOOH. The existence of a small percentage of Al2O3 

makes the ratio less than 1, which may come from the 
decomposition of AlOOH and/or Al(OH)3 [7]. In summary, with 
the increase of heating temperature, the percentage of OH on 
the surface is reduced.   

  Figure 6 shows the joining strength of the samples treated by 
HWT, HWT + 250 °C heating, and HWT + 500 °C heating. The 
joining strength increases slightly after heating at 250 °C, and 
increase greatly after heating at 500 °C. This trend means that 
using the surface containing less hydroxyl groups produced 
higher joining strength. This is in contrast with previous evidence 
[3], in which the higher joining strength was obtained with 
samples having higher percentage of hydroxyl groups.  

 

 
Fig. 6. The joining strength of the samples treated by HWT, HWT 

+ 250 °C heating, and HWT + 500 °C heating 

 
This contradiction should be caused by the negligence of the 

chemisorbed water. Actually, a lot of water exists on the hot 
water treated surface, as indicated by the high percentage of 
H2O for the HWT surface in table 2. This water is reported to 
inhibit surface reactivity by blocking hydroxyl groups [8]. For the 
HWT surface, although many hydroxyl groups exist, a large 
amount of them are bonded with chemisorbed water and 
unable to have hydrogen bonding with PA6.  

For HWT + 250 °C heating condition, the amount of 
chemisorbed water and hydroxyl groups only slightly changed, 
which explained the small increase of the joining strength after 
250 °C heating.  

For HWT + 500 °C heating condition, the amount of hydroxyl 
groups was also reduced. At the same time, the amount of 
chemisorbed water was also reduced. It is assumed that the 
hydroxyl groups free of the chemisorbed water produced 
hydrogen bonding with the functional groups in the PA6. The  
HWT + 500 °C heating samples are assumed to have more 
hydrogen bonding with PA6 than that of the HWT samples. Thus, 
the joining strength increased obviously after heating at 500 °C. 
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Based on the results, we proposed that hydrogen bonding 
exists between aluminum A5052 and PA6. The hydroxyl groups 
free of the chemisorbed water on the aluminum surface can 
combine with the functional groups in PA6. On the other hand, 
the chemisorbed water can combine with the hydroxyl groups 
and inhibit the formation of hydrogen bonding.  

4. Conclusions and future work   

In this work, we studied the influence of hydroxyl groups on 
the joining strength. Aluminum plates treated by HWT, HWT + 
250 °C heating, and HWT + 500 °C heating were used to make 
the direct joints with PA6. The joining strength increased from 
12.6 MPa to 25.9 MPa with the increase of heating temperature, 
which could result from the hydrogen bonding between the the 
hydroxyl groups free of the chemisorbed water and the 
functional groups in the PA6. The chemisorbed water can 
combine with the hydroxyl groups and inhibit the formation of 
hydrogen bonding. Understanding the effect of the hydroxyl 
group and the chemisorbed water is important to make strong 
joints for the industrials. In future work, we will try to use other 
surface treatment methods, like plasma treatment, to introduce 
hydroxyl groups on aluminum surface without the chemisorbed 
water. HWT is performed in hot water, which may make water 
easily attach to hydroxyl groups. It is difficult to remove the 
chemisorbed water and keep the hydroxyl groups at the same 
time. With other surface treatment method, we hope the 
strength can increase further.  
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Abstract 
The typical surface topography of parts produced by additive manufacturing differs from those produced by conventional 
manufacturing. During the powder bed fusion process, spatter particles may eject from the melt pool due to multi-physics 
phenomena. These spatter particles can have an impact on the part quality as large spatter particles that land on the top of the 
powder layer may shield the powder from the laser beam, resulting in lack of fusion porosity and increases surface roughness. The 
measurement of spatter is important to understand the process and to predict the performance of parts. In this study, the effect of 
laser power and scan speed on the surface topography of the top surface of Maraging steel grade 300 is investigated. The parts were 
produced by an in-house powder bed fusion machine LM-Q with a powder size distribution of 15 µm to 45 µm. A surface topography 
comparison was made between several samples which were produced by different process parameters regarding laser power and 
laser speed, leading to different Archimedes' densities. The surface topography was measured by a confocal microscope. The 
topography data were pre-processed with bi-cubic interpolation and least square plane subtraction. For the parameter evaluation, 
S- and F-filters with appropriate nesting index settings were used. Several conventional and surface texture parameters are evaluated 
in order to investigate the correlation with the production parameters. 
 

Keywords: Surface texture parameters, Surface topography, Precision additive metal manufacturing     
     

1. Introduction  

The surface quality of additive manufactured (AM) 
components depends on the quality of the previous layer, 
therefore the surface quality of each intermediate layer 
determines the quality of final part [1, 2]. Various topographical 
features e.g. spatters or melt pool ripples are formed on the AM 
surface by complex physical interactions. These features are 
present as the signatures of the AM process [3]. Quantitative 
measurements of these features can provide useful information 
to optimise AM process parameters, e.g. energy density and/or 
normalized enthalpy [4]. This work briefly presents the 
relationship between AM process parameters and surface 
topography of Maraging steel grade 300. 

 

2. Experimental methods 

An in-house developed AM machine of KU Leuven (LM-Q) was 
used to build the AM parts. This machine is equipped with a fibre 
laser with a wavelength of 1080 nm and a maximum output 
power of 1 kW. The focused laser beam has a spot diameter 
(dspot) of 50 μm (Ø1/𝑒2) on the building plane. AM parts (10 mm 

x 10 mm x 5 mm) were built with different process parameters 
from Maraging steel (18Ni300) powder having a particle size 
range of 15 µm to 45 µm. The layer thickness (t) used was 30 µm. 
The hatch spacing (h) was 80 µm and the scan strategy was bi-
directional with the contour first and with + 90° rotation 
between subsequent layers. 
 

2.1. Process parameters 
The process parameters selected to manufacture the parts are 

shown in Figure 1. The purpose of using different process 
parameters was to study the effect of laser power and scan 
speed on Archimedes’ relative density and surface texture 
parameters.  

 

 
The linear energy density (LED), normalized enthalpy (NE) and 

theoretical productivity (TP) were calculated by using the 
following equations:  

Linear Energy Density = 
𝑃

𝑣
    (1) 

Normalized Enthalpy = 
∆𝐻

ℎ𝑠
 = 

𝐴∙𝑃

𝜋∙ℎ𝑠 ∙√𝐷∙𝑣∙𝑑𝑠𝑝𝑜𝑡
3

  (2) 

Theoretical Productivity = 𝑣 · ℎ · 𝑡    (3) 

Where P is the laser power (in W), ν is scan speed (in mm/s), 
dspot is the spot diameter (in mm), h is the hatch spacing (in mm) 
and t is the layer thickness (in mm). The thermo-physical 
properties of Maraging steel used to calculate normalized 
enthalpy are absorptivity A = 0.35, density ρ = 8000 kg/m3, 
specific heat capacity cp = 450 J/kg · K, melting temperature        
Tm = 1703 K, thermal diffusivity D = 4.17 x 10-6 and enthalpy at 
melting hs = 6.13 x 109 J/m3 [5].  

 
Figure 1. Process parameters used for Maraging steel grade 300. 
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2.2. Measurement of Surface topography 
A 2.5-D optical confocal microscope (S neox - Sensofar) was 

used to measure the top surfaces of the AM parts. A stitched 
area of 8.33 mm x 7.26 mm was measured with a pixel size of 
1.3 μm using a 10x objective, NA = 0.3. After measurement, the 
topography was pre-processed by removing spike-like artefacts 
and subtracting the least-squares plane. The surface was filtered 
using a Gaussian filter characterized by a S-nesting index of 8 µm 
and a L-nesting index of 150 µm. The cut-off wavelength was 
chosen according to the minimum feature size e.g. spatter 
particles (~ 10 µm) and the maximum feature size e.g. melt pool 
track width (~150 µm) [7]. From these topography data, surface 
texture parameters were calculated by using the surface 
metrology software MountainsMap® from DigitalSurf. 
Watershed segmentation with 5% Sz height pruning was used. A 
scanning electron microscope (SEM) XL30 FEI at 500× 
magnification in secondary electron mode was used. 

 

3. Results and discussion 

Surface texture parameters were calculated according to ISO 
25178-2 [6]. We investigated the amplitude parameter Sq and 
the hybrid parameter Sdq. Table 1 shows the surface texture 
parameters (Sq and Sdq) and the AM process parameters laser 
power, scan speed, linear energy density (LED), normalized 
enthalpy (NE), theoretical productivity (TP) and the obtained 
Archimedes’ relative density (D) for Maraging steel grade 300. 
Archimedes’ relative density was measured to correlate bulk 
part quality to surface quality. The linear energy density (LED) 
and normalized enthalpy (NE) are highest for high laser power 
and lower scan speed. There is always a compromise between 
productivity (TP) and bulk density (D), as can be seen in Table 1. 
Also, there is an obvious relation between linear energy density 
(LED) and Archimedes’ relative density (D). A higher bulk density 
was achieved with higher linear energy density (Table 1). 

 

Table 1 AM process parameters, relative density and surface texture 
parameters for Maraging steel grade 300. 

 

# Laser 
power 

Scan 
speed 

LED NE TP D Sq Sdq 
 

Unit W mm/s J/m unitless mm3/s % μm ° 

1 130 900 144.44 3.45 2.16 98.75 14.20 0.95 

2 160 900 177.78 4.25 2.16 98.98 10.05 0.81 

3 190 900 211.11 5.05 2.16 99.10 6.95 0.61 

4 220 900 244.44 5.84 2.16 99.08 7.79 0.70 

5 130 1000 130.00 3.28 2.4 98.28 15.40 1.02 

6 160 1000 160.00 4.03 2.4 99.06 13.07 1.02 

7 190 1000 190.00 4.79 2.4 98.92 10.75 0.82 

8 220 1000 220.00 5.54 2.4 98.86 10.20 0.80 

9 130 1100 118.18 3.12 2.64 97.44 16.96 1.06 

10 160 1100 145.45 3.84 2.64 98.90 14.91 1.03 

11 190 1100 172.73 4.56 2.64 98.98 14.13 1.00 

12 220 1100 200.00 5.28 2.64 98.96 8.99 0.73 

13 130 1200 108.33 2.99 2.88 96.16 17.42 1.07 

14 160 1200 133.33 3.68 2.88 98.76 16.91 1.07 

15 190 1200 158.33 4.37 2.88 98.96 14.75 1.04 

16 220 1200 183.33 5.06 2.88 98.98 12.65 0.93 

17 130 1300 100.00 2.87 3.12 95.05 16.68 1.01 

18 160 1300 123.08 3.54 3.12 98.39 17.51 1.10 

19 190 1300 146.15 4.20 3.12 98.88 16.14 1.04 

20 220 1300 169.23 4.86 3.12 98.94 15.17 0.95 

21 130 1400 92.86 2.77 3.36 93.26 16.56 0.96 

22 160 1400 114.29 3.41 3.36 97.83 17.46 1.03 

23 190 1400 135.71 4.05 3.36 98.70 17.62 1.13 

24 220 1400 157.14 4.68 3.36 98.86 17.87 1.08 
 
 

Table 1 shows a lower Sq and Sdq value for high power than 
for low power while using a similar scan speed. This can be 
explained by assuming that when the laser power increases, the 
melt pool size also increases [8]. With larger melt pools, more 
re-melting of previous layers occurs, which results in a smoother 
surface. However, if we exceed the laser power above a certain 
limit, additional defects may be introduced, such as keyhole 
porosity [9]. 

On the other hand, when the scan speed is increased, the melt 
pool size breaks down due to high surface tension, so the surface 

roughness can be expected to increase. Figure 2 shows the 
continuous melt pool and cold spatter on surface of the sample 
#3 having the highest relative density of 99.10% and the 
discontinuous melt pool and hot spatters on surface of sample 
#21 that has the lowest relative density of 93.26%.  
 

 

 
 

Figure 2. SEM images of top surface of sample (a) #3 and (b) #21. 
 

4. Conclusion and future work 

The quantitative relationship between the mechanisms that 
contribute to surface topography and process parameters was 
investigated. A lower Sq value was observed for samples 
produced with high power. Characterising the signature features 
of AM surfaces such as spatters helps to establish an link 
between AM surface topography and its production mechanism. 
The future work will be the implementation of surface 
topography measurement techniques for the further 
optimisation of AM processes and also the functional 
performance of AM final parts. 
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Abstract 
As a highly efficient noncontact chemical ultraprecise figuring technique, atmospheric-pressure plasma chemical vaporization 
machining (AP-PCVM) using helium as a carrier gas has been practically applied to improve the thickness uniformity of quartz crystal 
wafer. Because of the high cost and limited supply of helium, it is necessary to find a substitute for helium. As is well known, argon 
plasma at atmospheric pressure form arc streamers easily due to the high breakdown voltage. But it has been reported that the 
addition of a small amount of ethanol makes it possible to generate a stable glow discharge atmospheric-pressure argon plasma. In 
this report, feasibility of using ethanol-added argon instead of helium as the carrier gas used in AP-PCVM was investigated. A uniform, 
stable glow discharge CF4 plasma was generated by applying the ethanol-containing process gas. Comparative experiment was 
conducted on quartz crystal wafer by AP-PCVM using helium and ethanol-added argon as carrier gas. As the result, using ethanol-
added argon as the carrier gas in AP-PCVM instead of helium, the same etching rate was obtained and the operation cost was reduced. 
 
 
Ethanol-added argon, atmospheric-pressure plasma chemical vaporization machining (AP-PCVM), quartz crystal wafer  

 

1. Introduction 

In the recent commercial production of quartz resonators, a 
wafer process has been intensively developed to improve the 
productivity of resonators. To improve the productivity of 
resonators by reducing the processing time for frequency 
adjustment, a uniform thickness is essential for the quartz 
crystal wafer. However, thin quartz crystal wafer broken easily 
using conventional mechanical fabrication process [1]. As a 
highly efficient and damage-free thickness correction technique, 
atmospheric-pressure plasma chemical vaporization machining 
(AP-PCVM) has been applied to improve the thickness 
uniformity of quartz crystal wafers [2].  

AP-PCVM is an ultraprecise figuring technique that uses 
fluorine radicals generated by atmospheric-pressure plasma to 
change the surface atoms of a substrate into volatile reaction 
products to form the desired shape. Since AP-PCVM is a 
noncontact chemical figuring technique that does not apply a 
mechanical load to substrates, the breakage of thin brittle 
materials is prevented and no subsurface damage (SSD) layer is 
formed during the chemical removal process [3-4]. In our 
previous research, the thickness uniformity of a commercially 
available quartz crystal wafer was decreased from 250 to 50 nm 
by a single correction process without the formation of SSD [2]. 
KYOCERA has developed the world’s smallest crystal unit (1.0 × 
0.8 mm) for smartphones, wearables, and other electronic 
devices by applying AP-PCVM. However, helium gas has been 
used as the carrier gas in AP-PCVM until now. The helium gas 
used in industry is mostly produced from natural gas. Problems 
such as the depletion of natural resources and a high cost are of 

wide concern. To solve these problems, research on using argon 
gas instead of helium gas as the carrier gas, as it can be 
industrially produced by the fractional distillation of liquid air, in 
the generation of atmospheric-pressure plasma has been 
proposed. Although the operation cost can be reduced by using 
argon instead of helium, filamentary arc streamers formed easily 
in argon atmospheric-pressure plasma [5-6]. The addition of 
ethanol to argon has been proven to be very useful for 
generating an atmospheric-pressure glow discharge plasma, as 
reported by Sun et al. [7]. But in their work, there was no etching 
gas was added into argon. In our study, we used argon with a 
small amount of ethanol instead of helium as the carrier gas and 
CF4 as the etching gas in AP-PCVM. Experiments were conducted 
to investigate the etching characteristics of quartz crystal wafers 
by AP-PCVM using ethanol-added argon-based atmospheric-
pressure CF4 plasma.  

2. Experimental setup 

Fig. 1(a) shows the experimental setup of AP-PCVM used in 
this study. Four flow paths exist, one for the carrier gas, one for 
the ethanol, and two for the process gases (CF4 and O2). The flow 
rates of the carrier gas and process gases were controlled using 
mass flow controllers (MFCs). Ethanol vapor was introduced 
using the gas-liquid mixture vaporization method. The carrier 
gas (Ar) and liquid ethanol (concentration 99.5%), where the 
latter was controlled using liquid mass flow controller (LMFC), 
were heated and mixed together in the vaporizer. The mixture 
gas was supplied from the center of the electrode and flowed 
through the space between the aluminum alloy electrode and 
the alumina ceramic cover arranged coaxially with the electrode.  
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Figure 1. (a) Schematic of the experimental setup used for AP-PCVM. (b) 
Image of AP-PCVM on a quartz crystal wafer without adding ethanol. (c) 
Image of AP-PCVM on a quartz crystal wafer using ethanol-added argon. 
 
The size of the AT-cut quartz crystal wafers used in the 
experiment was 54 mm × 50 mm × 90 μm. All the AP-PCVM 
experiments in this paper were conducted at room temperature 
(23.3 °C) without substrate heating. Fig. 1(b) shows a 
photograph of argon plasma generated on a quartz crystal wafer 
without adding ethanol. The high breakdown voltage of argon 
led to the formation of filamentary arc streamers, and the quartz 
crystal wafer was easily broken because of the high temperature 
due to the localized arc discharge. In addition, since the state of 
the localized arc discharge was unstable, the reproducibility of 
the removal spot formation was low. Fig. 1(c) shows a 
photograph of ethanol-added argon plasma generated on a 
quartz crystal wafer. By adding ethanol, a stable glow discharge 
plasma without filamentary arc streamers was formed and the 
quartz crystal wafer was not broken. And the reproducibility of 
the removal spot formation was improved. Thus, it is possible to 
precisely correct the thickness distribution of quartz crystal 
wafers by numerically controlled AP-PCVM using ethanol-added 
argon instead of helium as the carrier gas. 

3. Results and discussion      

In our previous research, helium gas was used as the carrier 
gas in AP-PCVM [2]. To investigate the difference between He 
and Ar-based CF4 plasmas, a comparative experiment was 
conducted. The RF power was 60 W and the ethanol flow rate 
was 0.003 g/min. The carrier gas was He/Ar (600 sccm) and the 
process gases were CF4 (10 sccm) and O2 (4 sccm). The 
processing time was 15 － 90 s. Fig. 2 shows photographs and 
optical emission spectroscopy (OES) spectra of plasma 
generated on quartz crystal wafer using helium and ethanol-
added argon as the carrier gas respectively. In the case of using 
helium as the carrier gas, the ionization potential for He is 24.6 
eV, and two high-energy metastable states He (23S1), 19.82 eV, 
He (21S0), 20.6 eV can be formed in the discharge [8]. Because 
plasma was generated in atmospheric-pressure and the 
ionization energy of N2 (15.58 eV) is lower than the potential 
energy of the two high-energy metastable states of He atoms. It 
is easy for He atoms in the high-energy metastable states to 
ionize N2 molecules to generate N2+ ions at the He/air interface 
via Penning process. The OES spectra of the plasma using He as 
the carrier gas also confirmed this. Strong peaks corresponding 
to N2 was observed. On the contrary, in the case of using Ar as 
the carrier gas, the ionization energy for Ar is 15.8 eV, and the 
metastable state Ar (43P20), 11.6 eV, which is lower than the 
ionization energy of N2. Penning process can not occured at the 

 
 

Figure 2. Photographs and OES spectra of plasma using helium (a) and 
ethanol-added argon (b) as carrier gas. 
 
Ar/air interface, and filamentary arc streamers formed as shown 
in Fig. 1(b). When we add a small amount of ethanol into Ar, 
because the ionization energy for ethanol (10.47 eV) is lower 
than the potential energy of the high-energy metastable states 
Ar atoms [9]. Penning process occured and stable glow discharge 
plasma was generated as shown in Fig. 2(b). Furthermore, there 
was no strong N2 peak was observed in OES spectra. In addition, 
as He has a much lower mass than N2, and Ar has a higher mass 
than N2. So the area of plasma using ethanol-added Ar as the 
carrier gas is wider than that of using He as the carrier gas. The 
diameter of the removal spot formed using ethanol-added argon 
as the carrier gas was larger than that of the spot formed using 
He, but the maximum depth was lower [10]. The removal rate 
using He and ethanol-added argon were almost the same. 

4. Conclusions      

In this study, a stable glow discharge CF4 plasma was formed 
using ethanol-added argon as a carrier gas. Comparative 
experiment was conducted on quartz crystal wafer using helium 
and ethanol-added argon as the carrier gas. Although the shape 
of the removal spot was different using helium and ethanol-
added argon, almost the same volumetric removal rate was 
obtained. Using argon instead of helium as the carrier gas in AP-
PCVM will effectively solve problems such as the depletion of 
natural resources and high cost. 
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Abstract 

For a long time, electrical discharge machining has been an established manufacturing process in mould and tool construction, 

automotive engineering and medical technology. Due to the dependence from the processing tank and the insufficient dynamic 

positioning accuracy of industrial robots, the process cannot be performed by a robot until today. In order to regulate the working 

gap s during the process with a high level of precision and dynamic, this work presents the development and results of a micro axis 

system based on flexure hinges. Because of their advantages over other mechanisms such as zero friction and backlash, flexure hinges 

are used in systems where high precision is required. Despite the advantageous properties, research activities have to be done, 

regarding to the complex and cost-intensive production and the nonlinear behaviour of new materials. Based on these findings the 

development and production of flexure hinges, made of low-cost plastics with preferred linear material behaviour, was investigated 

in this work. For the use of various materials, the prototypes were produced by fused deposition modeling. Finally, this paper 

illustrates the results of the material investigations and shows the advantages, issues and potentials of the materials used. 

Furthermore, it is shown that the application of low-cost materials and a new concept of flexure hinges resulted in a micro axis 

system, which performs the dynamic positioning of the electrode in the robot based near dry electrical discharge machining process. 
 

  

Keywords: Flexure hinges, axis system, micro positioning, near dry EDM      

     

1. Introduction 

 

Since around 1770, when the English chemist and physical 

scientist Joseph Priestly found the effect of electric spark 

discharges with the material removal effect [1], and the couple 

Lazarenko in the year 1943 developed a system to control spark 

discharges [2], the process has established itself alongside 

conventional manufacturing processes. Electrical discharge 

machining (EDM), is a thermal removal process for the 

production of complex geometries and the finest surface 

finishes. The removal of material occurs by spark discharges 

between two electrical conductive materials in a dielectric 

environment. The EDM machines are equipped with a 

processing tank filled with an insulating medium, whereby 

conventional mineral and synthetic oil products based on 

hydrocarbon compounds are mostly used. A disadvantage of 

conventional EDM depends on given machine designs related to 

the limitation in the flexibility of the electrode position. Besides 

to conventional machining in a full bath with dielectric liquid, 

approaches with liquid-gas mixtures called near dry EDM 

(ndEDM), exist [3]. The process variant ndEDM could be realized 

by other machine structures but further research activities 

relating to processing technologies are necessary [4]. For the 

flexible near dry EDM machining, which can be performed by a 

robot in the future, a highly dynamic and precise positioning 

systems, which realize the working gap control of the electrode, 

is required. The results illustrated in this scientific paper show 

the development and analyse of flexure hinges, made of low- 

 

 
 

 

cost plastics, which were manufactured by fused deposition 

modeling (FDM). In addition, a new concept of a micro axis 

system based on flexure hinges, for the dynamic precision 

positioning of the electrode for the robot based ndEDM process, 

will be presented. 

 

1.1 Near dry EDM 

 

Since the 1980s, the method of ndEDM exists, where a liquid-

gas mixture consisting of deionized water and air is fed to the 

process site. Many research activities e.g. Tanimura et al. [3] Kao 

et al. [5] and others [6, 7], show the process-related advantages 

like a stable process, a higher material removal rate (MRR) with 

larger gap distances and lower discharge energy input compared 

to conventional EDM. Due the oxidation effect particles were 

isolated, which increased the process stability. Moreover, the 

high mol mass MO = 31.99 g/mol and density ϱO = 1,184 kg/m3 of 

oxygen lead to high pressure effects in a high flow velocity in the 

working gap s, which prevents short-circuits [8]. Furthermore, 

the higher thermal conductivity κ and specific heat capacity cp of 

water has a positive influence on the erosion process. In 

addition, the evaporation of the water leads to a strong cooling 

of the tool ad workpiece electrodes, which reduce the electrode 

wear [3, 6]. 
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1.2 Flexure hinges 

 

Flexure hinges realize the joint movement from defined elastic 

deformation. As a result of the geometric design, the 

deformations preferably take place in the desired direction of 

movement. This structure results in advantageous properties 

such as zero friction and backlash as well as wear and 

maintenance freedom [9]. Due to their advantages, flexure 

hinges have long been successfully used in nano and micro 

positioning technology, semiconductor tools or 

microelectromechanical systems. For their high permissible 

fatigue limit, flexure hinges are currently manufactured from 

cost-intensive materials, such as a crystalline CuAlNiFe and 

shape memory alloys nickel-titanium, silicon or novel plastics 

e.g. PEEK and polyamide [10, 11]. Depending on the material, 

the high precision fabrication of flexure hinges is expensive, 

which means that the area of application is currently very 

limited. Armendariz et al. [12], manufactured first flexure hinges 

by FDM and achieved the highest results in the final strength of 

an axial static force in terms of load capacity for PLA, PETG and 

nylon and showed the potential for the additive manufactured 

flexible structures. 

 

1.3 Polymers and additive manufacturing 

 

Polymers consist essentially of organic substances build-up of 

low molecular weight building blocks (monomers). Due to their 

mechanical behaviour, they are classified according to the 

molecular structure and the consequent behaviour into: 

thermoplastics, thermoplastic elastomers, elastomers and 

thermosets. Because of their specific properties and their 

editing, processing and application opportunities, polymers 

have become a high and increasing importance [13]. 

Thermoplastics considered in this scientific work are uncross 

linked plastics which have an energy-elastic (steel-elastic) 

behaviour at operating temperatures and above them, they 

become soften and melt. The reason for the choice of these 

polymers for the production of flexure hinges in this study, are 

further advantages like a high fatigue strength SNf, flexural 

strength σfM and the recyclability [14]. Fused deposition 

modeling (FDM), or fuse filament modeling (FFM), is one of the 

most common additive manufacturing (AM) technique and 

offers the opportunity to produce complex three dimensional 

geometries very cost-effectively. The mechanical properties of 

additive fabricated components are determined by the process 

parameters (filament and nozzle diameter, nozzle temperature, 

cooling rate) and design parameters such as build orientation, 

grid angle, layer height and fill percentage. In recent years, 

several studies have been carried out to investigate at the 

effects of design parameters on flexural strength σfM and flexural 

modulus Ef of FFM 3D parts [15]. According to Ravindrababu et 

al. [16], taking the grid angle of zero degree along the loading 

direction obtain the highest flexural strength σfM and flexural 

modulus Ef compared to 90° degrees transverse orientation. 

Additionally, an increase in the layer height leads to a reduction 

of the mechanical properties σfM and Ef [17, 18]. It can be 

concluded that samples printed in the xyz direction obtain a high 

tensile strength σTS and flexural modulus Ef, followed by xyz 

compared to zxy [19, 20]. 

2. Methodology 

The aim of this scientific work was the development and 

construction of a micro axis system based on additive 

manufactured flexure hinges made of polymers. This should 

provide a high dynamic gap control (fero = 100 Hz) for the 

electrode in robot-based near dry EDM proceedings with an 

amplitude of 0.1 ≤ xa ≤ 100 µm and a positioning accuracy of 

Pa ≤ 3 µm. Initially, a concept for a flexure hinge model based on 

Ivanov [21] was designed and optimized by a FEM analysis with 

software Solidworks, to optimizes the geometry with regard to 

stress reduction in the stressed cross section. In order to 

decrease the production costs, the flexure hinges were made of 

various polymers by using FDM with the Ultimaker 3, Ultimaker 

BV Netherlands. The selected polymers like polylactides (PLA), 

acrylonitrile butadiene styrene (ABS) and a tribological 

optimized polyethylene terephthalate compound (triboPET), 

were chosen on the basis of a high flexural modulus Ef, flexural 

strength σfM and bending stiffness SF, see table 1. Based on the 

scientific studies the printing direction of 0° degree, longitudinal 

printing with the orientation xyz and minimum layer height 

hl = 0.02 mm well as 100 % filling were chosen. The subsequent 

investigations on the fatigue testing machine should provide 

information about the fatigue behaviour and values for 

determining the statistic fatigue limit [22]. To analyse the 

surface before and after the test, the digital microscope model 

VHX-2000 by Keyence was chosen. In addition, an analysis to 

identify the pores distribution, gaps and defects was carry out 

by the digital microscope DM1750 M, Leica Microsystems GmbH 

Germany. Based on the results, a concept for a 1-DoF axis system 

based on flexure hinges was developed. 

 
Table 1 Mechanical properties of polymers for FFM of the flexure hinges 

[23-25]. 
 

 Unit PLA ABS triboPET  

Structure  

- 

amor-

phous and 

crystalline 

amor-

phous 

semi-

crystalline 

Flexural 

strength 

σfM 

 

MPa 

 

103 

 

70,5 

 

79,99 

Flexural 

modulus 

Ef 

 

MPa 

 

3150 

 

2070 

 

2251 

Yield 

strength 

σD  

 

N/mm² 

 

49,5 

 

39,0 

 

53,20 

Bending 

stiffness 

Sf   

 

N∙mm² 

 

4429 

 

2910 

 

3165 

3. Results 

3.1. Dynamic fatigue testing and probability of failure 

 

After preliminary tests with different amplitudes 

(displacements), five samples with displacements of x1 = 300 µm 

and x2 = 400 µm at a frequency of ft = 25 Hz were tested on the 

fatigue testing machine Eltron E 1000, by Instron GmbH 

Germany. The material triboPET achieved the highest number of 

load cycles xtriboPET = 7 934 570 ND (x1 = 300 µm) and 

xtriboPET = 1 492 523 ND (x2 = 400 µm) with a standard deviation 

of sx1 = 153 717 ND and sx2 = 25 013 ND. With the results from 

the fatigue test, the stochastic connectivity could be 

mathematically proven and the statistic distribution parameters 

β, T and b for determining the probability of failure Pf(x10) in the 

tension/compression alternating range could be determined. 

The S-N curve (Wöhler) and the static estimation of the fatigue 

limit according to Heibach with b = x ∙ 2 + a was calculated. The 

double logarithmic representation, see Fig. 1, shows the results 

of the fatigue test and the estimated fatigue limit 

xerr = 8.85 ∙ 1011 ND of a TriboPET specimen with a probability of 

failure Pf = 2 %. 
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Figure 1.  Wöhler curve (S-N curve ) of flexure hinges with cycles at different amplitudes (x1 = 300 µm, x2 = 400 µm) and a frequency of ft = 25 Hz; 

According to Heibach the fatigue limit: xreachable = 8.85 ∙ 1011 limit cycle number for infinite life (ND) of triboPET with an amplitude 

xa = 100 µm. 

3.2. Analyse of sample 

 

The results of pores analysis with a magnification of 1000x 

(Fig. 1 a, b and c), showed only a few pores with a proportion of 

2 % and a pore size between 1 µm ≤ dp ≤ 2 µm, what Guessasma 

et al. confirmed in their studies [26]. Fig. 1 (d) shows the 

microsection of the cross section of a printed sample before 

loading. A pattern of small triangles, which are equally 

symmetrically distributed could be observed. The small gaps 

recognised as triangles occurs by the printing strategy and the 

choice of design parameters, what the results of Yang et al. 

confirmed [27]. Furthermore, as shown in Fig. 1 e) and f), two 

cases of defects could be observed under excessive stress load. 

First, an initial shear stress dominated debonding occurs 

between the adjacent filaments, which take place where 

material is missing, see Fig. 1 e). Second, a normal stress 

controlled straight cracking of the filaments itself occurs, see 

Fig. f). Both cases lead to the failure of the samples, according to 

Garg et al. [18]. For the application in an axis system, the 

application range will therefore be far below the test amplitudes 

in order to be able to achieve a high number of load cycles. 

 

 
Figure 2. Pores analysis a) ABS, b) PLA and c) tribePET; (d) microsection 

of triboPET; (e) debonding between filaments of PET; f) cracks 

due to high load of PLA. 

4. Axis system based on flexure hinges 

On the basis of the findings from the fatigue test and the 

sample analysis, a 3D model for an axis system was developed, 

which realizes an displacement amplification of 1:5 with an 

amplitude of 0.1 ≤ xa ≤ 100 µm. After this, mounting bracket 

were added to fix the system at the housing (Fig. 3). This 

additionally increases the total bending stiffness Sf and rebound 

behaviour of the system, which enable amplitudes at higher 

frequencies. After this, a 3D model was manufactured (AM) with 

the material triboPET and subsequently examined in terms of 

amplitude measurement. It was found out that the results (FEM) 

of the theoretical amplitude deviates by 5 % from the measured 

values of the real model. The study shows that the results of a 

FEM analysis, in relation to the displacements of flexure hinges 

systems, are suitable as a prediction.  

 

 
Figure 3. Prototype 3D model micro axis system based on flexure hinges 

with an amplitude amplification 1:5 and a maximum Mises Stess 

of smax=8.6 ∙ 105 N/m2. 

After the investigations, a prototype with a clamping and 

adjustment for a multi-layer piezo actuator was designed, as 

well as a jig for an electrode holder and a system housing, see 

Fig. 4. Due to a slight push on the electrode, the piezo clamping 

opens and the acuator can be mounted. By means of an device, 

the actuator can be further adjusted. The system provides a high 

dynamic gap control (fero = 100 Hz) for the electrode in robot 

based near dry EDM proceedings with an amplitude of 

0.1 ≤ xa ≤ 100 µm and a positioning accuracy of Pa ≤ 3 µm.  

Heibach b = 2 ∙ a – 1 

xreachable = 8.85 ∙ 1011 ND 

S-N curve of flexure hinges with probability of failure Pf =10 % 
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The amplitude of the electrode can measured by a piezo sensor 

or a strain gauge. For the application of the robot based ndEDM, 

the working gap s can be detected by the gap voltage ue. 

 

 
Figure 4. Prototype of flexure hinges based axis system with clamping 

for a multi-layer piezo actuator and a jig for the electrode. 

Outer dimensions: 95 ∙ 190 ∙ 36 mm, made of triboPET. 

5. Summary 

This scientific work shows the methodological development of 

a micro axis system based on flexure hinges, which was 

fabricated by additive manufacturing by means of FDM. Based 

on existing methodologies, a flexure hinge was geometrically 

designed, regarded to stress reduction in the stressed cross 

section, and optimized by means of a FEM analysis. The 

subsequent investigation on the fatigue testing machine with 

two amplitudes of x1 = 300 µm and x2 = 400 µm enabled a 

statistic estimation of fatigue limits with a probability of failure 

Pf = 10 % according to Wöhler (S-N curve) and Haibach. The 

results showed that the material triboPET and PLA had the 

highest number of load cycles, whereby triboPET reached 

xtriboPET = 7 934 570 ND (x1 = 300 µm) and xtriboPET = 1 492 523 ND 

(x2 = 400 µm). Furthermore, the analysis of the samples showed 

that two cases of defects, an initial shear stress dominated 

debonding between the adjacent filaments and a normal stress 

controlled straight cracking of the filaments itself, occur due to 

high loads. On the basis of the findings a micro axis system was 

developed, which realized an displacement amplification of 1:5 

from the piezo actuator xa = 20 µm to 0.1 ≤ xa ≤ 100 µm. To 

reach displacements at high frequencies (fero = 100 Hz), the 

model was stiffened so that the total bending stiffness Sf and 

rebound behaviour of the system increased. The results of this 

research presented in this paper show that an axis system based 

on flexure hinges can be fabricate by additive manufacturing, 

which offers new opportunities for the production and the area 

of applications. In Addition, the prototype of a novel axis system 

obtains the high dynamic precise positioning of the electrode for 

the robot based near dry electrical discharge machining. 
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Abstract 
Ion beam etching is effectively used for the fabrication of high-precision optics. Its main application is in figuring large optical surfaces 
to correct shape errors on polished surfaces. To figure small- or medium-sized optical surfaces, the generation of an ion beam with 
a small diameter and high ion current is required. In this study, we designed a magnetic lens with quadrupole magnets using 
permanent magnets to obtain an ion beam with a small diameter. Then, the trajectories of the ion beam when a doublet or a triplet 
magnetic lens is used were simulated. Ion beam distributions on a workpiece surface were also calculated for both magnetic lenses. 
As a result, the simulations demonstrated that the ion beam can be focused on a workpiece surface when a doublet or a triplet 
magnet lens is used: the distribution of an ion beam on a workpiece surface was calculated to be reduced from approximately 30 
mm to 5-10 mm by using the triplet magnet lens.  
 
Key Words:  Optics, Fabrication, Figuring, Ion beam, Magnetic lens, Quadrupole lens, Ion gun, Ion source    

1. Introduction 

Ion beam etching is effectively used for the fabrication of high-
precision optics to correct the shape errors remaining on the 
polished surfaces [1-5]. This procedure is called ion beam 
figuring (IBF). The main application of IBF is in figuring large 
optical surfaces. To figure small- or medium-sized optical 
surfaces, the generation of an ion beam with a small diameter 
and high ion current is required.  In previous studies [1, 4], to 
obtain an ion beam with a small diameter, a diaphragm with an 
aperture was placed at the outlet of an ion gun. One 
disadvantage of such method is that the diaphragm reduces the 
ion current to decrease its removal rate. 

In this study, we designed a magnetic lens with quadrupole 
magnets using permanent magnets to obtain an ion beam with 
a small diameter. Moreover, the trajectories of an ion beam 
when a doublet or a triplet magnetic lens is used were simulated 
to evaluate their convergence characteristics. A magnetic lens 
with quadrupole magnets is generally used in particle 
accelerators to converge electrically charged particles. Such a 
magnetic lens is large because its quadrupole magnets are 
electromagnets. On the other hand, our magnetic lens with 
permanent magnets is compact and simple, which is expected to 
be appropriate for industrial uses, such as optical fabrication.    

2. Ion beam figuring device with magnetic lens 

We designed an IBF device mainly consisting of an ion gun, a 
magnetic lens, a vacuum chamber, a multi-axis linear motion 
stage, and a controller. An ion beam extracted from the ion gun 
is irradiated on the workpiece surface placed on the motion 
stage. The magnetic lens is installed with the outlet of the ion 
gun. In this arrangement, the ion beam passing through the 
center of the magnetic lens is converged by the magnetic field.   

3. Principle of focusing of ion beam using magnetic lens 

We designed a magnetic lens with quadrupole magnets using 
permanent magnets to obtain an ion beam with a small 

diameter. Figure 1 shows the schematic of a doublet magnetic 
lens. As shown in Fig. 1(a), two quadrupole magnets are placed 
from upstream to downstream of the ion beam. As shown in Fig. 
1(b), a single quadrupole magnet has four permanent magnets 
arranged with alternating S and N poles. The two quadrupole  
magnets are set such that the position of their magnetic poles 
are turned 90 degree to each other.  

 In the arrangement of the four permanent magnets shown in 
Fig. 1(b), magnetic flux density generated by the magnets varies 
in the radial direction from the center of the quadrupole 

Figure 1. Schematic of magnetic lens with quadruple magnets. 
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magnet. The positively charged ion beam passing through the 
first quadrupole magnet shrinks in the y direction owing to the 
force toward the center of the quadrupole magnet, and it 
expands in the x direction because of the outward force to the 
magnet. Then, the ion beam passing through the second 
quadrupole magnet shrinks in the y direction and expands in the 
x direction. In this manner, theoretically, the magnetic lens 
converges and focuses the ion beam on a workpiece surface.    

 

4. Design of magnetic lenses and simulation of ion beam 
trajectories 

 
4.1 Method 

 We designed the magnetic lens as follows. The magnetic field 
around four permanent magnets functioning as quadrupole 
magnets was calculated. The permanent magnets are made of 
neodymium. By referring to a material table of neodymium, we 
set the residual magnetic flux density and coercive force to 
12,000 gauss and 10,900 Oe, respectively. By using the resulting 
magnetic field, we modeled a magnetic lens. Then, the 
trajectories of an ion beam were calculated using a commercially 
available ion optics simulation software (SIMIONTM). The ion 
particle distributions irradiated on a workpiece surface were 
also calculated. These calculations were conducted for different 
emittances ɛrms of an ion beam entering to a magnetic lens from 
an ion gun. The emittance ɛrms corresponds to the distribution of 
the incidence angle of ion particles to the magnetic lens. For 
instance, the emittances ɛrms is large when the distribution of the 
incidence angle of ion particles is broad, and it is small when the 
distribution is narrow. In this paper, the simulation results for 
emittance ɛrms = 17.2 πmm·mrad are shown as an example. The 
diameter of the ion beam at the outlet of the ion gun was set to 
6 mm.   
 
4.2 Results and discussion 

  Figures 2(a) and 2(b) show the simulation results of the 
trajectory of the ion beam and the ion particle distribution on 
the workpiece surface, respectively, when no magnetic lens was 
used. As shown in Fig. 2(b), the ion beam was expanded to an 
area of 30 mm × 30 mm from a diameter of 6 mm at the outlet 
of the ion gun.  

 Figures 3(a) and 3(b) show the trajectory of the ion beam and 
the ion particle distribution, respectively, when a magnetic lens 
was used. As shown in Fig. 3(b), the ion beam is focused to 5 mm 
in the y direction, but it is negligibly focused in the z direction. 
The length of the area in the z direction is almost the same as 
that without the magnet lens. Such expansion in the z direction 
is found to have originated from the outlet of the second 
quadrupole magnet.  

 Next, we designed a triplet magnetic lens to further focus the 
ion beam in the z direction and performed the simulation again. 
Figures 4(a) and 4(b) show the trajectory of the ion beam and 
the ion particle distribution for a triplet magnetic lens, 

respectively. As shown in Fig. 4(b), the ion beam is focused to 
10.0  mm and 5.2 mm in the y and z directions, respectively.   

We simulated the trajectories of the ion beam for various 
conditions, such as magnetic flux densities and arrangements of 
the magnets. As a result, the ion beam was converged to the 
spot with the smallest diameter on the workpiece surface in the 
conditions shown in Fig. 3 or 4. 

 5. Conclusions  

To figure small- or medium-sized optical surfaces by IBF, the 
generation of an ion beam with a small diameter is required. 
Thus, we designed magnetic lenses with quadrupole magnets 
using neodymium magnets to focus the ion beams. The 
magnetic lens was installed with the outlet of the ion gun, which 
enabled the changing of the trajectory of the ion beam in the 
chamber. We investigated the characteristics of the magnet 
lenses by numerical simulation of the trajectories of ion beams. 
The simulation results demonstrated that the magnet lenses we 
designed enables the focusing of the ion beams. The size of the 
ion beam irradiated on the workpiece surface using the triplet 
magnetic lens was found to be reduced to 10 mm from that of 
30 mm without the magnetic lens.   

We are planning to manufacture the magnetic lenses to install 
them in an IBF device to evaluate their convergence 
characteristics in our next study. 

Acknowledgment 

This work was supported by the Japan Society for the 
Promotion of Science (JSPS) KAKENHI Grant Number 
JP18K03880. 
 
References 

[1] Schindler A, et al. 2001  Proc. SPIE 4440  217． 

[2] Weiser M 2009  Nucl. Instr. and Meth. B, 267 1390. 

[3] Takino H, et al. 2011 Proc. ISPEN 5. 

[4] XU M, et al. 2017 Opt. Express 25, 10, 10765.  

[5] Arnold T, et al. 2019 Optical Fabrication and Testing, Paper# OM4A.6. 

215 mm

Outlet of ion gun

30×30mm

Workpiece surface

(a) Trajectory of ion beam

(b) Ion particle 

distribution on 

workpiece surface

X-Y plane 

30×30mm

X-Z plane 

X-Y plane 

(a) Trajectory of ion beam (b) Ion particle 

distribution on 

workpiece surface

Outlet of ion gun Workpiece surface

0.31 T 0.29 T

Magnets 

335 mm

Figure 2. Simulation results without magnetic lens. 

 

Figure 3. Simulation results with double magnetic lens. 

 

Figure 4. Simulation results with triplet magnetic lens. 
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Abstract 
Hot embossing is a promising replication technology for precision manufacture of glass micro optical components. However, the 
optical performance of thermally imprinted micro optical components is significantly deteriorated due to the warpage formed on 
their global surfaces. The control of surface roughness and replica thickness are also vital in practical applications. This study attempts 
to experimentally evaluate the effects of different process parameters (i.e., embossing temperature, embossing force, isothermal 
pressing time, annealing rate, maintenance force and fast cooling point) on the shape parameters (i.e., curvature radius, surface 
roughness and thickness) of glass replica. The results provide an important means for minimizing the warpage, reducing surface 
roughness and controlling replica thickness in hot embossing. In this study, a series of glass hot embossing experiments were 
conducted by a commercially available precision glass molding machine. The surface topography was measured on both the top and 
the bottom surfaces of embossed glass replicas. The thickness and diameter of the replicas were also measured. The experimental 
results were then analyzed for quantifying the effects of different process parameters on the shape parameters. The results of this 
study provide optimal process parameters for practical hot embossing applications. 
 
Keywords: Glass Hot embossing, Warpage, Process Parameters, Precision Manufacture, Optimization 

 

1. Introduction 

Micro optics are gaining significant attention from engineers 
and researchers due to their capabilities of miniaturizing the 
devices, enhancing integration and precision, and saving energy 
for modern optical systems. Glass becomes a popular material 
candidate for micro optics, due to its abundant raw materials, 
high recyclability, desired thermal and chemical stability, 
satisfactory mechanical properties and excellent optical 
transmittance in the visible region. Among the processing 
techniques for production of glass micro optics, hot embossing 
is a promising one, because of its high manufacturing efficiency, 
high replication fidelity and simplicity in tool development [1]. 

Glass hot embossing technique also allows a wide range of 
adjustable processing parameters, which determine the final 
shape and optical performance of the glass replica. Zhao et al. 
[2] found that higher cooling rates led to larger refractive index 
drops but less dispersion variations in glass replicas. Fischbach 
et al. [3] suggested that the glass-to-mold sticking force could be 
significantly reduced by decreasing pressing time, increasing 
cooling time and decreasing pressing force. Zhou et al. [4] 
numerically and experimentally investigated the influence of 
pressing temperature on the friction coefficient between mold 
and glass. The friction coefficient was determined by using the 
barrel compression test which involved the experimental 
recording of axial displacement history and maximum diameter 
expansion history, and the simulation of the friction calibration 
curve. Gleason et al. [5] conducted design of experiment (DOE) 
analysis and pointed out that the repeatability of replica 
thickness could be maximized under slow heating and cooling 
rates, long soaking time and low pressing force. 

 

Micro optics have stringement requirement of surface quality 
in terms of shape parameters, such as low warpage, low surface 
roughness and low thickness error. However, the effects of 
process parameters (e.g., embossing temperature, embossing 
force, isothermal pressing time, annealing rate, maintenance 
force and fast cooling point) on the surface quality of replica in 
glass hot embossing have merely been reported. This study aims 
to bridge this research gap, and the research findings are 
expected to facilitate the engineering optimization of the glass 
hot embossing process. 

 
2. Typical glass hot embossing process      

A typical glass hot embossing process involves five stages: 
presetting, heating, embossing, cooling and demolding, as 
illustrated in Figure 1. Initially, the glass disk is positioned on the 
lower mold and left a gap of  for avoiding contact with the 

upper mold insert. In order to protect mold from oxidization at 
the elevated temperature, vacuum is applied to the chamber for 
the removal of air, followed by the introduction of nitrogen gas. 
When the gaseous environment is stablized, the mold inserts 
and glass wafer are heated simultaneously from initial 
temperature  to the target embossing temperature  , and 

soaked at this temperature for reaching a more uniform 
temperature distribution.  

At the beginning of the embossing stage, the lower mold is 
moved upward to make the glass disk touch the upper mold, and 
the compression is kept until the isothermal embossing force 

 is reached. The isothermal pressing enables the softened 

glass disk to deform and fill the cavities of the upper mold insert. 
In this fashion, the patterns on the upper mold insert are 
transferred to the top surface of glass disk.  
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Figure 1. Schematic diagram for  a typical glass hot embossing process. 
 

A small force of  is loaded on the glass replica for 

maintaining the shape of patterns on the replica as soon as the 
cooling stage is started. Initially, a low annealing rate of  is 

set to minimize the thermal stress inside the embossed glass 
replica. Once the temperature decreases to the fast cooling 
point   (approximately the  of glass), the force on the 

replica is removed and a rapid cooling rate is applied for 
fastening the thermal cycle. At a relatively low temperature  

(i.e., ), the maintenance pressing force is completely 

taken off, and the lower mold is moved downward for 
demolding. Meantime, a forced convection flow of nitrogen gas 
is introduced for faster cooling. When the temperature of the 
embossed glass replica is lower than 160 , it can be taken out 

for quality assessment. 
 
3. Experimental 

3.1. Design of experiments  
In this study, the N-BK7 glass plane-parallel-plate (PPP) disks 

are acquired from SCHOTT. The average diameter and thickness 
of these glass disks are 5.05±0.01 mm and 1.05±0.01 mm 
respectively, and their top and bottom surfaces are mechanically 
polished to have a local roughness of about 1 nm, a flatness of 
less than 40 nm and a parallelism of below 5 arc-second. The 
glass hot embossing experiments are conducted on the Toshiba 
GMP-311V machine (see Figure 2a and Figure 2b). By following 
the glass hot embossing process described in Section 2, the 
parameter design can be seen in Table 1. The process history of 
experiment condition 1 is provided in Figure 2c. Except that in 
experiment condition 7 the value of  remains the same as 

that of , the values of , ,  and  in other 

experiment conditions are set to be -0.996 mm, 0.09999 mm, 
0.19999 mm and 0.09598 mm respectively.  

 
Table 1 Conditions for the glass hot embossing experiments 
 

Experiment 
conditions 

TB 
(℃) 

FD 
(N) 

ΔtD3 
(s) 

ranneal 
(℃/s) 

FE 
(N) 

TF 
(℃) 

1 670 500 100 0.45 300 550 

2 690 500 100 0.45 300 550 

3 710 500 100 0.45 300 550 

4 670 750 100 0.45 300 550 

5 670 1000 100 0.45 300 550 

6 670 500 50 0.45 300 550 

7 670 500 0 0.45 300 550 

8 670 500 100 0.83 300 550 

9 670 500 100 1.75 300 550 

10 670 500 100 0.45 200 550 

11 670 500 100 0.45 0 550 

12 670 500 100 0.45 300 530 

13 670 500 100 0.45 300 570 

 

 
 
Figure 2. (a) The Toshiba GMP-311V machine. (b) The experimental 
setup. (c) The process cycle of experiment condition 1. The displacement 
at which the upper mold just touches the glass disk is set to be 0 mm. 

 
3.2. Surface characterization of embossed glass replica      

Figure 3 shows the surface topography of the top and bottom 
global surfaces of the embossed glass disks, which was 
measured by using the white light interferometer (Bruker 
Contour GT-X). The RMS repeatability of the interferometer is 
lower than 0.03 nm, which satisfies the requirement of this 
study. By surface fitting with a sphere, the curvature radius of 
sphere ( ) and the mean of the absolute value of roughness 

for fitted surface ( ) can be determined. The warpage can be 

roughly indicated by the absolute value of curvature radius, 

. It is interesting to note that negative (positive) value of 

 infers the warpage is convex (concave) in this study. Since 

the warpages of WC mold inserts and raw glass disks are 
neligibale, the curvature on the surfaces of replicas are assumed 
to be generated during the glass hot embossing process. 
Furthermore, the thickness ( ) and diameter ( ) of these 

embossed glass replicas were measured by a vernier caliper, 
which had an uncertainty of 0.01 mm.  
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Figure 3. Surface topography of glass replica embossed in experiment 
condition 1: (a) top surface and (b) bottom surface. The surface texture 
of replica is mostly transferred from that of mold insert. 
 

4. Results and discussions 

4.1. Effects of isothermal embossing temperature, force and 
time 

Figure 4 reveals that the top and bottom surfaces of  the glass 
PPP disks become convex and concave, respectively after hot 
embossing process, and the bottom surfaces are found to have 
smaller warpages than those of the top surfaces. Figure 4a 
suggests that increasing the isothermal embossing temperature 
notably aggrandizes the warpage and surface roughness of both 
the top and the bottom surfaces of the replicas and thus 
deteriorates their flatness. In the embossing temperature range, 
the glass viscosity decreases expotentially with increasing 
temperature. As a result, glass disks at higher temperature are 
more prone to deformation, and consequently have lower 
thickness and larger diameter.  

As a shown in Figure 4b, the increase of curvature and surface 
roughness, and the decrease of thickness can be clearly seen 
when the isothermal embossing force increases from 500 N to 
750 N. However, the embossing force above 750 N does not 
have an obvious effect on the shape parameters. 

Glass replica that undergoes zero isothermal pressing time 
shows a relatively large curvature on the top and the bottom 
surfaces, a desirable surface roughness and a notably high 
thickness as shown in Figure 4c. As the isothermal pressing time 
prolongs, the warpage of top surface decreases continuely, 
while the warpage of bottom surface slightly decreases first and 
then increases moderately. Compared to the short isothermal 
pressing time (i.e., 50 s) , the long counterpart (i.e., 100 s) 
enables less increase of surface roughness but almost the same 
reduction of thickness.  

 

 

Figure 4. Comparison of shape parameters of glass replicas embossed in (a) experiment conditions 1, 2 and 3, (b) 1, 4 and 5, (c) 1, 6 and 7. 

 
4.2. Effects of annealing rate, maintenance force and fast 
cooling point 

As shown in Figure 5, it is interesting to note that the waparge 
on the top surface becomes highly small when the warpage of 
the bottom surface is convex. The warpage is expected to be 
readily formed at high annealing rate due to the large non-
uniform expansion or shrinkage. However, the experimental 
results show that the smallest warpage on top surface is 
generated at a moderate to the lowest annealing rate. 
Moreover, lower surface roughness appears at higher annealing 
rate as shown in Figure 5a.  Since the slower annealing rate 
allows the glass PPP disks to be compressed under elevated 
temperature for longer time, replica annealed at lower rate has 
lower thickness but larger diameter.  

The application of moderate maintenance force is capable of 
producing the smallest warpage on the top surface of replica 
without significantly affecting its surface roughness as shown in 
Figure 5b. The mean surface roughness of bottom surface 
decreases as the maintenance force increases, which is 
attributed to the flattening of the peaks on the surface 
roughness profile. Unsurprisingly, the higher maintenance force 
results in a lower thickness, because of the larger axial 
deformation of glass disks. It is evident from Figure 5c that an 
increase of the fast cooling point significantly decreases the 
warpage of top surface but has an opposite effect on that of the 
bottom surface. Besides, a higher fast cooling point results in a 
higher roughness of the top surface. Furthermore, the fast 
cooling point has little influences on the roughness of the 
bottom surface, the thickness and the diameter of glass disks.  
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Figure 5. Comparison of shape parameters of glass replicas embossed in (a) experiment conditions 1, 8 and 9, (b) 1, 10 and 11, (c) 1, 12 and 13. 

 
4.3. Optimal process parameters for practical hot embossing 
applications 

In practice, the target micro/nanostructures are generally 
located on the upper mold insert, and a flat and smooth surface 
is created on the lower mold insert. Although the bottom surface 
of the embossed glass replica may suffer from large warpage and 
high roughness, it is subjected to the post-finishing treatment at 
ease. Thereore, it is reasonable to attach more importance to 
the curvature radius and surface roughness of the top surface in 
parameteric design. 

Figure 4 and Figure 5 suggest that low embossing 
temperature, low embossing force, long isothermal pressing 
time, moderate annealing rate, moderate maintenance force 
and high fast cooling point enable small warpage to be formed 
on the top surface of the replica. On the other hand, low surface 
roughness can be observed on the top surface of the glass 
replica that is treated with low embossing temperature, zero 
isothermal pressing time, relatively high annealing rate and low 
fast cooling point. Moreover, the roughness of top surface is 
somewhat insensitive to the embossing force and maintenance 
force. In applications for minimizing the warpage and surface 
roughness of the top surface of the replica, one recommendable 
set of process parameters including low embossing 
temperature, low embossing force, relatively long isothermal 
pressing time, moderate cooling rate, moderate maintenance 
force and low fast cooling point. 

The control of replica thickness can be of high significance. In 
glass hot embossing process used in this study (except for 
experiment condition 7), the target thickness of glass replica is 
0.85 mm. It is interesting to note that the replica thickness 
shows considerably low sensitivity to the embossing force and 
the fast cooling point. As a result, the selection of other four 
parameters is critical to gain the desirable replica thickness. 
From the experimental results, the target thickness of the replica 
is more likely to be controlled and produced under low 
embossing temperature, long isothermal pressing time, slow 
annealing rate and high maintenance force.  
 

5. Conclusions 

This study experimentally evaluated the effects of process 
parameters on the shape parameters of the replica in a specially 

designed glass hot embossing process. The findings and results 
are given below: 
1) The top surfaces of all embossed replicas are convex, while 

the bottom surfaces are concave in most cases. 
Furthermore, the warpage on the top surface is usually 
higher than that on the bottom  surface. 

2) Under some special process parameter settings, the bottom 
surface becomes convex, and the warpage on top surface is 
almost imperceptible.  

3) Warpage of the top surface can be minimized under low 
embossing temperature, low embossing force, long 
isothermal pressing time, moderate annealing rate, 
moderate maintenance force and high fast cooling point. 

4) The top surface of glass replica shows lower surface 
roughness when it is treated with low embossing 
temperature, zero isothermal pressing time, relatively high 
annealing rate and low fast cooling point. 

5) The replica thickness shows considerably low sensitivity to the 
embossing force and fast cooling point. 
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Abstract 
Hybrid laser-electrochemical micromachining process involves the simultaneous application of electrochemical machining and laser 
source in the same machining zone. With this process, a hierarchical cavity structure is observed where the central region is 
dominantly exposed to laser-ECM interaction and the region towards the edge is mainly exposed to the electrochemical machining 
process. Thus, a surface roughness gradient exists within the cavity due to application of process energies of different nature at 
different scales. This work presents a methodology and the results of areal surface roughness measurements (Sa, Sz, Sq and Sdq) in 
different zones of the cavity. The cavity point-cloud is measured using a Sensofar® Neox microscope in continuous confocal mode. 
To get the information of surface quality in different zones of the cavity, Matlab® code was written for dedicated filtering and 
extraction of regions of interest. The extraction and filtering methods are discussed.  The correlation of the roughness parameters 
with the process parameters such as  the laser pulse energy and the machining voltage is studied.  
 
Keywords: Hybrid machining, laser-ECM, electrochemical machining, areal surface roughness, surface metrology.   

 

1. Introduction and process scheme 

Hybrid machining refers to simultaneous or concurrent 
application of two or more processes in same machining zone or 
within same machine [1]. This helps to push the boundaries of 
exisitng process capabilities and broaden the exisitng material 
processing window. Hybrid laser-electrochemical 
micromachining process involves simultaneous application of 
two time-dependent process energy sources (i.e. ECM and laser) 
in the same machining zone [2]. This is accomplished by using a 
hybrid tooling concept where the tool acts both as an ECM tool 
with sufficient cross-sectional conductive area as well as 
multimode waveguide for the laser. Figure 1 shows a process 
schematic of the hybrid laser-ECM process with major 
peripherals. The electrolyte enters radially into the machining 
head and the laser is focussed close to the entrance of 
electrolyte in the tool where it propagates further by means of 
multiple reflections (diffuse and specular) from the internal 
surface of the metallic tool. Process details have been discussed 
in details in reference [3]. 

Figure 2 shows examples of cavities machined by ECM and 
hybrid laser-ECM process with a tubular hybrid-tool of external 
diameter 1.2 mm and innermost diameter of 0.35 mm. With this 
hybrid process, a hierarchical cavity structure is observed where 
the cavity centre is dominantly exposed to laser-ECM interaction 
whereas the peripheral region is exposed mainly to the 
electrochemical process. Thus, a surface roughness gradient can 
be expected within the machined cavity due to application of 
different process-energies at different scales or due to existence 
of different removal mechanisms in different regions of the 
cavity. Besides this, the cavity surface has varying slope, 
curvature and aspect-ratio in different regions. For such 
complicated surfaces, it is difficult to measure surface roughness 
in different zones using state of the art commercial software. 

Therefore, the current work deals with characterization of areal 
surface roughness in different zones of the cavity. The point 
cloud data is acquired using a Sensofar Neox® microscope in 
continuous confocal mode and the extraction of zones, filtering 
and measurement is carried out using an in-house written 
Matlab® code following ISO-25178-2:2012. The characterization 
and analysis procedure is discussed. Subsequently, quantative 
surface roughness data in different zones of the cavity is 
presented and correlated with process parameters. 

 
 
Figure 1. Process schematic of hybrid laser-electrochemical 
micromachining process. 

 
Figure 2. Exemplar cavities (1.8 mm x 2.5 mm, Sensofar Lynx®) fabricated 
by (a) electrochemical micromachining (b) hybrid laser-electrochemical 
micromachining. 

a b 
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2.      Methodology and analysis 
 

An in-house developed hybrid laser-ECM machine tool was 
used for machining. The major peripherals of the hybrid 
machine-tool include a granite gantry-type motion platform, a 
532 nm ns pulsed laser source, a micro-second pulsed voltage 
source, electrolyte handling system, hybrid machining head and 
a LabVIEW® based man-machine interface. Cavity machining 
experiments were carried out at different values of laser pulse 
energy and voltage. Other parameters were maintained 
constant such as the initial interelectrode gap of 20 µm, spindle 
RPM 400, ECM pulse on time and duty cycle 10 µs and 50 %, laser 
pulse on time 50 ns and electrolyte 200 g/l aq. NaNO3. Three 
cavities were machined for each set of parameters. The 
machined samples were then subjected to cleaning in an 
ultrasonic bath for 20 minutes to remove the salt particles and 
reaction products remaining on workpiece surface after 
machining. The point cloud data of the cavity surface was 
acquired using a Sensofar Neox® microscope in continuous 
confocal mode which offers a high scanning speed without 
compromising on the quality of measured data. The complete 
cavity was scanned using automated image stitching. The 
measurement settings are depicted in Table 1. It is difficult with 
the commercial software to characterize the surface roughness 
in different zones of the cavity. Therefore, a Matlab® code was 
written in-house to process the topography data. The roughness 
measurement procedure is illustrated briefly in Figure 3. The 
measured point cloud data is imported in Matlab® after being 
subjected to missing point restoration (in the Sensofar® 
software) and then subjected to levelling in Matlab® based on 
the top surface. Subsequently, the cavity of interest was 
extracted from the acquired point cloud data. In ECM and hybrid 
laser-ECM, the cavity topography changes with process 
parameters which implies that in some cavities a residual pin 
exists in the centre and in other cavities there is accelerated 
dissolution in the centre. Therefore, it was difficult to automate 
the code for the detection of the central zone. Consequently, a 
manual selection of cavity central region is incorporated in the 
code by creating an elliptical selection tool. Following the 
manual selection of the central region, the point cloud data are 
dealt separately for the central region and the peripheral region 
to evaluate areal surface parameters in different zones of the 

cavity. The form was removed from the cavity central region and 
peripheral region by fitting a polynomial of degree 5.  A 5 pixel 
median filter was employed for the peripheral region of the 
cavity to remove the peaks of centre that were left over from 
the with peripheral surface due to  the manual selection. 
Subsequently, the roughness topography was extracted from 
the point cloud data by using an areal Gaussian regression filter  
(ISO 16610-61) and cut off wavelengths 2.5 µm (S-filter) and 25 
µm (L-filter). 

 
Table 1 Measurement settings 

 
The areal parameters used in current investigations are: Sa 

(arithmetical mean height of a surface), Sq (root mean square 
height of a surface), Sz (maximum height of a surface) and Sdq 
(root mean square gradient/slope of the surface). These 
parameters were evaluated in the code using the definitions and 
procedure as given in ISO 25178-2:2012. 

3. Results and discussion      

Figure 4 shows the variation of areal surface parameters in the 
central and peripheral regime of the cavity at different values of 
laser pulse energy. An example of a roughness profile of the 
central and peripheral region is shown in Fig. 5. The ECM voltage 
is taken constant as 20 V. It is evident that typical roughness 
parameters (Sa, Sq, Sz, Sdq) are strongly dependent on the laser 
pulse energy for both the central and peripheral regions. It can 
be observed from Fig. 4 (a) that the Sa value in the centre of 
cavity is the highest for the ECM process (without laser) and then 
it starts decreasing upto 30 µJ and thereafter rises again at laser 
pulse energies of 45 and 60 µJ. This can be explained on the basis 
of observations that in ECM process (without laser), there exists 
a central undissolved pin-like structure which is rough and a 
characteristic feature of a low current density region. This makes 
the  Sa value in the centre higher. In case of pulse energies of 10, 

Parameter Value 

Objective magnification 20x 

Numerical aperture 0.45 

L-filter nesting index 25 µm 

S-filter nesting index 2.5 µm 

Figure 3. Schematic illustration of procedure used in Matlab® for characterization of areal surface roughness in different zones of cavity. 
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and 30 µJ; the laser induced rise in current densities lead to 
reduction of the pin-height and lead to relatively better surface 
quality. Thus, Sa values are lower in the centre. For pulse 
energies of 45 and 60 µJ, the heat input in the machining zone 
increases and a transition of material removal mechanisms takes 
place from laser assisted electrochemical dissolution due to a 
combination of thermal and electrochemical mechanisms. Thus 
the Sa value starts to rise again. The peripheral region is a high 
current density area directly below the conductive area of the 
tool. The peripheral region is outside the direct interaction of 
laser-ECM zone, therefore there is no significant change in Sa 
values in this region with an increase in laser pulse energy. 

Although the average Sa values in the peripheral region are 
marginally higher for laser-ECM as compared to the ECM 
process. The representative Sa values in peripheral region are 
below 5 nm for all the values of the laser pulse energy.  

The Sa parameter represents an optimistic ECM/laser-ECM 
surface as it averages out the peaks and valleys height over the 
3D surface. Figure 4(b) represents the variation of Sq with laser 
pulse energy in laser-ECM process. Sq represents the root mean 
square value of the ordinates. It can be observed that inspite of 
considerable difference in the obtained Sa and Sq values, the 
assessment of surface quality follows similar trend as that of Sa 
for both central and peripheral region. In order to characterize 
the sum of the largest peak height value and the largest valley 
depth value on the surface of interest, the Sz parameter was 
used. The measured Sz values are plotted in Fig. 4(c) for both the 
central and peripheral area. It can be observed that Sz values in 
the centre are several times higher as compared to those of 
peripheral region. The reason for the high Sz value in the central 
region can be attributed to the complex nature of the surface 
itself. In some of the cavities, there is a residual undissolved pin 
while in other cavities there is a depression in the centre. The 
material removal mechanisms are also changing with 
parameters from purely electrochemical to laser assisted 
electrochemical to some degree of thermal removal 
mechanisms. Furthermore, it is difficult to filter out the 
complete form in the central region even with higher degree 
polynomials. Figure 4(d) depicts Sdq values of the central and 
peripheral region. The Sdq parameters represent the root mean 
square of slopes at all points in the area of interest. It takes into 
account both the surface amplitude and spacing. It is evident 
from Fig. 4(d) that the central region has much a higher slope 
than the peripheral region. The Sdq value is highest for ECMed 
surface due to the presence of the undissolved pin-like-structure 
which contributes to the high slope. Also, it can be explained on 
the basis of Sz values that the ECMed central area has higher 
peaks and valley heights which contribute to higher slope 
change and hence higher Sdq values. With the laser-ECM process, 
the average Sdq value starts to decrease up to a pulse energy of 
30 µJ and then increases again at laser pulse energies of 45 and 
60 µJ. This is because at  pulse energies of 10, 30 µJ; the laser 
assisted electrochemical dissolution lead to reduction in 
undissolved pin-height and better surface quality. Therefore the 
slope change is lower compared to solely ECM process. 
Consequently, the Sdq values are lower. For pulse energies of 45 

(a) 

(b) 

(c) 

(d) 

Figure 4. Variation of areal surface roughness parameters with laser pulse 
energy (a) Sa (b) Sq (c) Sz (d) Sdq. 
 

Figure 5. Example of a roughness profile of (a) central region (b) 
peripheral region for Laser-ECM process with parameters 45µJ/20V.  

(a) 

(b) 
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and 60 µJ, the process exhibits signs of thermal removal 
mechanisms on some workpieces and hence Sdq starts to rise 
again. There is no significant change (only a marginal change) of 
Sdq values of the peripheral region with a change in parameters. 

In the laser-ECM process, there are two different process 
energies (i.e. ECM and laser) acting in the same machining zone. 
The energy input of the laser is characterized mainly by the laser 
pulse energy which is already discussed. For the ECM process, 
the process energy input is characterized by the current density 

which is related to the process voltage for fixed gap impedance. 
The areal roughness parameters at different process voltage 
without applying the laser are depicted in Fig. 6.  With a tubular 
tool, the central part of cavity experiences low current density 
as compared to the peripheral region which is directly below the 
conductive area of the tool. Thus, Sa values of the central part 
are several times higher than the peripheral region. The average 
Sa values in the central region are nearly similar for 7, 10 and 20 
V and start to decrease from 25 V. This is because at 25 and 30 
V, the current densities are higher and the machining proceeds 
towards central region leading to dissolution of residual pin-like 
structures. For the peripheral region, the average Sa values are 
below 4 nm for 7, 10 and 20 V and increase mariginally at 25 and 
30 V. The Sq, Sz and Sdq measurements show a similar trend as Sa 
and can be explained on the basis of similar reasons.  

 

4. Conclusions 
 
The following points can be concluded from the above research: 
 
1. The surface roughness differs siginificantly between the 

central and peripheral region of the cavity. This is due to 
the different removal mechanisms present in the central 
and peripheral region. In the laser-ECM process, the laser-
ECM interaction is prevalent in the central region as 
compared to the peripheral region. Furthermore, within 
the central region of the cavity, the surface roughness 
changes with the laser pulse energy. This can be attributed 
to the changing material removal mechanisms from 
electrochemical dissolution to laser assisted 
electrochemical dissolution to combined laser and 
electrochemical removal.  

2. The effect in point 1 has been characterized by areal 
roughness parameters. These parameters depict a similar 
trend but at a different magnitude. In case of pulse energies 
of 10, 30 µJ; the laser assisted electrochemical dissolution 
lead to relatively better surface quality. Thus, Sa, Sq values 
are lower in the centre as compared to ECM. For pulse 
energies of 45 and 60 µJ, the heat input in the machining 
zone increases and a transition of material removal 
mechanisms takes place from laser assisted 
electrochemical dissolution to combination of thermal and 
electrochemical mechanisms. Thus Sa, Sq value starts to rise 
again. 

3. When only ECM process is used, the central region 
experience low current density and shows high surface 
roughness as compared to the peripheral surface which 
shows a smooth/shiny surface as it is directly below the 
conductive area of the tool. With an increasing voltage, the 
central undissolved pin-like-structure starts to dissolve and 
the surface roughness improves. This effect corresponds to 
the measured Sa, Sq and Sz parameters. Reduction in the 
Sdq parameter at 25 and 30 V also indicates slope reduction 
due to dissolution of central residual pin and improvement 
of the  surface quality in the central region. 
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Abstract 
The demand for high flexibility and mass customization within medical implants has resulted in the early adoption of additive 
manufacturing technologies in the medical sector. Apart from offering unique customization opportunities, metal additive 
manufacturing of implants also enables the generation of functionally structured surfaces showing increased biocompatibility. The 
need for improving properties like biocompatibility is essential since many patients suffer from dental implant failures such as screw 
loosening, integration failure or implant breakage. The high requirements for implant materials depending on the specific implant 
environment and function complicates the implant design and results in multi-component implants. This could be overcome by the 
use of multi-material metal additive manufacturing that enables functionally graded part production. However, current commercial 
laser powder-bed fusion systems are limited to a single material at a time. By utilizing an open-architecture laser powder-bed fusion 
system by Aurora Labs it was possible in a controlled way to mix AISI 316L Stainless Steel with AISI 440C Stainless Steel during the 
fabrication of a dental strut-like geometry thereby functionally grading the properties of the material to have a low hardness near 
the gums and a higher hardness around the crown. The material distribution was evaluated by cutting and etching and the hardness 
was measured at various locations. The current work demonstrates the technical viability of manufacturing functionally graded dental 
strut implants by leveraging multi-material metal additive manufacturing.  
 
Multi-material, Metal Additive Manufacturing, Dental Implant 

 

1. Introduction 

During recent years the development and improvement of 
metal additive manufacturing (MAM) technologies have 
expanded the domain of application significantly. Previously, the 
most common areas of applications where found within the field 
of complex part geometries at low volume application or for high 
value customized parts. However, as the technology improves 
and becomes more economically efficient it becomes feasible to 
manufacture cheaper highly customized low volume parts. Such 
parts can be found within the domain of medical implants, 
where patient specific customization offers an advantage 
compared to conventionally mass-produced implants [1]. 

The manufacturing of dental implants is a known area when it 
comes to integration of additive manufacturing, where 
additively manufactured dental crowns are already being 
offered on a wider scale [2]. However the remaining part of the 
implant, which is assembled from several part components, is 
currently mass-produced using conventional manufacturing 
methods. One of the reasons for assembling several 
components is the different functional requirements in the 
environment around the implant. Another aspect of AM in 
implant manufacturing is the possibility to apply functional 
structuring to a surface or the full implant in order to enhance 
the biocompatibility, which also acts as the main motivation for 
the investigation undertaken in this study [3]. 

Most current MAM systems are limited to the use of a single 
material in a build which restricts the capability of functionally 
grading the manufactured parts. Hence, a modified L-PBF 
system has been utilized in the present work that is capable of 

controlling the mixing of material powders thereby creating 
continuous interfaces between two different materials [4]. This 
preliminary research investigates the potential application of 
multi-material MAM technology for the manufacturing of 
functionally graded dental implants.  

2. Implant Design for Multi-Material Additive Manufacturing 

The environmental change in the mouth significantly 
influences the functional requirements of the implant 
components. The implants crown, as shown in figure 1, is 
exposed and needs a cosmetic finish that matches the patient’s 
teeth.  

 

       
 

Figure 1. Left: Schematic picture of components in a simple dental 
implant consisting of (from the top): Crown, Abutment, Strut [5]. Right: 
CAD drawing of simplified combined strut and abutment. 
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The crown is frequently made from a ceramic material that can 

be coloured in custom shades of white, whereas the abutment 
and the strut, as shown in figure 1, is frequently made from 
either titanium or stainless steel [2]. 

 
2.1. Functional gradation 

It is important that the functional requirements of the implant 
matches the surrounding environment. Whereas the top of the 
implant must be strong and yet gum compatible, the lower part 
should have bone-compatible capabilities such that a strong 
bond between the overall implant and the jaw is ensured. By 
combining the abutment and the strut, as schematically shown 
in figure 1, it is possible to reduce the assembly into a single part. 
Due to the different functional requirements of this part it can 
be manufactured using multi-material MAM where the lower 
part, originally the strut, is manufactured in one material while 
the top part, originally the abutment, is manufactured in a 
second material. A strong bonding of the two materials is 
ensured due to the gradual change of the interface material 
composition during the build. The possibility to introduce 
geometrical structures on the surface when manufacturing using 
MAM is of large interest, however in this preliminary study, no 
functional structuring has been introduced in the design. 

 
2.2. Implant design for additive manufacturing 

In order to manufacture the implant component a few design 
alterations must be considered to optimize manufacturability 
and minimize the need for post processing. A minimum angle of 
inclination of 45 degrees has been ensured across the full 
specimen to avoid the need for support structures.  

 
2.3. Manufacturing 

The implant specimen was manufactured on an Aurora Labs S-
Titanium Pro laser powder bed fusion (L-PBF) system which 
simultaneously combines two 150 W CO2-laser sources. The 
systems have been adapted to enable specific ratio mixing of 
two different metal powders for individual layers throughout 
the build job. The two powder materials used in this work are 
AISI 316L Stainless steel and AISI 440C Stainless steel with a 
concentration of 316L of 100 % in the lower part of the specimen 
and a 50/50 concentration of 316L and 440C in the upper part of 
the specimen, as shown in figure 2. The operating process 
parameters are thoroughly described in Nadimpalli et al. [4]. 
 

  
Figure 2.  Sample shown as cut, embedded, polished and etched. 
Different material compositions visible for the lower and top part. 
 
 2.4. Specimen analysis methodology 

In order to characterize the specimens, the samples were cut 
and embedded before polishing until 4000 grit SiC paper and 
subsequent 3 μm and 1 μm  diamond pasted polishing.  The 
samples were analysed by light optical microscopy (LOM, Zeiss 
Axio A1). The hardness of the samples were evaluated using a 
FutureTech FM-700 Vickers microhardness tester with a 2  N  
load and 10 s load time.  The evaluation of the  average and 
standard deviation (STD) of the microhardness were based on 
five repeated measurements. 

The dimensional part deviation has been evaluated using a 
Nikon 225 X-ray CT system with an acceleration voltage of 200 
keV and a power of 15 W to achieve a voxel size of 11.5 µm. The 
power and acceleration voltage were optimized to obtain a good 
transmission through the dental strut component.  

3. Results and Analysis      
3.1. Hardness evaluation 

From the hardness measurement a hardness of HV0.2 234  with 
a STD of 9 was measured for the lower part of the specimen 
consisting of 100 % concentration of stainless steel 316L. The 
upper part of the specimen with a concentration of 50 % 316L 
and 50 % 440C a hardness of HV0.2 280 with a STD of 11 was 
measured. Both hardness’s have been evaluated according to 
the DIN 50150 standard. 

 
3.2. Part deviation 

From figure 3, it can be seen that a part deviation in the range 
of ±0.5 mm is to be found. This deviation may be present due to 
the rough surfaces of the as printed part. For this particular 
study, no surface treatment, such as abrasive blasting, has been 
applied however; such a process step would significantly alter 
the surface topography and deviation and would be essential 
before implanting the dental strut in a patient.  

 

 
Figure 3. X-Ray CT scan of the implant specimen showing X, Y and Z cross 
section projections and part deviation plot from the nominal CAD model.  

4. Conclusion  
A multi-component implant was analysed and combined into 

a single component before being manufactured using multi-
material MAM. Thereafter, an analysis of mechanical properties 
such as material hardness was evaluated for different areas. The 
functional gradation of both material and geometry possible 
through Multi-material MAM shows promise in the 
manufacturing of specimens that are subject to different 
functional requirements potentially within the field of patient-
specific dental implants.  
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Abstract 
Pressure Driven filling is an alternative method to control the filling phase of the injection moulding process. The application 
boundaries of this method are not well-defined yet, even though the process promises several advantages, including enhanced part 
quality and improved processing conditions. In this study, the Pressure Driven approach was applied with the aim to mould a 
microfluidic device that embeds an array of 95 micropillars. A set of process conditions was identified through the well-known 
Scientific Moulding method that serves as a comparison for the evaluation of the potential applicability of the Pressure Driven 
method. The analysis focuses on the micro replication assessment in terms of pillars average height, as well as part dimensions and 
relative shrinkage. With the help of in-cavity sensors, it has been possible to demonstrate that the Pressure Driven method can 
provide an optimal process parameter setting. More importantly, the replication of micropillars suffers the least from air trapping 
and uneven replication when applying the Pressure Driven method. 
 
 
Injection moulding, micro features, micro fluidic devices, cyclic olefin copolymer 

 

1. Introduction 

In precision injection moulding, flow rate and injection velocity 
are controlled using the Scientific Moulding method with the 
aim of maximizing shear rate and minimize viscosity. 
Consequently, the screw injection speed is selected in a way that 
the polymer melt overcomes the initial macromolecular 
entanglements and reduces the viscosity of the melt. A so-called 
‘Apparent Viscosity’ experiment can be performed to identify 
the injection speed threshold after which pressure is less 
dependent on injection speed for a given cavity and injection 
set-up [1]. 

The Scientific Moulding method is based on the assumption 
that the best filling occurs when melt has minimum viscosity. 
The assumption holds as long as cavity geometry is simple, which 
referrers to a unidirectional flow in a constant cavity thickness. 
Instead, for complex 3D geometries, with cavity sections having 
different thicknesses, several studies showed that the best part 
quality is achieved when maintaining a melt front velocity 
constant, rather than a flow rate constant [2-3]. To achieve this 
condition, the control of the injection speed needs to be 
modulated during the filling time using different profiling 
methods, which can be for example based on graph theory [4], 
neural networks [5], and simulation [6]. A homogenous shear 
stress development within the part length is the result of this 
approach, producing uniform volumetric shrinkage and 
reduction of warpage within the moulded specimens. 

Another challenge of the Scientific Molding Method is that two 
very well known phenomena can happen if the selected nominal 
injection speed is too high: (1) hesitation flow [7] and (2) 
material degradation due to shear thinning. Nonetheless, the 
reason why speed is kept constant during the injection is 
generally a choice of convenience, both from a screw 
displacement control point of view and from a process 
optimization time perspective. 

Pressure-based filling is an alternative method to stabilize the 
melt front velocity. One example is the series of patents from 
company iMFlux® Inc., Hamilton, USA (OH) [8-9], which claims 
the rights for using a method based on low constant injection 
pressure enabling faster cycle time and better molded parts 
quality. Another pressure-driven method is mentioned by 
Gómez in [10], where the procedure in order to modulate 
injection speed to achieve the so-called ‘Natural-Pressure 
During Filling’ is proposed. The condition of natural filling, also 
deifined as stable filling in [11], describes a situation in which a 
dynamic equilibrium between the required energy for the flow 
to advance is met by the injection pressure, resulting in a stable 
melt front velocity and pressure. Moulding at constant pressure 
compensates for geometrical variations of the melt flow area, 
resulting in a constant stress distribution within the parts. 

In this study, a Pressure Driven filling approach refers to a 
pressure-based filling process that is implemented for the 
production of a microfluidic device, a particularly demanding 
moulded part characterized by a complex geometry, a micro 
structured functrional surface and specified tolerances in the 10 
µm range. The Pressure Driven method is compared to the 
Scientific Molding for what concerns the replication fidelity of 
micropillars embedded in the part surface geometry and global 
shrinkage performance. Additional data brought by in-cavity 
sensors allow for a quantitative process comparison of the 
processes based on cavity pressure and temperature 
measurements. 

2. Materials  

The material used for this experimentation is a commercially 
available Cyclo Olefin Copolymer (COC). The resin is 
manufactured by the company TOPAS® Advanced Polymers 
GmbH, Darmstadt, Germany, and has trade name 5013L-10 
batch 0000123416. The resin is amorphous, is characterized by 
high clarity (91.4 % light transmission according to ISO 13468-2), 
and has a low water absorption (0.01 % at 23°C-sat evaluated 

177

http://www.euspen.eu/
mailto:guto@mek.dtu.dk


  

with ISO 62) which makes the polymer chemically stable and 
particularly suitable for precision, optical and medical 
applications. The melt properties at processing conditions in 
terms of viscosity and pressure, specific volume and 
Temperature (pvT) are reported in Figure 1 and Figure 2. 
Multiple cases of Lab-On-Chip applications are examples of 
successful usage of COC for micro replication. Before the 
injection molding experiments, the batch was dried for 6 hours 
at 100 °C. 

 

 
Figure 1. Shear viscosity as function of shear rate of Cyclo Olefin 
Copolymer (COC) 5013L-10 by TOPAS® Advanced Polymers GmbH. 

 

 
Figure 2. Pressure, specific volume, temperature (pvT) characteristics of 
Cyclo Olefin Copolymer (COC) 5013L-10 by TOPAS® Advanced Polymers 
GmbH.   

3. Micro fluidic device component 

The sample under analysis is a component of a microfluidic 
system assembly. The design of the component is the result of 
previous research work carried out at the Department of 
Mechanical Engineering of the Technical University of Denmark 
[12]. The full shot without sprue is shown in Figure 3 (a). The part 
was moulded in two equal cavities with structures on both sides. 

The sample is a square of 20 mm × 20 mm with a thickness of 
2 mm. In Figure 3 (b) the component’s micro structured surface 
with 95 micropillars is visible. The design of the pillars aims at 
600 µm nominal height and 250 µm base diameter with a draft 
angle of 8° to achieve a top nominal radius of 200 µm.  

4. Injection moulding equipment 

The parts were produced using a hybrid Injection Molding 
machine Allrounder® 370A from Arburg GmbH, Lossburg, 
Germany. The machine can provide a clamping force of 600 kN, 
a maximum injection pressure of 250 MPa and injection speed 
of 300 mm/s. The machine is equipped with a reciprocating 
screw having a diameter of 18 mm and a length to diameter ratio 
of 24.5. 

The mould for this part was designed and upgraded with cavity 
pressure and temperature sensors during another research 
project at the Department of Mechanical Engineering at The 
Technical University of Denmark [13]. Four sensors are located 

in each cavity. The mold halves and the location of the sensors 
are shown in Figure 4. In the upper cavity, the sensors are four 
thermocouples type N from Priamus System Technologies Llc., 
Schaffhausen Switzerland, under trade name 4008BC number 
4530A. The nominal response time of these sensors is 4 ms. In 
the lower cavity, four pressure sensors manufactured by the 
same company and available under the reference 6006BC 
number 6531A are installed. The nominal sensitivity of the 
sensors is -2 pC bar. 

 

 
(a) 

 
(b) 

Figure 3. Full 2-cavity part including runners and gates (a); detailed view 
of the micro fluidic device (b). 

 

 
Figure 4. Mould halves and sensor locations. 

5. Injection moulding conditions 

The injection velocity is adjusted according to the Scientific 
Method and Pressure Driven approaches. For the Scientific 
Molding, the interpretation of the ‘Apparent Viscosity’ test 
(Figure 5) brings to the selection of an injection speed of 208 
mm/s. For this velocity, the transfer position to pass into the 
holding phase is set to 15.3 mm. In the Pressure Driven method, 
a quadratic decreasing velocity profiling is put in place. The 
reason why a quadratic profile is chosen can be drawn from the 
relation between pressure and velocity in the cylinder actuating 
the injection screw. At equilibrium, the energy balance on the 
hydraulic actuator can be written assuming ideal Newtonian 
behavior of the medium and by neglecting losses. The relation is 
reported in Equation 1, where P is the pressure, ρ is the density 
of the medium v2 is the second-order power of the velocity. 

 
(1) 

From a ‘Pressure Test’ this can also be validated. In this case, 
similarly to the ‘Apparent Viscosity’ test, different shots with a 
constant screw travel displacement (16.4 mm in this case, i.e. 
from 30.0 mm to 13.6 mm) are performed at nominally different 

1 10 100 1000 10000 100000

10

100

1000

V
is

co
si

ty
 (

P
a*

s)

Shear Rate (1/s)

 Viscosity [245 °C]

 Viscosity [255 °C]

 Viscosity [265 °C]

 Viscosity [275 °C]

 Viscosity [285 °C]

 Viscosity [290 °C]

50 100 150 200 250 300

0.975

1.000

1.025

1.050

1.075

1.100

1.125

S
p

ec
if

ic
 V

o
lu

m
e 

(d
m

3
/k

g
)

Temperature (°C)

 Specific Volume [0 MPa]

 Specific Volume [5 MPa]

 Specific Volume [10 MPa]

 Specific Volume [15 MPa]

 Specific Volume [20 MPa]

 Specific Volume [25 MPa]

𝑃 +  
1

2
 𝜌𝑣2 = 𝑐𝑜𝑛𝑠𝑡 

178



  

injection pressure. The resulting injection time is recorded and 
the corresponding plot is shown in Figure 6. From this point, it is 
also possible to derive the injection speed, by dividing the 
injection travel stroke with the sampled injection times. Being 
the stroke fixed and the sampled times quadratic with pressure, 
also the relation between injection speed and injection pressure 
is quadratic. From the ‘Pressure Test’ an ideal injection time of 
0.2 s is selected. In this way, for a given duration and stroke, 
pressure is minimized. An average injection speed of 82 mm/s is 
the result of the ratio between the screw stroke and the chosen 
injection time. 

To resemble a constant pressure at the screw during filling, the 
screw speed is profiled along five intervals. The result is shown 
in Figure 7, where the comparison among the Pressure Driven 
and the Scientific Molding methods for injection speed selection 
is shown as function of the ram position. 

Additional injection conditions are summarized in Table 1, 
while the resulting pressure and temperature distribution in the 
cavity are displayed in Figure 8 and Figure 9 respectively. 

 
Figure 5. Apparent viscosity test for the determination of the optimal 
injection speed. 
 

 
Figure 6. Pressure test for the determination of the optimal injection 
time. 

 
Figure 7. Nominal injection ram speed according to Scientific and 
Pressure Driven method. 

Table 1 Injection moulding parameter comparison for the Scientific 
Molding and Pressure Driven methods. 
 

Process parameters Scientific moulding  
method 

Pressure driven 
method 

Mould temperature 70 °C 70 °C 

Barrel temperature 275 °C 260 °C 

Holding pressure 16 MPa 16 MPa 

Clamping force 100 kN 100 kN 

Injection time 0.09 s 0.20 s 

Holding time 1.5 s 4.0 s 

Cooling time 10.5 s 8.3 s 

 

 
Figure 8. Cavity pressure distribution averaged among 20 repeated 
cycles measured at two sensor locations. 
 

 
Figure 9. Cavity temperature distribution averaged among 20 repeated 
cycles measured at two sensor locations. 

6. Parts quality measurements 

For the evaluation of the replication fidelity at the micro scale, 
three locations are selected, where micropillars are aligned 
along the flow direction at different distances from the gate. The 
height is measured using a Laser Scanning Confocal microscope, 
from the company Olympus, Tokyo, Japan, model Lext OLS 4100 
using a 20x magnification lens. The resulting topographies are 
analyzed using an image processing software, SPIP, from the 
company Image Metrology, Hørsholm, Denmark. The analysis 
includes a global leveling on the bottom plane, and the 
measurements of the height from the same plane using the 
histogram distribution of the peaks, which provides the pillar 
average height. The height values and the respective locations 
are shown in Figure 10. Additional parts quality aspects such as 
global dimensions and shrinkage are reported in Figure 11. 
Those were performed using an optical coordinate measuring 
machine model DeMeet® 220 by Schut Geometrical Metrology, 
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Groningen, The Netherlands, having a maximum permissible 
error (MPE) on the X-Y plan of 4 µm + L/150 µm (with L expressed 
in mm). 

7. Discussion 

Starting from the analysis of the replication of micro features, 
the Pressure Driven method allows a more uniform replication 
of the pillarsalong the cavity, with significant increment for the 
initial one (Figure 10). 

In the position closest to the gate the replication, in this case, 
is just above 52 % average for Scientific Molding case, suggesting 
that the flow is unable to fill completekly the mould micro 
features.  

 

 
Figure 10. Micro pillar replication as a function of location. Estimated 

expanded uncertainty of height measurements U = ± 3 µm (k= 2, 
confidence level 95%). 

 
This phenomenon can be explained by looking at the sensors' 

data (see Figure 8) where it can be seen that the Pressure Driven 
method develops in two clear filling instances. A so-called 
volumetric filling, starting at 0.13 s and ending at 0.18 s. This 
instance describes the moment where pressure slowly rises as 
the melt is flowing in the cavity. Once the cavity is filled, pressure 
rises and homogenizes at both sensors during the last part of 
filling and holding phase. This is verified by the temperature 
sensors (see Figure 9), as they show that the melt reaches the 
first sensor at 0.13 s and the second one at 0.18 s. 

In the Scientific Molding method, for the case in analysis, there 
is no significant development of pressure in a volumetric filling 
phase, as pressure rises too late in comparison to the 
temperature sensor detector (0.09 s detected, 0.14 s pressure 
ramping). Moreover, pressure cannot stabilize during holding, 
and counterintuitively a lower pressure is measured closer to 
the gate than at the end. This indicates that the melt front is 
pushed back during the whole filling phase in proximity to the 
pillars closer to the gate. It is suspected that a repulsion force is 
generated by trapped air. The combined expansion due to the 
rising temperature as well as the fast-approaching melt, 
produces a local air stagnation in the pillar end, generating a 
force that pushes the melt back from the end of the pillars and 
reduced pressure locally. 

The difference in pressure should explain why the shrinkage 
on the transversal direction of the scientific part is smaller than 
the one on the gate end side as shown in Figure 11. 

 
 

 

 
Figure 11. Part length and in-plane shrinkage. Estimated expanded 
uncertainty of length measurements U = ± 5 µm (k= 2, confidence level 
95%).  

8. Conclusion 

In this work, a practical implementation of a Pressure Driven 
based injection molding is proposed for the replication of a 
microstructured part. The nominal injection screw speed 
profiling is used for the achievement of a stable filling condition 
in comparison to Scientific Molding conditions. The results prove 
that a Pressure Driven based injection has higher performance 
in replicating the micro features, especially in terms of 
replication homogeneity along the flow direction. Moreover, an 
even shrinkage is achieved on the part as in cavity pressure is 
constant during filling. 
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Abstract 
For the development of surface finish improvement of Superconducting Radio-Frequency (SRF) niobium components, a qualification 
study of Micro-Mechanical Polishing (MMP) was carried out. The motivation of mechanical polishing was the possibility to recover 
RF surfaces by changing their topographic structure, the smoothening of surface defects and the limitation of material removal 
quantity by further electrical or chemical etching. The machining and polishing technique on niobium are very difficult and challenging 
due to its high ductility and the use of mechanical polishing with abrasive is usually avoided for SRF application because of the 
embedded particles risks. Nevertheless, the aim of this study was to qualify a combination of the MMP method with the subsequent 
chemical treatment that removes surface impurities. Several niobium specimens were MMP polished with two different micro-tools. 
The surface topography was measured and evaluated by  Scanning Electron Microscopy (SEM) to identify the incrusted micro-tools 
size and the affected layer thickness to be removed. The chemical and electrical polishing was performed. SEM observation and 
surface roughness measurement were repeated to confirm the contamination removal and surface finish gain when using MMP. The 
qualification was encouraging for the MMP and electropolishing combination where all inclusions were removed and the uniform 
mirror-like surface of Ra about 0.02-0.03 µm was obtained. First trials on 1.3 GHz accelerating cavities were realised to evaluate the 
RF performance of MMP electropolished surface. 
 
Micro-mechanical polishing, Niobium, SRF applications, SEM   

 

1. Introduction 

The surface quality of niobium SRF parts is a very important 
issue that highly contributes to the performance of accelerating 
components [1-2].  The low core roughness and smoothness of 
the surface is required because the peaks and other sharp 
topographic features can cause non-field-emitter quenches 
which generate higher surface resistance and could be a reason 
of the drop of the quality factor of cavities (Figure 1c) [1, 3]. The 
usual surface treatment of niobium SRF parts is the chemical 
etching by Buffer-Chemical Polishing (BCP) or Electropolishing 
(EP). However while the BCP or EP are essential to remove the 
plastically deformed layer from surface issued from the 
manufacturing process (150 – 200 µm) [2, 4, 5], there is no 
possibility to significantly improve surface structure or smooth 
the surface defects. The only technique to recover surface 
topography is the mechanical polishing with abrasive particles. 
Several researches have been performed on this topic and the 
most investigated method is centrifugal barrel polishing (CBP) 
[6-10]. The limitation of the CBP technique is the non-uniform 
material removal along the cavity profile, the abrasive pollution 
and the high treatment time (90-300 hours) [7]. The abrasive 
contamination on the niobium RF surface can affect the required 
high thermal conductivity (> 10 W/m∙K at 2K) [11] and the 
residual resistivity ratio (RRR>300). Therefore the abrasive 
removal is an important issue. Navitski et al. [6] and Palczewski 
et al. [10] have already investigated a combination of centrifugal 
barrel polishing with EP or BCP polishing to obtain a chemically 
clean surface. In case of Palczewski et al. [10], the CBP removed 

about 130 µm/93 hours and the additional EP of 10 µm were 
sufficient to regain clean surface structure. Nevertheless the 
Electron beam welds  were not smoothened enough and some 
voids appeared, that could be caused by the CBP polishing or 
welding procedures. This is the risk of high mechanical polishing 
removal that can result in opening of welds porosities and in 
filling the voids by polishing media that is detrimental to RF 
performance. Navitski et al. [6] faced the non-uniform material 
removal along the cavity shape. Three times higher material 
removal was observed in the equator area compared to iris (100 
µm/30 h). The MMP technology basically removes only the 
surface roughness so the material removal is imitated to 20 – 40 
µm (depending on material and initial roughness). That could be 
also advantageous for surface recovering of cavities with low RF 
performances and where the required material removal is the 
lowest possible to avoid mechanical failure or buckling of the 
structure.  

This study is mainly focusing on qualification of the MMP 
technology with the BCP or EP post-treatment to get mirror-like 
surface finish and abrasive-free surface for cavities recovering or 
defects smoothening of other SRF parts.  

2. Material and Method      

The MMP technology is the combination of mechanical and 
physical processes. The mechanical process is provided by 
machine movements that creates the flux. The flux is composed 
by the micro-tool particles are specifically designed that 
according to treated material and initial surface roughness of the 
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workpiece. The physical process corresponds to the catalyst that 
activates the micro-tools action [12]. 

The time of treatment is depending on the initial surface 
roughness and it varies between 30-60 hours. The target of 
MMP technology is mainly to remove the primary and the 
secondary roughness to get a mirror-like surface finish. That 
means that material removal is the secondary effect of the 
process. Two types of micro-tool particles were chosen: Micro-
tools_1 and Micro-tools_2 (commercial products); and two time 
durations were investigated: Long MMP (~ 50 h) and Short MMP 
(~ 25 h). 

The qualification was performed on several niobium 
specimens. The size and shape variated from simple sheets with 
dimensions of 12x18x4 mm (Figure 3) to very complex welded 
parts such High-Order Mode (HOM) coupler (Figure 1a) or Field 
antenna (Figure 1b). The surface roughness and dimensions 
were measured before and after MMP treatment by optical 
machine VEECO WYKO – NT 3300 (ISO 4325) and by contact 
device Mitituyo on all specimens.  The surface pollution was 
evaluated by SEM on the Zeiss Sigma SEM machine with Field 
Emission Gun (FEG). The SEM observation was performed after 
MMP and then after BCP & EP treatment to confirm micro-tools 
removal.  
 

a) b) c) 

 
Figure 1. The niobium specimen SRF parts treated by MMP : a) HOM 
coupler for Crab RFD cavities; b) Field antenna and c) 1.3 GHz niobium 
accelerating cavity . 

 
After the qualification tests of MMP, first trials on the 

accelerating 1.3 GHz cavities were realised. For the set-up design 
and the cavity orientation adjustment, two copper 1.3 GHz 
cavities (spun and welded) were polished because of similar 
material properties and lower price than niobium cavities. 
According to these results, the niobium 1.3 GHz mono-cell 
(Figure 1c) was treated in order to obtain the best state of 
surface and for the further RF testing. 

3. Results      

3.1. Qualification of surface topography  
The mean arithmetic surface roughness (Ra) and the average 

maximum height of the profile (Rz) were measured by the 
contact device Mitituyo. The surface parameters were evaluated 
before and after MMP treatment in order to identify the 
potential of mechanical polishing itself and afterwards, the 
surface topography was re-measured after BCP and EP. Figure 2 
represents the surface parameters results for all treatment 
steps. Each column is an average of the all testing samples 
roughness (5 measurements/sample/treatment). The Micro-
tools_1 showed higher performance achieving Ra in tens of 
nanometres 0.013 ± 0.002 µm. Moreover the same order of 
magnitude was kept after EP with Ra 0.053 ± 0.012 µm. The BCP 
treatment deteriorated slightly the surface roughness to a Ra 
0.203 ± 0.013 µm (Micro-tools_1) and 0.514 ± 0.042 µm (Micro-
tools_2). However for both micro-tools, the surface roughness 
difference between Long and Short MMP was almost eliminated 
by the BCP. So the Short MMP with BCP resulted in the same Ra 
as the Long MMP with BCP in a half of time. Concerning the Rz, 
from initial average Rz about 4.30 µm the Micro-tools_1 Long 
MMP reached about 0.11 µm and after BCP 1.29 µm and EP 0.38 

µm. So the elimination of the primary roughness by MMP is well 
demonstrated (Rz < 1.0 µm). Figure 3 shows the shiny and glossy 
effect of the BCP and EP on MMP treated samples. 

 

 

 
 
Figure 2. The surface roughness Ra for each polishing treatment. 

 

    
 
Figure 3. The comparison of the surface aspect of the niobium samples 
after MMP and BCP & EP. 

 
3.2. Micro-tools pollution removal 

The SEM analyses were conducted with FEG. Samples were 
mounted on sample holder and introduced into the vacuum 
chamber of the SEM. The chamber was then flushed with 
nitrogen and evacuated until a vacuum of at least 2⋅10−5 mbar 
was reached. The BSE contrast was used to detect foreign 
material and the SE contrast was applied to determine the form 
of foreign material and their possible incrustation into the Nb 
surface. 

 
3.2.1. Micro-tools_1 treatment 

After the Long MMP treatment, the polished samples revealed 
the incrusted micro-tools all over the surface with the size below 
10 μm (Figure 4). On the micrometre-scale, some other particles 
were found as well and their nature was identified by Energy 
Dispersive X-ray (EDX). After the Short MMP, the inclusion 
density was lower nearly by 70 %.   

 

  
 
Figure 4. The SE overview of surface state after long treatment type 
Micro-tools_1 on Nb sample. 
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According to maximum size of particles about 10 µm, the BCP 
and EP material removal was defined to 20 µm depth to ensure 
removal of all affected layer. Figure 5 shows the surface after 
MMP & EP. The surfaces were free of inclusions and no other 
contaminations or pollutions were observed. 

 

  
 

Figure 5. The SE overview of free-inclusions surface state after MMP & 
EP on the same Nb sample as in Figure 4. 
 

After MMP & BCP, the surfaces exhibited the typical post-BCP 
structure with revealed grain boundaries due to etching. 
Moreover, some residual fine Micro-tools_1 of 1 μm size were 
observed (Figure 6). In order to get rid of them several additional 
BCP etching and High-pressure water rinsing were done but only 
the subsequent EP removed all the residual particles remained 
still on the surface. Therefore, the EP treatment can be 
considered as more convenient method for the MMP polished 
parts. 
 

  
 

Figure 6. The detailed SE images of surface state after MMP & BCP for 
small < 1 µm Micro-tools_1 particle dispersed on the surface. 

 
3.2.2. Micro-tools_2 treatment 

The same surface pollution was observed with the dark micro-
tools_2 incrusted into surface (size < 5 μm) and other 
contaminations (Figure 7). The BCP and EP material removal was 
defined to 20 µm depth as well because of some other metal 
particles incrusted on the surface with size of 10 µm. 

After EP and BCP, the MMP surfaces were free of inclusions 
(Figure 8). 

 

  
 

Figure 7. The surface is mostly covered with Micro-tools_2 inclusions 
around 5 μm in size and some various contaminations such as Fe, CuSn, 
Si and Ti. 
 

  
 

Figure 8. The SE overview of free-inclusions surface state after MMP & 
EP (left) and MMP & BCP (right). 

 
3.2.3. First trials on the 1.3 GHz cavities 

As the MMP technology showed a good potential in term of 
the surface finish and it was confirmed that the EP is able to 
completely remove all undesirable micro-tools particles 
incrusted in the surface, first trials on the 1.3 GHz cavities were 
realised. 

Two seamless copper cavities were used for the test of MMP 
set-up designs: horizontal and vertical. The special clamping 
system and additional support were fabricated to hold the cavity 
in the good position and to enable the inner flux passing. The 
main objective of this polishing was to remove the maximum of 
material. The MMP took 60 hours. The part was rotated after 30 
hours to get suitable polishing uniformity. The interior surface 
roughness was measured by optical machine VEEKO and the 
thickness profile evaluation was also realized (Figure 9). During 
the polishing of the first cavity in horizontal position, the most 
significant material removal was in the equator area (100 µm). 
Moreover, the weight of the abrasive flux in the equator area 
and with the high movement of all the assembly, the fatigue 
crack on iris appeared. It could be also caused by the initial very 
small thickness of iris area (1.5 – 2 mm). Anyway, an additional 
support of the equator was used for the vertical treatment to 
avoid this crack of fatigue. Concerning the results of surface 
roughness, the mirror-like topography was obtained by the 
vertical position (Figure 10). The Ra on iris area was about 0.088 
µm and on the equator about 0.027 µm. The horizontal position 
reached also low surface roughness: 0.119 µm on iris and 0.585 
µm on equator. The material removal in horizontal position was 
more uniform all along the cavity profile compared to vertical 
position where the thickness decreasing on cut-off tubes was 
nearly negligible. 

 

  
 
Figure 9. The optical measurements of the surface topography at the iris 
and cut-off areas. 

 

  
 
Figure 10. Comparison of state of surface after horizontal MMP (left) and 
vertical MMP (right) positions. 
 

After comparing the beneficial and limitation aspects of both 
positions, the vertical one was chosen for further investigation 
mainly because of the high surface finishing and the better 
stability of the cavity fixation during MMP process. 
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4. Discussion      

The open question of the MMP potential for improving the 
manufacturing of RF parts is the radio-frequency performance. 
Therefore the next niobium 1.3 GHz cavity (spun and welded) 
was chosen for the MMP vertical treatment. The cavity has been 
already tested by RF so there is a possibility to directly compare 
the influence of MMP processing. The MMP time and the Micro-
tools_1 composition was adapted to get the best surface quality. 
The contamination removal will be provided by EP to keep the 
mirror-like surface and to obtain free-inclusion surface. The 
cavity MMP polishing was already realised and the next steps is 
the EP followed by the RF test. Figure 11 shows the surface 
aspect before and after MMP of the RF cavity surface. 

 

   
 
Figure 11. The niobium 1.3 GHz cavity treated by MMP technology. 

5. Conclusion      

The mechanical polishing performed by MMP technology, 
provides an efficient way to homogeneously polish parts of 
complex geometry by immersing them into a suspension 
charged with abrasives. Like most mechanical polishing 
procedures, it leaves incrusted particles on the polished 
surfaces. Both MMP Micro-tools left abrasive inclusions on all 
analysed surfaces, independent of the duration of the 
treatment. The treatment duration has only affected surface 
roughness.  

Concerning the surface topography reached by MMP, the 
Micro-tools_1 treatment achieved shiny surface with the Ra in 
level of nanometres (0.018 ± 0.007 μm). The MMP & EP is able 
to keep the glossy surface finish and reach the inclusions free 
surface with Ra < 0.05 μm. The MMP & BCP removes completely 
the Micro-tools_2 particles, but it leaves some fine residual 
Micro-tools_1 on the surface (not incrusted). For the cavity and 
thin wall structure parts, some possible geometrical 
deformations can be observed during the MMP due to stress 
relaxation, so a re-tuning would be needed. 

To conclude the MMP technology showed a high potential for 
the mechanical polishing on niobium parts mainly in term of the 
mirror-like RF surface quality. Next investigations should 
evaluate the RF performance of the MMP & EP combination. 
 
References      

[1] Tian, H. - A novel approach to characterizing the surface 
topography of niobium SRF accelerator cavities. ISSN 0169-4332. 
Applied Surface Science Vol. 257; Issue 11. 2011. 

[2] Tian, H. - Surface studies of niobium chemically polished under 
conditions for superconducting radio frequency (SRF) cavity 
production. Applied Surface Science Vol. 253 p. 1236–1242. 2006. 

[3] Raškovič M. - Plasma treatment of bulk niobium surface for SRF 
cavities. Nuclear Instruments and Methods in Physics Research Vol. 
569 p. 663–670. 2006. 

[4] Maximova N., Application of the X-ray Photoelectron Spectroscopy 
for. Development of the Niobium Chemical Mechanical Process, 
Photomodification of Silicon for the Field Release Mass 
Spectrometer,and Analysis of the Multifunctional Oxide 
Heterostructures. Master of Scince thesisi in chemical engineering. 
2008. Northeastern University Boston. 

[5] Ciovati, G. - Mechanical properties of niobium radio-frequency 
cavities. Materials Science & Engineering Vol. 642 p. 117–127. 
2015. 

[6] Navitski A et al. Surface analyses and optimization of centrifugal 
barrel polishing of Nb cavities. Proceedings of SRF2015, Whistler, 
BC, Canada. 

[7] Palczewski A. D et al. R&D Progress in SRF surface preparation with 
centrifugal barrel polishing (CBP) on niobium and copper – tui0b01. 
2014 – SRF2013 Paris. 

[8] Cooper C. et al. Centrifugal barrel polishing of cavities worldwide. 
Proceedings of SRF2011, Chicago, IL USA WEIOA02. 

[9] Issarovitch et al. Development of centrifugal barrel polishing for 
treatment of superconducting cavities. Proceedings of 11th 
Workshop on RF Superconductivity. Lubeck, Germany. 

[10] Palczewski A. D.,Tian H, Geng R. L. Optimizing centrifugal barrel 
polishing for mirror finish srf cavity and rf tests at JEFFERSON LAB. 

[11] Singer, W. - RRR-Measurement Techniques on High Purity 
Niobium. TTC Report DESY. 2010. https://bib-
pubdb1.desy.de/record/91801/files/TTC-Report%202010-02.pdf 

[12] BINC Industries company. [cit. 02-04-2019] Available at: 
http://mmptechnology.com/site 

 
 
 

Before After 

186



 

          
 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

Supplier capability assessment as a tool for product and process optimization  
 
Joel Sauza Bedolla1, Said Atieh1, Nuria Catalan Lasheras1, Hikmet Bursali1   
  
1CERN      
 
joel.sauza@cern.ch       

  
Abstract 
The Compact Linear Collider (CLIC) project is testing accelerating structure prototypes made of Oxygen Free Electronic (OFE) Copper. 
CLIC is looking to optimize the design and to reduce the manufacturing cost towards mass production. The fundamental unit, a disc 
of 83 mm, has sub-micrometre tolerances and therefore requires ultra-precision diamond turning and milling. This paper presents 
supplier’s process capability on the production of four accelerating structures (118 parts). Moreover, these measurements together 
with a sensitivity analysis allow us to identify non-significant design parameters that were relaxed in a second production batch (138 
parts). The changes on the design did not affect the accelerating capacity and reduced the unit price of 25%. The supplier performance 
of the second batch showed the expected good results. 
 
Process capability index, ultra-precision, variability         

 

1. Introduction  

The CLIC project is one of the future projects under study at 
CERN to be built after the end of life of the Large Hadron 
Collider. At this stage of the project, CLIC is building accelerating 
structures prototypes made of OFE Copper which are then high 
power tested at CERN facilities. If CLIC is approved, 10184 
structures will be needed at the first stage of construction [1]. 
The decision on the Go/No go of the project is approaching and 
it is fundamental the product/process optimization of the 
accelerating structures towards mass production.  

CLIC technology is based on X-band (12 GHz), normal-
conducting, high gradient acceleration (in the range of 70 -
100 MV/m), and low breakdown rates (3×10−7 m−1) [2]. These 
high-level requirements make that the components of the 
accelerating structures have stringent tolerances (shape 
accuracy 4 µm, flatness 1 µm, dimensional tolerances 1 µm) and 
smooth inner surfaces (Ra 0.025 µm). Moreover, the assembly 
method, diffusion bonding, also needs similar flatness and 
roughness requirements. Polishing and other abrasive methods 
are banned for Radio Frequency (RF) applications (except if 
there is a chemical treatment afterwards). Thus, CLIC discs are 
produced exclusively by a combination of ultra-precision 
diamond turning and milling.    

The Accelerating Structure (AS) fundamental unit is a copper 
disc of Ø83 mm by 8.3 mm height (Figure 1). Up to 2016 the 
production was limited to one or two accelerating structures and 
it was not possible to accurately evaluate the supplier capability. 
In the last years, it was decided to increase the number of 
structures in order to assess the reproducibility of the 
manufacturing and the geometrical changes caused by the 
assembly process.  

In parallel, an effort to identify most significant design 
parameters was also carried on. The objective was to identify 
the contribution of each parameter to the frequency change. 

This paper is organized as follows: in section 2 there is a brief 
description of the disc main design parameter. In section 3, the 
sensitivity analysis is presented. The process capability index and 
the measurements of the first production batch are presented

 in section 4. The analysis of the second order is resumed in 
section 5. Finally, conclusions are stated on section 6. 

 
Figure 1. CLIC a) regular cell disc b) compact coupler cell 

2. Design parameters  

A CLIC disc is defined by 10 RF design parameters. Each of 
these parameters contributes differently to the accelerating 
gradient. Figure 2 shows a partial view of the technical drawing 
of a regular cell: where a is the iris aperture (1), b represents the 
inner radius, formed by the so called noses (2), L the height of 
the cell (3), w (5) and HW (4) width and length of the damping 
waveguide of the cell respectively. Furthermore, there are the 
flatness of the reference A (6), the flatness of the plane at 8.319 
(7), the disc diameter (8), the shape tolerance of zone A (9) and 
zone B (10). Dimensions 1 to 5, 9 and 10 are related to the 
function of the part, while dimensions 6 to 8 have a critical 
impact on the assembly method (diffusion bonding). 

3. Sensitivity analysis 

A sensitivity analysis has been performed in order to identify 
the contribution of each of the parameters to the frequency 
change. Dimensions 6 to 10 cannot be simulated in this analysis. 
In a sensitivity analysis, each geometric parameter is varied 
slightly around the design value to determine the sensitivity of 
the return loss to that parameter.  
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Figure 2. Main cell design parameters  

The analysis on the CLIC TD26 prototype was performed using 
ANSYS High Frequency Structure Simulator (HFSS). The results 
include the first, middle and last cells (only middle cell is shown) 
with ±10 μm interval around the nominal design value (see 
Figure 3). According to the simulation results, the most sensitive 
geometrical parameter to the frequency change is the inner 
radius b for TD26 cells, followed by the iris diameter a. L, w and 
HW have almost no effect in this particular parameter while they 
are still critical to other functionalities of the accelerating 
structure.  

3.1 Sensitivity analysis of the accelerating structure 

A sensitivity analysis has been performed in order to identify 
the contribution of each of the parameters to the frequency 
change. Dimensions 6 to 10 cannot be simulated in this analysis. 
In a sensitivity analysis, each geometric parameter is varied 
slightly around the design value to determine the sensitivity of 
the return loss to that parameter. The analysis on the CLIC TD26 
prototype was performed using ANSYS High Frequency Structure 
Simulator (HFSS). The results include the first, middle and last 
cells (only middle cell is shown) with ±10 μm interval around the 
nominal design value (see Figure 3). According to the simulation 
results, the most sensitive geometrical parameter to the 
frequency change is the inner radius b for TD26 cells, followed 
by the iris diameter a. L, w and HW have almost no effect in this 
particular parameter while they are still critical to other 
functionalities of the accelerating structure.  

 

Figure 3. Frequency sensitivity of TD26 cell. 

4. Process Capability      

Among several supplier evaluation criteria one can find the 
quality, cost, delivery performance, sample inspection, factory 
visits, site survey and certifications (i.e. ISO standards 
certifications). According to Zhu [3], purchasing managers find 
the quality to be the most important criteria for supplier 
selection. Among several techniques, process capability is 
considered the most effective method in selecting quality 
products or parts [4]. Process capability compares the output of 
an in-control process to the specification limits by using 
capability indices [5]. Cpk is an index (a unitless number) which 
measures how close a process is running to its specification 
limits. The greater the Cpk index, the lesser is the process natural 
variation. As a reference, a Cpk > 1.33 indicates that the process 
is capable and meets the specification limits.  

4.1 Supplier process capability (TD26)      

A TD26 prototype is composed of 29 discs: 24 standard discs 
(Figure 1.a) and 5 compact couplers (CC) discs (Figure 1.b). The 
latter discs present a lateral pocket to allow the connection of 
the waveguides. The production of the first order included 4 
accelerating structures, in total 116 discs (of which 20 coupler 
cells) plus 2 spares for metrology. The standard discs have the 
same shape, but the dimensions slightly change (few hundredths 
of mm) from one to another especially inside the zone A: iris and 
shape of the nose (see Figure 2). 

Figure 4 shows the control chart of the external Ø83 mm of 
the total production. The graph shows 15 parts (12% of total 
production) out of the 1 μm tolerance. However, only one part 
is above 1.5 μm. Figure 5 shows the control chart of the iris 
diameter (a) of all the discs. Since the irises are different, the 
graph is presented as the measured value minus the nominal. It 
can be observed that all the parts are in tolerance with higher 
variability at the end of the production.   

 

Figure 4. Control chart of Ø83 mm (TD26). 
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Figure 5. Control chart of iris diameter (a). 

 
Figure 6. Process capability Ø83 mm. 

In average, every disc had 20 dimensions measured using a 
CMM. Moreover, roughness (6 different measurements) and 
form measurements of zone A (at least one out of four sections 
of the internal shape and iris) and B (at least one out of four 
sections of the waveguides) were also performed. A visual 
inspection, looking for scratches and surface defects, was 
performed before the goods reception. From the more than 
2000 dimensional measurements performed on the discs, only 
53 were slightly out of tolerance. Roughness and shape 
tolerances were within the specifications. 

The process capability of the iris diameter a has an impressive 
Cpk=2.40, hence 0 defectives Parts Per Million (PPM). The 
dimension of the inner radius b was not directly measured in this 
order, it was included in the shape tolerance. For this reason, it 
is not possible to calculate the indicator for this dimension. 
Nevertheless, all the shapes were within specifications. Figure 6 
shows the process capability of the external Ø83 mm fabrication 
tolerance. The process has a Cpk = 0.42 which can be translated 
into 120697 PPM. The flatness of the reference A (number 6 on 
fig. 2) has a Cpk=0.77 (14306 PPM) and the flatness of the plane 
at 8.319 (number 7 on fig. 2) Cpk=0.76 (21090 PPM). The height 
of the cell L, linked to the flatness of the two mentioned planes, 
has a Cpk of 0.83 (6905 PPM).  

The geometry of the CC cells is different compared to the 
regular cells; therefore, it will be advisable to calculate the 
capability index separately. The flatness of the planes of the CC 
is more difficult to control since the shape of the disc is not 
completely closed. Nevertheless, the index calculation was done 
considering the whole production (worst case). 

5. New order (TD31)   

After the successful fabrication of the TD26 prototype, the 
CLIC project decided to optimize the design of the baseline for 
the 380 GeV machine, the TD31 prototype. From the point of 
view of the manufacturing, the new design posed the same 

challenges than the TD26. However, the TD31 has five regular 
cells more. The objective was to produce again 4 accelerating 
structures and, consequently, the number of discs passed from 
118 to 138 with the increment of order cost. The initial price 
enquiry was 25% more expensive than the TD26 prototype. This 
increment was higher than expected and for this reason, the 
production team decided to relax some of the tolerances to 
reduce the price with the final objective of not affecting the part 
quality and function.  

On one hand, from the previous analysis, it was clear that the 
supplier had difficulties on maintaining flatness of planes and 
disc diameter, all parameters affecting the assembly of the 
structure. On the other hand, the company was capable of 
maintaining the most sensitive parameters: iris diameter and 
shape of the nose. Thus, the relaxation of the tolerance for the 
flatness and disc diameter was accorded. The bid was won by 
the same supplier of the TD26 with a similar price (less than 1% 
difference).  

5.1 Supplier process capability (TD31)   

Figure 7 shows the control chart of the external disc diameter 
(83 mm) with the relaxed tolerance (±2 µm). It can be observed 
that all the discs are now in tolerance. The Cpk is now 0.93 (8180 
PPM). The average diameter is still under the 1 µm but the 
variability is bigger than previously seen.    

 
Figure 7. Control chart of Diameter 83 mm (TD31) 

 
Figure 8. Control chart of flatness of reference A (TD31) 

Moreover, Figure 8 shows the control chart of the flatness of 
reference A. Again, all the discs are in tolerance even if there is 
a bigger variability (Cpk 0.98 - 33017 PPM). In this case the 
sample mean is 0.9 µm. 

For the TD31 it was demanded to the supplier to include the 
dimensional measurements of the b parameter (4 
measurements for every disc). Figure 9 shows the process 
capability report of the b parameter. All the measurements are 
in tolerance. However, it is visible a tendency to the upper level 
of the tolerance. The process reaches a Cpk of 0.88 (6957 PPM). 
The iris diameter Cpk has been an outstanding 3.60. 

Again, the roughness and shape measurements of all discs 
were all within the tolerance limits. The visual inspection 
performed before the goods reception was satisfactory and the 
measurement on sample disc was also conform to the 
specifications. 
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Figure 9. Process capability report of b parameter (TD31) 

 In order to check the quality of the produced cells, a 
functional measurement on the discs is performed before 
assembling the structure. The bead-pull method measures the 
frequency error of each individual cell by passing a dielectric 
bead through the axis of the structure and evaluating the 
amplitude and phase advance of the electric field in the 
accelerating mode [6]. Figure 10 shows the bead-pull 
measurement before assembly of the TD31-N1. The nominal 
phase advance of this prototype is 120°±1° and this value is 
reached by the structure after the individual tuning of the cells 
(normal variability is ±6°). In this case, however, the structure 
almost reached the goal without the need of tuning. This is a 
confirmation of the high quality achieved by the manufacturer. 

 

Figure 10. Bead-pull quality check after production. 

At the moment of writing this paper, two structures TD31 have 
been assembled by diffusion bonding. Both structures are leak 
tight (helium leak rate 10-12 mbar l/s). The average straightness 
of the structure TD31-N1 is 35 µm (tolerance limit is 20 µm). 
Unfortunately, there was a displacement of one disc during 
transport from the assembly table to the oven causing the 
misalignment of the structure. If the measurements do not 
include the shifted disc, the straightness reaches 15 µm. The 
condition was identified and corrected on the assembly of the 
structure TD31-N2. The straightness was improved to the 
required 20 µm. Thus, the flatness relaxation of both planes and 
disc diameter had not affected the assembly process. The two 
structures are now finished, and they will be tested in high 
power in the following months. 

6. Conclusions  

A CLIC disc is defined by 10 principal design parameters. Each 
of them affecting in a different way the accelerating gradient 
and the assembly process. Through a sensitivity analysis, two 

main parameters have been identified: the inner radius b and 
the iris a. By analysing the production of four prototype 
structures (TD26) it was possible to understand that the supplier 
was challenged to maintain the flatness tolerances of 1 µm and 
the disc diameter (83mm ± 1 µm) while, at the same time, the 
principal parameters (a and b) were under control. Afterwards, 
the price enquiry of the TD31 prototype was launch and since it 
had more cells, the price of the order was higher. It was decided 
then to relax some of the tolerances to reduce the order price 
and maintain the same quality. 

By analysing the process capability of the tolerances, it was 
decided to increase the flatness tolerance to 2 µm and the disc 
diameter (83mm ± 2 µm). With these changes, the price of the 
order was reduced 25%. The analysis of the second production 
batch shows a general improvement in the capability index. The 
Cpk of the disc diameter increased from 0.42 to 0.93, the 
flatness of reference A was originally 0.77 and it was improved 
to 0.98. On one hand, it has to be considered that the tolerance 
was doubled and an increase in the index is normal. On the other 
hand, the tolerances that were not relaxed, were still 
maintained at the same quality level. The iris diameter even 
increased from an already good Cpk 2.40 to an outstanding 2.69. 
The b parameter has been measured for the first time and it has 
a Cpk 0.88. The roughness measurements, shape 
measurements, quality inspection and measurements repeated 
at CERN were largely within the specification limits. 

After the preliminary functional measurements, it can be 
stated that the capability of the accelerating structures 
fabrication has been maintained. The phase advance of the 
structure N1 is already as good as after tuning structures. 
Moreover, after the assembly of two structures TD31, it is 
possible to confirm that the relaxation of the tolerances (disc 
diameter and flatness) has not affected the assembly process. 
Both structures are leak tight and the straightness of the disc 
stack was 20 µm for the structure N2. The structures are fully 
assembled and waiting to be tested in high power.  
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Abstract 
This work describes the machining process of the first 1.3 GHz radio-frequency (RF) accelerating cavity prototype machined entirely 
from a bulk material. The RF cavities are a thin-wall complex shape structures fabricated from superconductive materials such 
as niobium. The standard fabrication process is a combination of sheet metal forming of cut-offs and half-cells and electron-beam 
(EB) welding of iris and equator. To avoid EB welding in the most critical equator area, some seamless cavities have already been 
fabricated by spinning or hydroforming. While the final cavity shape was achieved, their shape accuracy, thickness uniformity, and 
surface roughness could still be improved. Therefore, the seamless cavity manufacturing by machining from an entire bulk was tested 
at CERN. The main issue was the surface accessibility for machining of inner form. For this purpose a custom toolholder was designed, 
manufactured and tested. Then, the manufacturing process was done in several steps: turning roughing, 5-axis milling roughing, 
turning finishing of inner and external shape. As an outcome of our development a prototype from aluminium alloy EN AW-6082 was 
successfully fabricated. The metrology and the thickness measurement of the inner RF form were performed and the surface 
roughness was also evaluated to show the potential of 1.3 GHz cavity manufacturing by machining from a bulk material. 
 
1.3 GHz cavity, Machining 

 

1. Introduction 

The standard fabrication process of the accelerating 
RF cavities is a combination of metal sheet forming, machining 
and EB welding [1-4]. The half-cells are usually formed 
by spinning or deep drawing with tubes manufactured by rolling 
and longitudinal welding. These assemblies require 
several EB welds including the main risk of equator weld 
contamination [5].  Therefore, some different techniques have 
been investigated in order to avoid the equator weld, where the 
risks of performance loss caused by the porosities is very high. 
In last years INFN in [6] investigates spinning of whole iris-
equator-iris form from one disc. The spinning method is not 
a very accurate technique and it requires several intermediate 
heat treatments to achieve the final form [6]. Then the 
hydroforming of multiple-cells was investigated and established 
in DESY [7] from copper and niobium tubes. The disadvantage 
of spinning and hydroforming is varying wall thickness along the 
profile and the necessity to perform polishing to obtain 
a satisfactory surface finishing. 
The cavity machining from bulk is a challenging task, which 
involves machining thin walls, difficult to reach internal surfaces, 
and complex workpiece clamping. The main motivation was the 
possibility to control the profile thickness and achieve a cavity 
with the most accurate shape with high surface quality. The bulk 
fabrication method has been successfully developed 
on the aluminium prototype at CERN in 2019.  

2. Materials and methods 

The raw material for the prototype is an aluminium AW-6082 
bar. The bar initially measures 220 mm in diameter and 140 mm 
of length. The machining is performed using Hermle C42U 5-axis 
milling centre and Biglia B750Y turning machine. The finishing 
of cavity was performed using Sandvik Coromant 

 
VCMW110204FPCD10 polycrystalline diamond (PCD) turning 
plates for interior and Masnada monocrystalline diamond (MCD) 
inserts for exterior surfaces. The manufacturing process of the 
prototype consist the following steps: 
● Roughing turning of exterior diameter and boring of interior 
to permit access for the milling tool; 
● Precise finishing of two parallel extremity surfaces, which are 
used as a reference planes for each of further operations; 
● 5-axis roughing milling of interior of cavity to allow access 
for the finishing turning tool; 
● Finishing turning of inner shape from both sides using 
the custom toolholder; 
● Finishing turning of external shape from both cavity sides. 
   
2.1. Concept of a toolholder for inner turning 

A particular difficulty of the inner cavity turning is the limited 
access to the machining areas. The inner diameter on the iris 
surfaces is equal to 78.1 mm, while the largest inner diameter 
(in the equator area) is equal to 206.6 mm. There are no existing 
tools on the market which could reach the equator of the Cavity. 
The custom toolholder was designed and manufactured 
at CERN. In order to reinforce the holder and minimize chatter 
during machining, the toolholder shape aims to follow the cavity 
profile (see Fig.1). For this reason, the toolholder is designed 
to perform only semi-finishing and finishing machining process. 
The simulated gap between tool and finished inner cavity 
surfaces in the nearest point is equal to 2 mm. The toolholder 
is manufactured from one block of C45 steel and assembled 
with the standard Sandvik Coroturn 107 insert holder by four 
M8 screws. The customized copper cooling nozzles are added 
to ensure the emulsion propagation directly on the insert 
cutting edge. 
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Figure 1.  Custom toolholder illustrated on the cavity cross-section. 
 
During the first semi-finishing pass, it occurred that in some 
areas the offset between the cavity and the toolholder was not 
sufficient. The chips are sticking between toolholder and cavity 
and are locally marking the workpiece surfaces. To improve 
these issues, additional chamfers had to be re-machined on the 
toolholder (Fig. 2). 

 
Figure 2.  Final design of the special toolholder with additional chamfers. 
 

3. Machining 

3.1. Turning roughing and milling 
During the roughing turning, the piece is machined according 

to the drawing below (see Fig. 3). At the same time, both 
surfaces (the references A and B) are finished. The position and 
parallelism of these planes is essential, as they will later be used 
for referencing origin of each subsequent machining operation 
(roughing milling and the final interior and exterior turning are 
performed from both sides of the cavity). 

 

 
 
Figure 3.  Rough turning sketch. 
 
Once the part is turned, the milling operation is performed. The 
milling of the inner shape is a challenging process due to the 
large volume of the material that has to be removed, poor chips 
evacuation, limited tool access and the high tool 
diameter/length ratio required. 

The toolpath programming is done directly on the machine 
control command. The program is performing constant spiral 
machining using fixed inclined A-axis with C-axis in rotary 
and Z-axis in linear motion. The gradual increasing of the A-axis 
angle allows to remove more and more material in the cavity 
equator direction. The Figure 4 shows exemplary positions 
inside the workpiece to which the tool is tangent. The positions 
are calculated using Catia software by prepositioning of tool 
model on the cavity profile in multiple angle configurations.  The 
roughing milling is divided in two operations, using 29 different 
A-axis angles. First one is done with toroidal insert type mill 
of Ø 40 mm and the corner radius of 6 mm and the second one 
is a toroidal mill Ø 25 mm with the corner radius of 4 mm. 
The operation is repeated from both sides of cavity extremities. 

 
 

Figure 4.  Definition of increasing of the tool angle inside the workpiece 
(for the tool of Ø 40 mm). 
 

The roughing machining configuration is showed in Figure 5 
and the detail picture of roughed inner surface of cavity 
is showed in figure 6. The machining allowance in reference 
to finished surfaces was 0.6 mm. After the roughing operation, 
by realising of the internal stresses the piece deformed and the 
reference planes approached in reference to each other 
by around 40 µm. 

 

 
 
Figure 5.  Machining set up during roughing milling with Ø 25 mm 
toroidal mill. 
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Figure 6.  Inner cavity surface after roughing milling. 
 
3.3. Turning finishing of the inner surfaces 

The turning of the inner surfaces of the cavity is performed 
in two set-ups. For each of them, the piece is clamped in the 
machine chuck by the massive exterior allowance material. 
The machining pass goes from the iris to the equator direction, 
then the tool is off-set from the surface by 0.2 mm and retracts 
from the workpiece following the profile. Three semi-finishing 
passes are done, leaving 0.08 mm of the allowance (on the 
radius) for the finishing pass. The finishing pass is performed 
by the PCD insert with the constant cutting speed of 350 m/min 
and the feed rate of 0.01 mm/rotation. Once the half of cavity 
is finished, the piece is turned, and the process is repeated. The 
pictures below show the equipped custom tool before (Fig. 7) 
and during turning operation (Fig. 8). 
 

 
 

Figure 7.  Final design of the toolholder mounted in the machine. 
 

 
 
Figure 8.  Machining set-up during inner turning finishing. 
 

3.4. Turning finishing of exterior form 
During the finishing of the first half of the external cavity form, 

the workpiece is clamped in the machine chuck by the remaining 
material. The material is taken up to the allowance of 0.08 mm 
on the radius and then finished with MCD inserts applied with 
the same cutting parameters as in case of the internal 
machining. For the second side, the main difficulty is to hold the 
cavity by the thin walls of 2.8 mm and at the same time avoid 
the resonance and chatter. For this purpose, the aluminium 
mandrel and the small cover plate adjusted to the internal 
diameter were manufactured. From one iris side the workpiece 
is fastened in 6 soft-jaws chuck. From the second side, 
a pressure of 2.5 kg (over this pressure, the cavity starts 
to deform) is applied on the cover by the tailstock sleeve. 
The picture below illustrates the machine set-up during the last 
operation (see Fig. 9). 
 

 
 
Figure 9.  Machining configuration during external finishing. 

4. Results 

The measurements of the finished prototype are performed 
by Zeiss Prismo Ultra 12/18/10 Coordinate Measuring Machine 
(CMM). The maximum deviation from the nominal value 
in the interior surfaces is equal to 43 µm and 24 µm on the 
external surfaces. Figure 10 illustrates the shape variations 
on the external and internal surfaces. The overall thickness 
deviation of the wall varies in range of ±30 µm (to compare, ±200 
µm in case of hydroformed cavities [5]). Those deformations 
occur probably during the removing of residual stresses 
in material while exterior machining, and while applying 
clamping force by the mandrel. 
 

 
 
Figure 10.  Internal cavity shape. 
 

The surface roughness was controlled using Mitutoyo S-3000 
stationary instrument. The measured roughness is equal 
to Ra 0.16 µm. The cavity weights 740 g, 94.8 % of initial material 
was removed during machining.  

-0.0241 mm 

0.0432 mm 
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5. Conclusions     

As a result of machining and tool development, the first 
aluminium prototype of bulk 1.3 GHz cavity was successfully 
manufactured (see Figure 11.). 

 

 
 
Figure 11.  Finished cavity prototype 
 
During the manufacturing process, the custom toolholder for 
internal finishing was developed, designed and modified 
to achieve functional and rigid form. The fabrication process 
from raw material to final product takes around 20 hours 
of machine time, which makes the process relatively inexpensive 
in serial production. The main disadvantage is a large volume 
of material loss, which would increase the cost in case of high-
value material as high RRR niobium. 
The bulk manufacturing process open the fabrication 
opportunity to obtain cavities with geometrical tolerances 
as never achieved before and sound base material free 
of shaping and welding imperfections. The manufacture of fully 
functional OFE copper cavity is planned for 2020. 
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Abstract 
The Proton Induced X-ray Emission (PIXE) Radio-Frequency Quadrupole (RFQ) is a transportable low energy linear accelerator 
working at a frequency of 750 MHz that can provide 2 MeV energy protons with only one meter in length. It can simultaneously 
accelerate, focus and bunch a protons beam used to analyse art and cultural artefacts on-site by the induced X-ray emission. 
The accelerator is composed of two modules where each was brazed from two minor and two major vanes. The vanes were 
manufactured from bulk rods of Oxygen-Free Electronic (OFE) copper. The process consists of wire-EDM cutting, deep drilling, heat 
treatments and several operations of high-precision milling machining in order to achieve the shape and position accuracies, ± 5 µm 
and ± 15 µm respectively, along 500 mm length and a surface quality bellow Ra < 0.4 µm. To ensure the geometrical tolerances, 
a special clamping fixtures were designed and manufactured, several custom-made milling tools were tested. The machining 
was performed in close synergy with metrological CMM measurements. 
 
PIXE, RFQ modulation, Diamond tool, Copper OFE, Machining 

 

1. Introduction 

The PIXE-RFQ is a linear accelerator component for the 
MACHINA project (Movable Accelerator for Cultural Heritage 
In-situ Non-destructive Analysis), developed in cooperation 
between CERN and INFN as described in [1]. 
The design is based on the model of High Frequency RFQ 
(HF-RFQ) [2,3] but the accelerator consists of only two 
modules, half-meter long each. This compact construction 
makes it an innovative solution that tends to be easily 
transportable [1-3]. Each of the two modules is assembled 
by vacuum brazing from two major vanes and two minor vanes 
(see Fig. 1). The vanes are mono-block Cu OFE parts, where 
essential elements for the proper functioning of accelerator are 
the modulation and cavity surfaces (see Fig. 2). The geometrical 
tolerances of shape for the modulations is within ± 5 µm and 
± 20 µm for the cavity. The position accuracy of modulations 
in respect to each other is within ± 15 µm on the final module 
assembly, which brings the machining precision of the brazing 
planes to a challenging level. Finally, to align two modules with 
a minimal error in reference to one another, the matching 
planes are re-machined based on metrology as the last 
operation. 

 
Figure 1. Explode view of PIXE-RFQ module assembly, two major vanes 
and two minor vanes. 

 
Figure 2. Essential geometry presented on the major vane. 
 

The manufacturing process of PIXE-RFQ can be divided into 
over 30 separate machining operations, alternated with 
4 heat-treatments, 2 vacuum brazings and 6 metrological 
measures. The whole process was developed based on the 
experience gained during manufacturing of LINAC4 RFQ 
in 2009-2012 and HF-RFQ in 2014-2016 [3]. 
This paper describes the most demanding machining steps 
during PIXE-RFQ manufacture as finishing of the modulations, 
the brazing planes, the cavity surfaces and matching planes. 

2. Raw material and methods 

The stock material for the vanes are three OFE copper bars 
(C10100 alloy), which initially measure 152 mm in diameter and 
567 mm of length each. The material dimensions are selected 
to obtain four major vanes from two bars and all minor vanes 
from a half of the remaining bar, as presented on the axial view 
(see Fig. 3). 

Major Vane  

Matching plane 

Modulation surface  
Brazing planes  

Cavity surfaces  

Minor Vane  
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Figure 3. Raw material axial view, illustrating the position of vanes 
in the stock material. 

 
The pre-roughing process is optimized in order to economize 
the material and reduce cutting time. The striped field areas 
on the figure above represent the material removed in the first 
machining step using the Hermle C42U. It is a 5-axis milling 
machine, equipped with the swivelling-rotary table (A-axis and 
C-axis), which is used during all operations of RFQ milling. Then 
the bars are cut following the dashed lines, using the Agie 
Charmilles FI640ccS electrical discharge wire cutting machine, 
with the wire diameter of 0.25 mm. Afterwards the external 
surfaces are machined with the allowance of 1 mm.  
 

 

 
Figure 4. Different phases of pre-roughing process; a) First milling 
in massive bars; b) Material after wire cutting; c,d) Machining 
of external surfaces with 1 mm allowance. 

3. Machining 

The roughing process of PIXE-RFQ consists of two successive 
machining of internal cavity on 3 and 1 mm of allowance. After 
each of these operations, annealing at 600°C is performed 
to remove the residual stresses in the material. A multiple 
heat-treatment process is necessary to avoid further 
deformations caused by constraints added during milling, 
as shows by the previous experience with LINAC4 RFQ [4]. Then 
the external surfaces of the vanes are finished, excluding the 
matching planes, where 1 mm of allowance is kept for the last 
trimming. 

 
3.1. Cavity finishing 

During the semi-finishing process, the vanes are milled with 
the allowance of 0.15 mm on the modulations and the brazing 
planes, and 0.75 mm on the matching planes. The internal 
cavity, which has a shape tolerance of ±20 µm and maximal 
roughness Ra 0.4 µm is finished on this stage. Taking into 
consideration the limited tool access to the internal area, the 
machining of major vanes is more complex than in case 

of minor vanes. The solution of roll and face milling with 
cylindrical milling tools was chosen among ball-nose or form 
tool milling. In comparison to other techniques the finishing 
time is reduced and the cutting speed over whole tool cutting 
edge remains constant. Those advantages play the role in more 
precise and laminar surface finishing over whole surface. Based 
on the major vane cavity shape two geometries of milling tools 
were designed (see Fig. 5). 

  
Figure 5. Tools/vane configurations during internal cavity form finishing  
 
Several finishing tools have been manufactured by Tivoly 
Corporate and Groupe Boudon Favre in France and JMD 
Affûtage in Switzerland. The tools are tested in the small 
Cu OFE samples to compare surface roughness and approve the 
geometry of a cutting corner radius. Among all tools, two 
milling tools are chosen, and the roughness tests are repeated 
on the real shape prototype. The picture below illustrates the 
finishing of a cavity (see Fig. 6). The cavity semi-finishing 
process finishes by the third annealing at 800°C and following 
first metrology. 
 

 
Figure 6. Finishing of the internal cavity surfaces of the major vane.  
 
3.2. Modulation finishing 

For the modulation finishing purposes, the custom form 
milling tool (see Fig. 7) is designed at CERN and manufactured 
by Masnada Diamant Industrie SAS in France. 
 

 
Figure 7. Form milling tool with the polycrystalline diamond insert  
 
The core of the tool is made from carbon steel with the 
polycrystalline diamond (PCD) insert brazed on it. The insert 
shape corresponds to the axial profile of the modulation and 
was manufactured by laser within the tolerance of ± 2 µm.  
The finishing is done by roll-milling. The advantage of this 
method is the finest surface quality, reduced cutting time and 
increased accuracy in reference to ball-nose planar milling. 
During machining, a vane is attached to the stainless-steel 
fixture using twelve M5 bolds. The tool performs simultaneous 
movement in X and Y machine axis, following a modulation 
shape. The other machine axes are in indexed position. By this 
method a vane rests in fixed position during the whole finishing 
process, eliminating the errors of eventual re-positioning 
of axes.  
The fixture allows to install a small sample on the face, in the 
modulation axis (see Fig 8). 

a)  

b) 
c)  

d)  
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Figure 8. Sample piece installed for tool calibration purposes. 

 
The sample is used for calibrating the tool length before 
machining the vane. This calibration is crucial in precise 
centring of modulation in reference to the previously finished 
cavity surfaces. The milling tool performs a straight 
cut on the sample, which is then removed and measured 
on the coordinate measuring machine (CMM). Based on the 
profile measurements the tool offset is compensated and the 
test is repeated 3-5 times for each vane to minimize the errors. 
Afterwards, the finishing pass is executed on a vane. 
Once all the modulations are finished, their exact positions 
according to theoretical beam axis are measured on the CMM. 
The allowances on the brazing surfaces are re-machined based 
on metrological reports in order to minimize positioning error 
of modulations in respect to each other. 
The vanes are assembled to be measured and then the frontal 
and lateral references are milled (see Fig. 9), they will be used 
for precision assembling once the piece will be cleaned for the 
first brazing. 
 

 

Figure 9. Machining of references on assembled vanes before the first 
brazing.  

 
To assure the minimum positioning error in longitudinal 
direction between modulations of two modules in the final 
assembly, the matching planes and stainless-steel flanges 
are re-machined in the last step of the manufacturing process, 
after the final metrology. At this step the components are 
already clean, use of cutting cooling fluid is forbidden during 
the processing. The tools changing is done manually to avoid 
the contamination of the piece with the oil from machine tool 
magazine. 
Each matching plane is treated separately, based on the 
measures done on the inner cavity and the modulations. The 
reports indicate the allowances to be taken in several points 
on the surface. A module is pre-positioned by the swivelling-
rotary machine table and the digital indicator with micron 
resolution. Once the correct position of a plan is found, the axis 
remains indexed as in the case of modulation finishing. Then 
the reference point in Z-axis is taken on the flange surface 
which will not be machined, to verify initial position during 
machining, and in need to re-adjust it. The machining itself 
is done in three steps: the semi-finishing; the compensation of 
tool offsets, based on the measures between the semi-finished 
surface and the reference fixed point, and finishing (Fig 10). 

  
Figure 10. Module in final trimming configuration. 

4. Results 

The intermediary and final metrological measurements are 
done with Zeiss Prismo Ultra 12/18/10 CMM with the probing 
precision of 1.2 µm and the probing pressure force of 5 Nm. 

 
4.1. Cavity metrology 

The surface roughness is measured using Mitutoyo S-3000 
stationary instrument on the multiple Cu OFE massive samples 
in longitudinal and transversal directions. In the first phase the 
results vary from Ra 0.1 – 1.16 µm for 18 different tools. Then 
two milling tools are selected, and the test is repeated 
in a sample with geometry corresponding to the major vane. 
The measured areas are presented in the table 1. 
 
Table 1 Surface roughness - cavity. 
 

Measured area Tool supplier Ra [µm] 

 

1 JMD Affûtage 0.19 – 0.22 

2 Boudon-Favre 0.34 – 0.39  

3 Tivoly Corporate 0.23 – 0.34 

 
The internal cavity transversal profiles of the major and minor 
vanes are measured on the CMM machine in six different 
positions on each piece. The shape tolerance of 40 µm is 
successfully achieved (see Fig. 11). 

 
Figure 11. Deviation between nominal shape and measured transversal 
profile of a major vane. 

 
Figure 12. Exaggerated measured profile (continuous red line) 
superposed on the nominal profile (striped line). 

Sample piece 

Frontal references 

RFQ vane 

Lateral references 

Detachable 

sample holder 
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4.2. Modulation metrology 
The roughness test of the machined surface with the 

diamond tool gives the results varying between Ra 0.09 µm and 
Ra 0.23 µm in the longitudinal and transversal direction. 
The geometrical CMM measures of modulation of each vane 
are done in longitudinal direction over the whole profile length 
(see Fig. 13). The shape of all of modulations is preserved in the 
tolerance of ± 5 µm.  

 
Figure 13. Deviation measured over the whole modulation profile. 

 
The transversal measures are done on each piece in 6 different 
positions. Thanks to developed machining procedures and 
fixtures, the shape is centred during each finishing, giving the 
geometry as presented below (see. Fig 14) 
 

 
Figure 14. Transversal profile deviation (10 µm between blue and red 
solid lines).  

5. Conclusions 

The synergy of machining, stress-releasing heat treatments, 
vacuum brazing, metrology and precise assembling results 
in successful manufacture of the PIXE-RFQ for the end of 2019. 
The modules are planned to be installed together with the 
proton source in the beginning of 2020, and the first beam test 
will be performed at CERN. Later on, the accelerator will 
be tested at INFN-LABEC and then the fully functional system 
will be transported to Opificio delle Pietre Dure (OPD) in Italy 
for the first measures performed on artworks. 
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Abstract 

Optoelectronic devices consist of electrical and optical components that are usually manufactured separately and assembled 

subsequently. To further enhance functional quality and at the same time shorten the production process, a new approach combines 

both steps by over-moulding the electric components with the lens material using injection moulding. During this process, aligning 

the electric components (e.g. LEDs) towards the lens geometry is a critical factor allowing for only very small tolerances. The accuracy 

of positioning the functional components on the printed circuit board (PCB) often does not fulfil the requested demands so that there 

is a need for compensating misalignment errors. For that purpose, a mould-integrated mechatronic fixture was developed, allowing 

for measurement-based alignment of optoelectronic components towards lens geometries within the injection-moulding tool. 

Principle concepts were derived incorporating functional requirements as well as boundary conditions for mould integration, 

resulting in a 3-DOF mechatronic fixture based on a compliant mechanism with piezo actuators. Model-based dimensioning and 

design of the prioritized principle as well as capabilities of the developed system will be discussed within the paper. 
 

Opto-electronics, mechatronics, injection moulding, tooling         

 

1. Introduction  

The process of micro injection moulding is becoming 

increasingly important in the manufacturing of optoelectronic 

devices [1]. In particular, for the mass production of 

optoelectronic components, the joint production of the optics 

and the housing by overmoulding leadframes is of central 

importance (Figure 1). By saving additional assembly steps, a 

significant contribution can be made to increase the productivity 

in manufacturing of LEDs, lenses or optical sensors. Prerequisite 

for this are reproducible optical properties in the injection 

moulding process. In addition to the material properties of the 

plastics, particularly the geometric boundary conditions 

influence the optical behavior of the devices [2]. 

Especially in the case of integrating the components to one 

system, even slight shape and position tolerances of the 

injection moulding tool lead to a relative shift between optic and 

LED/leadframe. Figure 2 shows examples of lateral and angular 

misalignments.  

The geometric tolerances of the leadframe and the core of the 

injection moulding tool cause insertion errors and thus 

misalignments between the cavity and the electrical 

component. These insertion errors represent a variable that is 

difficult to control and impede further automation, for example 

via robot handling [2]. 

The development of a mould-integrated mechatronic fixture 

aims for the detection of misalignments and error compensation 

within the mould. This will enable better controllability and 

automation of the overmoulding of optoeletronic components. 

2. Development of concept 

For the integration of the mechatronic fixture in a micro-

injection mould a compact design is necessary. To compensate 

for the misalignments, high positioning accuracy and resolving 

power of the kinematics are required. 

Table 1 shows the specifications of the mechatronic fixture. 

Table 1 Specifications of the mechatronic fixture 

available space 70 mm x 70 mm x 130 mm 

workpiece dimensions 35 mm x 35 mm x 13 mm 

translator travel x,y ± 300 µm 

rotatory actuating angle ΘZ  ± 1.8° 

translational positioning 

accuracy 
0.1 µm 

rotatory positioning accuracy 0.006° 

operating temperature 80°C 

closing force tool 10 kN 

incjection pressure 50 bar 

Figure 1 LEDs manufactured by injection overmoulding process [3] 

Figure 2 Misalignment errors in moulding tools 

lateral 

angular 

X Y 

θ
Z leadframe 

optics 

LED plastic 

201



  

Conventional transmission links in the form of rigid body 

mechanisms with contact bearings are subject to friction as well 

as play and thus unable to meet the requirements of the 

movement accuracy. Therefore mechanisms with flexible joints 

are used in the axis, which are both free of friction, play and 

wear. This will allow for highly precise motion guidance in 

submicrometer range as well as compact dimensions [4]. 

To meet the restrictions of the installation space of an injection 

moulding tool, a serial structure of the kinematics has been 

selected (Figure 3). The actuators first generate stroke ����� and 

��,�	
���, which are transmitted by the mechanisms. The x-axis 

actuator shifts the layer of the y-ΘZ-axis actuator in 
��� while it 

is connected to the core plate and finally allows for movement 

in ���� and rotation ���� around z. Since the leadframe is 

located in the core, a three-axis-alignment is possible. Whereby 

a sensor integrated in the cavity detects the misalignment of the 

component. This information is passed back to the control 

system. The sensors in the lower part of the mould detect the 

actual position of the core and enable position-controlled 

tracking of the axes. 

3. Development of the 3-DOF flexure-based mechanism  

Due to the increasing importance of compliant mechanisms in 

micropositioning and microhandling techniques, a variety of 

synthesis methods are known [4]. In addition to the use of 

gearboxes and the optimization of mechanical structures using 

methods for continuum structures, the substitution of rigid-

body mechanisms is the most widely used synthetis variant. This 

method can also be used in the development of compliant 

mechanisms [5]. 

 

3.1 Kinematic structure  

In a first step, different types of levers can be evaluated in 

terms of their installation space, range of motion and gear ratio. 

In particular, levers of the bridge type are most advantageous 

because they spatially integrate the actuator and enable precise 

movement guidance [6]. In a second step, the individual bridge 

type levers have to be arranged into combined rigid body 

mechanisms that fulfill the respective movement tasks of the 

axes. According to Figure 3, a rigid body mechanism must be 

developed allowing movement in x, y and ΘZ (Figure 4).   

The symmetric arrangement of the mechanisms in the axes 

enables the actuator to be thermo-symmetrical, which is 

necessary for the performance at operating temperatures. In 

addition, possible manufacturing errors in the flexure joints can 

be adjusted later by the parallel arrangement of the actuators. 

As can be seen in Figure 4, the actuators should not be 

operated in a differential arrangement, but should initiate the 

movement together in a serial arrangement. Only the rotation 

around ΘZ should be achieved by an opposing actuator stroke in 

layer 2. In order to achieve the greatest possible stroke of the 

axes in the compact installation space, the piezo actuators 

should be preloaded by the mechanism itself. 

 

3.1 Flexure design 

The rigid body mechanism is replaced by the use of 

concentrated compliance at the joints. Therefore swivel joints of 

the rigid body mechanism with a degree of freedom 1 are now 

substituted. Simple bending joints were used. Since they are 

easy to manufacture they offer a good basis for parameter 

optimization and, depending on the width, they offer high 

stiffness against deformation of the mechanism due to the 

clamping force. 

A parameterized simulation model (Figure 5) enables a 

parameter study to optimize the maximum displacement with 

low material tension. On the one hand, the geometric 

parameters of the bridge type levers serve themselves. The 

height offset in the joint �, the length of the bending beam �, the 

width of the mechanism � and the joint angle �. On the other 

hand, the stiffness behavior of the actuator has to be taken into 

account, because it provides a shorter stroke with increasing 

rigidity of the mechanism. 

Figure 3 Functional diagram of mould-integrated mechatronic fixture 
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Parameter sets can be defined based on the geometric 

boundary conditions for installing the actuators and the 

installation space of the actuators. Design recommendations 

already exist for the radius � of the joints [7]. Therefore, an 

investigation was carried out for four parameters. The height 

offset � was defined as a function of � and � due to the 

geometric boundary conditions. Figure 6 shows the result set of 

an actuator-bridge combination. 

Based on the results of the parameter studies for various 

actuator-bridge combinations, an optimized design is arranged 

according to the kinematic structure. The design of the 

complaint mechanism is fixed by defining the geometric 

parameters of the flexure joint (Figure 7). 

3.3 Mould integration concept 

Additional design measures are necessary to integrate the 

mechanism into an injection mould. Since the mechanism is 

connected to the core of the injection moulding tool, it is up to 

the flux  of the closing force. The impact on the actuators would 

lead to an exeedance of the maximum material tension. For this 

reason, an additional z-direction compensation mechanism has 

been integrated, which allows the 3-DOF mechanism to be 

guided in parallel. A flexible joint lifts the actuator system 

upwards with ∆z when the tool is open. When the tool closes, 

the parallel mechanism guides the actuator and the core until 

the core contacts a stop surface in the lower part of the mould. 

This ensures that the clamping force is distributed over the 

mould and the actuator system is not damaged (Figure 8). Since 

the flux of force between the upper and lower part closes, no 

major deformation of the device is to be expected, since these 

components have a high degree of stiffness.  

For a productive injection moulding process, it is essential that 

the fully moulded optoelectronic components can be 

automatically removed from the mould. Therefore, the next 

design step was the implementation of an ejector system. For 

this, the already existing ejector system was divided. The lower 

part of the ejector pin remains connected to the usual ejector 

system, while the upper part is integrated into the core of the 

tool. For this purpose, an additional guide hole was inserted and 

the ejector pin was installed pretensioned by a compression 

spring. The lower part of the pin only makes contact during an 

ejection process and moves the pin in to the core to a 

demoulding movement. 

The core is surrounded by three capacitive flat sensors in the 

injection mould. One sensor is directed to the x-axis and two 

sensors to the y-direction to detect the angular- and the y-

position of the core. These sensors have compact dimensions 

and a measurement resolution in the nanometer range. A fiber-

optic measuring system is integrated in to the insert plate in the 

center of the cavity, which enables the detection of the 

misalignments of the electrical component (Figure 9). The 

integration of an inline fiber optic measurement system in 

moulding tools has already been tested in [8]. 

1. layer  

x-axis actuator 

2. layer  

yΘ
Z
-axis actuator piezo actuator 

bridge type 

lever 

Figure 7 Design with stacked x- and y-ΘZ-axis 

Figure 8 Principle of decoupling the closing force  

Figure 9 Design of a mould-integrated mechatronic fixture  
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4. Thermal behavior and motion analysis 

 A preload by the mechanism itself was applied when 

integrating the actuators. The pretension was selected so that 

the pretension of the actuators is always above the minimum 

pre-tension during the heating process. The different thermal 

expansion coefficients of the piezoceramic and the steel of the 

compliant mechanism were taken into account in a simulation 

of the heating process to the operating temperature of the 

mould to 80°C. A pure piezoelectric stack has a slightly negative 

expansion coefficient. The metallic contact plates and the 

adhesive layers, however, result in a non-linear, slightly positive 

expansion behavior of the piezo actuator [9]. Due to the 

significantly higher thermal expansion coefficient of steel, the 

mechanism drifts thermally. This also reduces the preload on the 

actuators. At the operating temperature the actuator has a 

larger adjustment range (x=351 µm/y=313 µm) than at 20°C 

(x=323 µm/y=278 µm) due to the load-dependent stroke 

behavior of the piezo stack actuator.  
 

 

 

 

 
Figures 10 and 11 show the temperature-dependent 

movement behavior of the mechanism. Not only the 

translational adjustments increase, but also the maximum angle 

ΘZ from 1.9° to 2.1°. Due to the lower actuator preload, the 

actuator stroke increases from 27 to 29 µm in the x-axis and 

from 25 to 28 µm in the y-axis. Since a thermosymmetric 

structure was already taken into account when designing the 

kinematics, the gear ratio remains unaffected by these thermal 

drifts. This leads to the transfer functions of the axes of motion  

 


��� !
��"��� # ��$���

2
∙ 24.1 

 (1) 

��"��� ! ��$��� 

 

���� !
��"��� # ��$���

2
∙ 22.3 

 

(2) 

���� ! ���"��� + ��$���� ∙ 0.077
°

µ0
 . (3) 

 

The advantage of the symmetrical structure of the x- and y-

actuators is that no adjustment or calibration of the control 

parameters is necessary even after the mechanism has warmed 

up. However, the amount of thermal drift exceeds the range of 

motion of the axes. Therefore, once the operating temperature 

has been reached during initial system setup, the device can be 

finally aligned using an arrangement of adjusting screws. 

5. Conclusion 

The paper presents an innovative approach to align electronic 

components in injection moulding tools. This is to make the 

overmoulding of optoelectronic components more reliable and 

to replace additional measuring and assembly steps. Especially 

for the production of micro-optoelectronic components, the 

new actuator system offers the possibility to compensate 

geometrical tolerances of the mould and the printed circuit 

boards. For this purpose, the device provides three axes to align 

the components in the tool. Lateral errors of up to 300 µm and 

angular errors of 2° can be compensated. The kinematics were 

developed in conjunction with the use of piezo actuators. This 

enables highly precise and reproducible motion control. After 

assembly and commissioning of the mould-integrated 

mechatronic fixture, further investigations into the temperature 

behaviour, the influence of the closing and process forces and 

the measurement deviations of the sensor systems are carried 

out. In a demonstrator tool further technological investigations 

will be carried out in the injection moulding process for novel 

optoelectronic components. 
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Abstract 
Six degree of freedom manipulation provides full control over position and orientation, essential for many applications. However, six 
degree of freedom closed kinematic (parallel) manipulators either have a limited range of motion combined with a good repeatability 
when comprising flexure joints, or they have limited repeatability with a large workspace when using traditional rolling- or sliding-
element bearings. Employing recent developments in large stroke flexures and design optimization, a fully flexure-based large range 
of motion hexapod robot has been designed. The resulting system allows for ±100 mm of translational and more than ±10 degrees 
of rotational range of motion in each direction combined with a small mechanism volume below 0.25 m3. Furthermore, a dedicated 
flexure-based design for the actuators combines high actuation forces without impairing precision, allowing for accelerations 
exceeding 10g. Experiments on a preliminary prototype validate the large workspace and confirm a high repeatability below 0.1 µm 
can be achieved, which is currently limited by electronics. 
 
Hexapod, flexure mechanism, large range of motion, parallel manipulator        

 

1. Introduction 

Six degree of freedom manipulation provides full control over 
position and orientation, essential for many applications, like 
optical assembly tasks. Traditional systems, comprising of slider- 
or rolling-element bearings, allow for a repeatability up to a few 
micrometers [1] which is insufficient for high precision 
applications. In order to improve precision, sources of play and 
friction need to be eliminated resulting in a highly deterministic 
and predictable system. This can be achieved by replacing the 
joints by flexure-based equivalents [2]. 

Although flexure-based systems allow for increased precision, 
state-of-the-art flexure-based manipulators suffer from a 
limited range of motion (up to a few mm) and limited load 
capacity (<10 N) [3]. Furthermore, actuation of precision 
hexapods often relies on piezo based actuators, which limits the 
maximum motion velocity to about 10 mm/s. 

To push the limits for flexure-based hexapod performance, we 
propose a fully flexure-based 6-DOF parallel manipulator which 
features a large range of motion combined with high 
repeatability, high load capacity and high accelerations and 
velocities. Furthermore, a preliminary prototype has been 
constructed and the performance has been validated.  

2. System Requirements 

The main objective is to design a six degree-of-freedom 
parallel manipulator, a hexapod, which allows for a 
simultaneous range of motion of ±50 mm, resulting in a 
workspace of at least 100x100x100 mm3. In order to pursue a 
high positioning repeatability <0.1 µm, a fully flexure-based 
system is chosen. Furthermore, high accelerations are targeted 
of at least 50 m/s2 throughout the workspace combined with a 
mechanism volume below 0.25 m3, defined by the volume of the 
smallest enclosing cylinder.  

3. Hexapod Design 

3.1 Hexapod layout 
Various layouts for six degree of freedom parallel 

manipulators are described in literature [1], consisting of a 
combination of prismatic, rotational, universal and/or spherical 
joints. For the layout of the hexapod described in this paper, a 
6-RUS layout is selected consisting of six parallel chains each 
comprising an actuated revolute joint at the base and a passive 
spherical and universal joint connected via two links. This layout 
is selected as it features stationary actuators positioned at the 
base, resulting in low moving mass and no cables attached to 
moving parts of the system, eliminating parasitic bending forces 
from cables potentially negating precision. A schematic 
overview of the 6-RUS layout is provided in Fig. 1. 
 

 
Figure 1. Schematic overview of the 6-RUS hexapod layout 

 
3.2. Hexapod optimization strategy 

The pose-dependent stiffness and limited range of motion of 
flexure joints result in complex mechanical behaviour of flexure-
based systems, especially when considering a large range of 
motion [4]. Therefore, manually designing a flexure-based 
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hexapod is not straight-forward. To overcome this, an 
optimization algorithm is used to optimize the design. 

For the optimization, the relevant mechanical behaviour is 
simulated in the critical deflected configuration of the system, 
typically at the maximum deflected state. However, including 
the full elastic behaviour of all 18 flexure-based joints over the 
full (large) range of motion would imply high complexity and 
large computational costs which makes optimization 
impractical. Furthermore, the high number of design variables 
involved will result in problems with respect to convergence for 
finding the optimal solution. To reduce complexity of the 
optimization problem, it is divided into two separate 
optimizations. First, the design of each flexure-based joint is 
optimized, taking into account the elastic behaviour of the 
flexures. Next, the geometric design of the hexapod is optimized 
by using a lumped flexible multibody model with the stiffness 
properties of each joint lumped between the links of the 
hexapod, which stiffness properties are derived from the earlier 
conducted optimization and simulation of the flexible  joints.  

As the design of the joints are optimized separately and do not 
change in the optimization loop for the geometry of the 
hexapod, no computational effort is required to compute the 
joints stiffness properties during this optimization. As a result, 
the mechanism state can be derived from kinematics only and 
no static problem has to be solved (e.g. no iterative solver is 
required to find the static equilibrium corresponding to a 
specific mechanism configuration). Therefore, the 
computational cost for evaluating the performance of the 
hexapod for a specific set of design parameters is only small (i.e. 
a few seconds on a conventional computer system). Therefore, 
fast and efficient optimization is achieved. 

3.3. Flexure joint optimization 
The design and dimensions of each flexure joint are optimized 

by considering relevant optimization criteria. The design of the 
spherical and universal joints are based on the two stage serial 
stacked spherical joints concept described by Naves et al. [5], 
optimized to maximize support stiffness in the load carrying 
direction (along the longitudinal direction of the upper arm, Fig. 
1). Furthermore, a range of tip-tilt motion of ±25 degrees is 
considered, combined with a ±10 degrees of pan motion for the 
spherical joint. These values for the maximum deflection angles 
are deducted from the maximum range of motion which could 
be obtained by this joint design while maintaining high support 
stiffness combined with a small envelope (<90 mm diameter). 

The actuated revolute joint at the base is based on the 
butterfly hinge design [6] and optimized for maximum off-axis 
radial support stiffness considering a range of motion of ±25 
degrees, described in more detail in [7]. For the actuators, 
Tecnotion's QTR-A-133-60 torque motor is selected delivering 
an ultimate torque of 55 Nm [8]. For all the flexure-based joints, 
stainless tooling steel is selected where the maximum stress is 
limited to 600 MPa, which is about 40% of the yield stress of the 
selected material to account for fatigue. 

The optimization of the individual joints will not be discussed 
in more detail in this paper, as the main focus of this paper 
considers the optimization and the design of the. A more 
detailed description of such optimization, e.g. applied to the 
selected spherical joint design, is provided in [5]. 

3.4 Hexapod geometric optimization 
For high positioning accuracy of the hexapod, a high controller 

bandwidth is desired to obtain good dynamic performance and 
to suppress current noise caused by the motor drivers. The latter 
has proven to limit stand-still performance of the system, which 
is discussed in more detail in section 5. As the mass and inertia 

properties of the individual components are not known 
beforehand and depend strongly on the geometry of hexapod, 
accurately evaluating this parasitic eigenfrequency in the 
optimization loop is hard. Therefore, the stiffness, which has a 
dominant contribution to the critical eigenfrequency, is selected 
instead for the optimization objective which is caused by the 
limited support stiffness of the flexure-based joints. Since the 
first parasitic eigenfrequency is expected to relate to a 
translational eigenmode of the end-effector due to the relatively 
large mass of the end-effector/payload, the translational 
compliance of the end-effector (given locked actuators) in the 
most compliant direction is used as the optimization objective. 
Constraints and boundary conditions are implemented in the 
optimization of the hexapod to limit the deflection angle of each 
joint according to the range of motion specified in section 3.2, 
to prevent collision between the individual components and to 
limit the size of the full system. Furthermore, the geometry of 
the hexapod is provided by eight design parameters describing 
the shape of each parallel chain in the hexapod layout. 

For evaluating the performance of the hexapod given a specific 
set of design parameters, first an inverse kinematic (rigid body) 
analysis is conducted for which the end-effector is positioned at 
each extremum of the workspace of 100x100x100 mm3. Hereby, 
the pose of the hexapod and the deflection angle of each 
individual joint is determined. Next, the obtained support 
stiffness at the end-effector (given locked actuators) is 
evaluated by taking into account the lumped compliance 
properties of all flexure-based joints. In this lumped flexible 
multibody model, each joint is modelled as a two-node flexible 
element. The stiffness of these elements represent the stiffness 
of the flexure-based joints in the degrees of freedom and the 
constrained directions. For example, for the spherical joint, 
three stiffness values describe the stiffness in the rotational 
degrees of freedom and the remaining three stiffness values 
provide the support stiffness in the load carrying translational 
directions.  Note that the stiffness values strongly depend on the 
deflection angles in the degrees of freedom of the joints, which 
are obtained from the earlier conducted inverse kinematic 
simulation. 

4 Detailed hexapod design 

Based on the geometry obtained from the optimizations, a 
prototype of the hexapod has been designed. A CAD rendering 
of the system is provided in Fig. 2. and a photograph is provided 
in Fig. 3. 
 

 
Figure 2. CAD rendering of the T-Flex 
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 The presented design for the hexapod allows for the required 
workspace of 100x100x100 mm3  and an range of ±100 mm in 
the individual directions. Furthermore, a rotational range of 
motion of ±16 degrees around the vertical axis (z-axis) and ±11.5 
degrees for rotations with the rotation axis in the x/y-plane are 
enabled. Maximum accelerations of the system depend on the 
position of the end-effector, exceeding 80 m/s2 of translational 
accelerations through the entire workspace. Highest 
accelerations can be obtained in the centre of the workspace, 
allowing for accelerations up to 18g in the vertical z-direction. 
Maximum velocity is not limited by the encoders or actuators 
and is only restricted by the maximum acceleration and range of 
motion. Furthermore, the ultimate load capacity for the 
spherical joints is approximately 100 N at maximum deflection 
angle (considering stress up to 60% of the yield stress). 
Effectively, this results in a maximum vertical payload of about 
200 N for the complete system. 

For a preliminary prototype, displayed in Fig. 3, the flexure-
based revolute base joints including the actuators and other 
accessory components are manufactured according to the 
intended design, consisting of tooling steel flexures and 
aluminium frame parts. Furthermore, additional balancing 
weights are added to each revolute base joint (two weights per 
actuator) to compensate static gravity forces and to ensure an 
equilibrium position in the centre of the workspace. The other 
components up from the revolute base joints (lower arm, upper 
arm, universal joints, spherical joints and the end-effector) are 
made from polylactic acid (PLA) and manufactured by means of 
3D printing. The goal for this low-cost preliminary prototype is 
to test control and the assembly and to conduct a verification of 
its repeatability, although creep effects have to be taken into 
account.  

Due to the printed components, support stiffness and load-
ability of the system is reduced. To (partially) compensate for 
the reduced E-modulus, the thickness of the flexures in the 
spherical and universal joints is doubled. All other components 
are manufactured according to the original dimensions.  

 

5. Experimental validation 

As a results of the complete absence of static friction in the 
system, accurate positioning is enabled because no limit cycling 
will occur when using integral control action. On the other hand, 
the absence of friction also makes the system susceptible to 
disturbances. Previous research [7] has shown that the main 
source of positioning error originates from noise on the current 
signal produced by the motor drivers (±5 mA RMS noise). The 
system can thus be positioned without offset but with a small 
variance at stand-still. To reduce the influence of disturbances 
on the positioning error, a feedback controller is implemented. 
For this purpose, the transfer function from actuator current 
(input) to position of the actuators is evaluated, provided in Fig. 
4. 

The results show the first natural frequency (in the degree of 
freedom of the actuators) at 2 Hz and the first parasitic 
eigenfrequencies just below 20 Hz. Note these frequencies are 
strongly affected by the used 3D-printed PLA components. For 
the final design, parasitic eigenfrequencies of the system are 
expected to be beyond 60 Hz throughout the workspace. 
Furthermore, each of the actuators shows dominant second-
order behaviour with a near identical frequency response for 
each of the actuators, which can be explained from symmetry. 
As the interaction between the inputs and outputs of each 
actuator with respect to each other is very small (transfer 
between current and position at the same actuator is more than 
an order magnitude higher), the system is controlled by six 
identical single input single output (SISO) controllers for each 
actuator. Basic PID control is applied with a bandwidth of 12 Hz. 

To assess the influence of current noise from the motor drivers 
on the positioning error, stationary measurements are 
conducted while sensing the position of the actuators and the 
end-effector (z-position only) with a capacitive sensor (Lion 
Precision C6, resolution < 1 nm). To visualize the contribution to 
positioning error as function of the frequency, the results are 
presented as the square root of the cumulative sum of the 
power density multiplied with the spectral resolution, with the 
complete sum representing the total RMS error. The measured 
RMS positioning error of the end-effector is provided in Fig. 5, 
resulting in a total of 0.88 µm RMS error. 

To assess the repeatability of the system, the end-effector is 
repeatedly moved with a displacement of ±20 µm while 
measuring its position with the capacitive probe. As the system 
suffers from vibrations caused by current noise from the motor 
drivers, the measured z-position has been filtered by a moving 
average filter on the last 4000 datapoints (sample frequency of 
4 KHz) to assess the repeatability. The results are provided in Fig. 
6, which show a repeatability <0.1 µm of the mean position for 
the preliminary prototype partially consisting of plastic 3D 
printed flexures. 

 
Figure 3. Photograph of preliminary prototype with the printed 
flexures in orange.  

Figure 4. Transfer function from actuator current (mA) to rotor position 

(rad) of each actuator 
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Figure 5. Cumulative RMS error of the end-effector position in the 
vertical direction 

 
The limitation for the repeatability can be fully addressed to 
creep behaviour of the flexures (caused by the plastic 
components), which is observed to contribute to approximately 
15 nm/s of drift in the end-effector position. This creep 
behaviour is illustrated in Fig. 7, obtained from measuring the 
end-effector position while the drives are de-activated. 

6. Discussion 

Due to the use of 3D-printed components in the presented 
preliminary prototype, some characteristics of the system have 
changed. First of all, the lower density of PLA compared to 
aluminium and steel results in a reduced mass of the system. 
This reduced mass directly influences the sensitivity of the end-
effector position to current noise, which increases inversely 
proportional with mass. For the preliminary prototype, the 
inertia observed by the actuators is more than halved, resulting 
in a reduction of stand-still performance of more than a factor 
of two.  

Additionally, the lower E-modulus of PLA results in reduced 
stiffness of the flexures and the frame components, resulting in 
a reduced parasitic eigenfrequency of the system. Despite the 
lower mass of the printed components, this has resulted in a 
parasitic frequency slightly below 20 Hz, compared to a 
frequency >60 Hz for the intended design. Therefore, the 
bandwidth of the controller is greatly reduced. Taking into 
account an increase in parasitic frequency of more than a factor 
of three, we can also expect an increase in the controller 
bandwidth of a similar magnitude, reducing input sensitivity. 

Overall, the combination of increased mass and increased 
parasitic frequencies of the system allows for an improvement 
of stand-still performance, presumably resulting in a  stand-still 
performance < 0.1 µm RMS. 

In the end, given a fixed magnitude of current noise, the 
standstill performance is directly affected by the motor constant 
of the actuators combined with the equivalent inertia of the 
system. Therefore, the system can be adjusted in order to meet 
specific criteria, where the designer will always face a trade-off 
between stand-still performance and the maximum 
accelerations which can be achieved. Furthermore, it has to be 
noted that the restricted stand-still performance for the system 
is caused by limitations of electronics, and can be improved by 
using a dedicated electronics design. As this is expensive 
(especially when considering the high-power requirements for 
the actuators) and as the mechanical design is the main focus of 
this research, this is not considered.  

7. Conclusion 

A fully flexure-based hexapod design, the T-Flex, has been 
presented which allows for a 100x100x100 mm3 of 
simultaneous translational workspace, combined with a ±100 
mm of translational range of motion and >10 degrees 
rotational range of motion in the individual directions. This 
large range of motion is enabled by the used flexure-based 
spherical and universal joints which permit a tip-tilt angle of 
±25 degrees combined with a high payload of 100 N. 
Furthermore, volume of the hexapod is below 0.25 m3 and the 
custom design for the elastically suspended actuators allow for 
high accelerations of the end-effector up to 18g. Repeatability 
of the system has been validated <0.1 µm with a preliminary 
prototype. The positioning error of the system is currently 
limited by the used electronics which cause noise on the 
provided current signal for the actuators, resulting in noise on 
the end-effector position as a result of the complete absence 
of static friction. Completing the final construction of the 
hexapod, expected to improve repeatability and stand-still 
performance, and validation of its performance will be subject 
of successive work 
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Figure 6. Repeatability measurement for the z-position of the 

end-effector  

 
Figure 7. Creep measurement with drives de-activated 
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Abstract 
 
High-value manufacturing often requires a high level of accuracy. While this may be an achievable aim, the demands of consumers 
and end-users are also for the often competing targets of lower cost, greater efficiency and resource-lean products. Notwithstanding 
the ambition for higher accuracy, increased availability of production machines is a fundamental requirement to maintain 
competitiveness in the manufacturing industry. Ballscrews are a fundamental part of the transmission system for most high-value 
machine tools. They are therefore integral to the positional accuracy and performance of the machine and also represent a weak-
link in terms availability. Hence, the state of the ballscrew is essential in determining machine accuracy and availability. 
This work proposes a deep learning approach for ballscrew performance monitoring. The technique works such that remedial 
activities can be scheduled and carried out when degradation is detected before breakdown occurs. The deep learning algorithm 
uses convolution to distinguish between a worn and good ballscrew in a machine tool. The technique was tested on a five-axis gantry-
type machine tool with two parallel axis ballscrew. The results from the test carried out indicates that an overall accuracy of 94 % 
can be achieved with this technique.   
 
 
Ballscrew, condition monitoring, machine learning, deep learning.   

1. Introduction 

Computer Numerical Control (CNC) machine tools used for 
production are required to operate within certain acceptable 
limits of tolerance, which become ever tighter with the 
availability of new enabling technology and greater customer 
drive. As industrial competition grows, more emphasis is 
increasingly being placed on both diagnosis and failure 
prevention, whilst predicting reliability and availability for 
manufacturing machines [1, 2]. This is due to an ever-growing 
need for tighter tolerances on manufactured components and 
on machine tools that can more reliably produce them [3].  

No part is ever made perfectly and no measurement is exactly 
correct. Therefore, achieving tolerances on manufactured 
components is only assured if the sum of all sources of 
inaccuracies does not exceed the total tolerance. This in itself 
contributes to the discussion of machine accuracy, since it 
represents only one component of the total error budget for a 
manufactured product and solutions are often found by making 
compensating adjustments in other areas [4]. Herein lies the 
main argument against regular maintenance of the machine to 
preserve accuracy; a machine can continue to produce parts by 
adapting the process to suit changing conditions [5].  

There is therefore often a reluctance to spend time 
understanding the error budget at a granular level if the overall 
statistical process control (SPC) results show good consistency 
[5]. However, such an approach is only viable where the same 
product is produced in sufficient quantity on a given machine to 
allow the process to be modified, based upon errors found on 
previous parts. Machines producing small numbers of differing 

product down to “batch size one” require right-first-time-every-
time.  

This paper does not seek to provide a universal answer to the 
question of “the best” strategy but rather proposes a predictive 
method to detect ballscrews unforeseen failures. It exploits the 
already established framework of the bottom-up modelling 
solution for data-driven machine health monitoring systems [6]. 

The majority of machine tools are comprised of a number of 
linear axes, sometimes with the addition of rotary axes to 
increase flexibility and functionality. This paper focuses on the 
motion of linear axes, though the principles developed could 
easily be extended to other motion systems. 

The translational motion for a machine tool linear axis can be 
achieved in several ways such as ballscrew and ballnut, rack and 
pinion, leadscrew, belt drive etc. However, ballscrews are most 
widely used in high-precision machines because of their high 
accuracy in converting rotary to linear motion [7] and low 
friction, leading to better dynamic performance and reduced 
backlash. They are also well suited to other precise position 
control and levelling systems, such as aircraft wings [8]. 
Ballscrews found in high-speed drive systems such as machine 
tools suffer from wear in the raceway and the ball-bearings and 
can generate excessive heat due to friction, thereby causing 
geometric and thermal deformation. These deformations 
adversely affect the machine tool accuracy [9]. Typically, 
ballscrew deterioration occurs due to wear under unbalanced 
operation, improper lubrication, or installation errors. At 
present, major ballscrew deterioration detection systems are 
either based on vibration or Acoustic Emission (AE) signatures as 
there is a direct link between vibration and noise levels 
associated with increased bearing deterioration [10]. 
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The rest of this paper is arranged as follows; section 2 machine 
learning and its application to ballscrew monitoring. Section 3 
discusses convolution neural network as it is applied in deep 
learning. Section 4 and section 5 deals with the experiment set 
up and results obtained respectively. And finally, the conclusion 
is outlined in section 6. 

2. Machine learning applied to ballscrew monitoring      

The functional complexity of the ballscrew system makes 
machine learning algorithms a viable candidate to accurately 
model the non-linear characteristics of the ball screw 
degradation [11]. Machine learning is a data-driven method of 
modelling non-linear systems and it involves feature extraction 
and pattern recognition [12]. One of the most commonly used 
machine learning algorithms for monitoring the health condition 
of a ballscrew is the artificial neural network (ANN) [11]. 
Although, many researchers have used ANNs for condition 
monitoring and fault diagnosis with good results [13], their 
accuracy is greatly dependant on the feature extraction method 
employed. Hence, in order to effectively use neural network or 
more generally machine learning for that matter, good 
knowledge of signal processing techniques and fault diagnosis is 
mandatory. Applying good domain knowledge requires 
expertise that can deterministically identify and monitor every 
failure mode for every component on a machine tool, thus 
creating a potential source of error in the model.  

This research seeks to establish methods that can be applied 
more efficiently to keep pace with rapid developments in 
mechanical, sensor and control technology. As such, a concept 
of deep learning first proposed in 2006 by Hinton and 
Salakhutdinov [13] has been investigated to overcome this 
deficiency. Many researchers have used deep learning for 
various diverse studies [14, 15]. Showing how effective and 
accurate deep learning can be in a wide variety of complex 
applications. This has led to the adoption of these techniques for 
fault diagnosis and condition monitoring [16]. In the field of 
predictive maintenance, deep learning has been used in several 
ways; scalable and unsupervised feature engineering method 
that uses vibration imaging and deep learning [16], a multi-
objective deep belief networks ensemble for remaining useful 
life estimation in prognostics [17] and a deep learning approach 
for fault diagnosis of induction motors in manufacturing [18]. All 
of these research focus on induction motors, probably due to 
their prevalence in many sectors. However, very little research 
exists on the use of deep learning for the condition monitoring 
of ballscrew/ballnut assemblies [11].  

A major advantage that deep learning offers over traditional 
machine learning, is the ability to perform feature extraction 
directly from the input data within the model. Hence, prior 
domain knowledge or expertise on the side of the algorithm 
designer is not required. A similar approach to the one proposed 
in this research has been used in the field of remote sensing  
[15], however, this implementation remains limited as only a 
single layer of feature extraction is used. Similar methods have 
also been used to develop a deep learning strategy for earth 
observation classification [19] (improving overall prediction 
accuracy from 83.1 % to 92.4 %) and for object classification 
[20]. Even with the success of such methods, there are very few 
relevant studies found addressing the CNC machine tool 
domain.    

3. Deep Convolution neural (DCNN)      

The advent of DCNN and the emergence of large natural image 
database for vision-related classifications such as ImageNet [21] 
sets the stage for efficient image-based classifications. ImageNet 

is a pre-trained convolution neural network originally designed 
by training about 15 million labelled images divided into about 
22 thousand classes, which allows the DCNN to offer a rich and 
varied feature description from broad-spectrum images [21]. 
The condensed descriptions contained within these feature 
description works well for a set of diverse image classification 
tasks and performs better than typical classification methods. 
These outcomes give sustenance to the idea that the 
descriptions from the DCNN are universal and aids transfer 
learning between different domains, especially where the 
amount of available data is limited [19]. 

In this paper, the DCNN used is derived from the ImageNet 
pre-trained networks. It is a deep learning neural network with 
ten layers; the first layer is the input layer, the last layer forms 
the output layer and the rest forms the hidden layers. Table 1 
shows the DCNN architecture.  
 

Table 1. The DCNN architecture 

 

Layer Description Neurons Dimension 

1 Input 2 227X227X3 

2 Convolution 1 96 11x11x3 

3 Convolution 2 256 5x5x48 

4 Convolution 3 384 3x3x256 

5 Convolution 4 384 3x3x192 

6 Convolution 5 256 3x3x192 

7 Fully connected 1  4096 - 

8 Fully connected 2 4096 - 

9 Fully connected 3 2 - 

10 Output 2   

 
In the DCNN algorithm, the feature extraction is done 

internally within the algorithm by the convolution and the fully 
connected layers. It is initiated in layer 2, which corresponds to 
the convolution layer, with edge and colour detection at 
different angles.  

The following is a description of the different layers of the 
model: 

The input layer – the input to the network is a coloured image 
file of size 227x227x3 with zero-centre normalization. The 
number of input neurons is determined by the number of classes 
to predict, in this case – there are two classes, which are the 
“good” and “worn” states of the ballscrew/ballnut. The network 
is presented with raw data files of acoustic emission obtained 
from ballscrews during operation (one worn and the other in 
good condition).  

The hidden layer – the hidden layer performs the feature 
extraction and classification activities. The feature extraction is 
done by five convolution layers, while the classification is 
achieved by three fully connected layers.  

Each of the hidden layers has a Rectified Linear Unit (ReLU), 
except for layer 9. The ReLU is a non-saturating non linearity 
function f(x) [20]. 

 

𝑓(𝑥) = {
𝑥,     𝑥 ≥ 0
0,     𝑥 < 0

    1 

 
The ReLU performs a threshold operation to each element of 

the input such that any value less than zero is set to zero. DCNNs 
with ReLU trains six times faster than their equivalents without 
ReLU [20]. In layer 2 and layer 3, local response normalization is 
performed on the data via channel-wise normalization. This is 
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typically required before ReLU nonlinearity to aid data 
generalization.  

Data down-sampling is achieved in layer 2, layer 3 and layer 6 
by dividing the input into rectangular pooling regions and 
calculating the maximum of each region. This process is known 
as maximum pooling and it is observed that overlapping pooling 
helps reduce overfitting in models [22]. 

The fully connected layer performs the supervised learning on 
the extracted features received from the convolution layer 
based on the known classes. The first two layers have 4096 
neurons each and perform random dropouts by setting to zero 
any input elements with a probability of less than half. The 
technique of performing dropouts reduces overfitting of data 
thereby improving the neural network [22]. This is done by 
randomly breaking up the co-adaptations that would normally 
develop in standard backpropagation supervised learning. 
However, the use of dropout will lead to an increase in training 
time as the model without dropouts takes a longer time to 
converge. 

The output layer – the output presents the final classification 
according to the accuracy of the developed model. The number 
of neurons in the output will typically be equal to the number of 
classes required. This layer assigns each input to each of the two 
neurons (one for each class). The error function E(θ) used is the 
cross-entropy function for a 1-of-2 coding scheme [23], given by 

 

𝐸(𝜃) = − ∑ ∑ 𝑡𝑖𝑗ln 𝑦𝑗(𝑥𝑖 , 𝜃)

2

𝑗=1

𝑛

𝑖=1

                                                  2 

 
Where tij indicates that the ith sample belongs to the jth class, 

yj(xi,θ) is the output for sample i, n the number of observations 
and θ is the parameter vector. The output yj(xi,θ) is the 
probability that the network associates the ith input with jth 
class, which is interpreted as P(tj = 1|xi). Also, the output unit 
activation function is given by a softmax function which satisfies 
the conditions 0 ≤ yj ≤ 1 and ∑jyj = 1. 

 

𝑦𝑗(𝑥, 𝜃) =
𝑒𝑥𝑝 (𝑎𝑗(𝑥, 𝜃))

∑ 𝑒𝑥𝑝 (𝑎𝑝(𝑥, 𝜃))𝑝

                                                     3 

 
Note that the yj(x,θ) will remain unchanged with the addition 

of a constant term to all value of aj(x,θ), hence the error is the 
same in some directions in weight space [23]. 

4. Experiment set-up 

The experiments were conducted in a workshop environment 
on a five-axis CNC milling machine. The machine was chosen 
because the gantry is comprised of two ballscrews, one of which 
is in a good state of health and the other is worn. The AE sensor 
setup on the (good/worn) ballscrew of the CNC machine is 
shown in figure 1. The AE sensor used is a piezoelectric type with 
an integrated amplifier. The frequency response range is 
100 000 Hz to 450 000 Hz and the normal operating 
temperature is between - 40 °C and 85 °C.  

The AE sensor was positioned as close as physically possible to 
the ballscrew nut. The experiment was designed such that the 
AE sensor continuously acquires data from the ballnut as the 
ballscrew axis moves. Testing was under a controlled motion 
from one end of the axis to the other, a distance of 2 200 mm. 
Figure 1 shows the diagram of the machine tool with the AE 
sensor attached. Data were collected while this movement is 
repeated at different speeds, from low through moderate to 
high speed, within the normal operating speed in 
manufacturing. The speed/mm min-1 of movement included 

1 000, 2 500, 3 000, 5 000, 7 500, 9 000 and 10 000. Thirty data 
set was collected for each of the seven different speeds for both 
ballscrew. Figure 2 shows the Fast Fourier Transform (FFT) of the 
signal captured at 1 000 mm min-1 for the good and worn 
ballscrew. The good ballscrew shows more prominent frequency 
content at a higher amplitude compared to the worn one. 

 

 
 

Figure 1. AE sensor on the healthy ballscrew nut 
 

 
 

Figure 2. FFT of captured AE data for good and worn ballscrew  

5. Results 

The input to the DCNN is an image file, so in order to perform 
the DCNN analysis on the AE data obtained from the experiment, 
the input data is organised as a two-dimensional array of pixel 
values. The first convolution layer initialises the process of 
feature extraction by applying sliding filters to the input image 
such that it can learn from various features of the input data 
irrespective of their absolute location on the image. This is done 
by moving the filter along the vertical and horizontal coordinate 
of the input and performing the dot product of the learned 
weight and input and then adding a bias term [23]. Subsequent 
convolution layers and the fully connected layers perform high-
level combinations of the features learned in the previous layers. 
The third fully connected layer is the final feature extraction 
stage that is used for classification.  

The goal of the experiment is to show the effectiveness of 
DCNN to accurately predict the state of a ballscrew. For this 
purpose, the collected data was analysed using DCNN method 
and compared to Long Short Term Memory (LSTM) and various 
other machine learning algorithms namely: decision tree, 
support vector machine (SVM), K-nearest neighbour (KNN) and 
artificial neural network (ANN).  

For the machine learning algorithms, feature extraction was 
performed before classification is done based on the extracted 
features. The extracted features are the mean value, root mean 
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square (RMS), skewness, kurtosis, single value decomposition 
(svd), and standard deviation (std). The extracted features 
consist of 420 observations. Using 80 % of the data for training 
and 20 % for validation to reduce the risk of overfitting. The 
result is shown in table 2, and It can be observed that the 
decision tree algorithm is the best performer at 87 %.  
 

Table 2. Validation results 

 

Model type Accuracy/% 

Decision tree 87 

SVM 84 

KNN 77 

Neural network 75 

LSTM 51 

DCNN 94 

At the classification stage, the DCNN is able to achieve an 
accuracy of 94 % from 420 observations and 20 % hold out 
validation.  

6. Conclusion      

In this research paper, we have applied the deep convolution 
neural network (DCNN) for monitoring and detecting ballscrew 
degradation. The motivation for this work is to reduce the 
burden of explicit domain knowledge required to implement 
machine learning techniques. Such knowledge is difficult and 
expensive to apply and oversights can lead to errors in the 
model, missing potential sources of degradation. We showed 
that by formatting the input data as images, we are able to use 
DCNN to analyse and classify ballscrew health state. We were 
able to achieve a high rate of classification accuracy of 94 %.  The 
main characteristic of this method is that it requires minimal 
data processing and still achieves a high rate of accuracy. We 
then compared the proposed algorithm with five other machine 
learning algorithms: decision tree, SVM, KNN, feed-forward 
neural network and LSTM recurrent neural network. The results 
obtained showed that the DCNN was able to improve the 
accuracy of the next best classifier (decision tree) by 7 %.  

This work is focussed on the degradation of ballscrews in CNC 
machines for high-value manufacturing, where their condition 
can fundamentally affect the availability, performance and 
quality of the machine. Precision ballscrews are prevalent in 
many different applications, such as in aircraft, automotive 
brakes, robotics, etc. The proposed methodology is extensible to 
these applications.  

The presented technique has shown the applicability of the 
method for the chosen problem domain. Future work will 
increase the granularity of classification to take into account the 
progressive stages of degradation which would make predictive 
maintenance more effective. 
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Abstract 
 
This paper aims to explore the use of machine learning techniques, specifically reinforcement learning, as a tool to realise an 
optimised fixture design. In response to a fixturing environment, the adjustments to the reinforcement learning process in the 
exploration phase has been studied. Different learning exploration approaches have also been demonstrated with a case study to 
validate its performance in a reward rich environment. These successful results would further credit the capability of the 
reinforcement learning technique as an effective automated fixture design tool in generating well-designed fixtures at a short period 
of time without any human intervention. 
 
Computer-aided design; fixture design; artificial intelligence, reinforcement learning, learning exploration approach 

 
 
1. Introduction 

Fixtures are an integral aspect of manufacturing, providing  
essential workpiece locating and clamping elements prior to 
subsequent processes. Having well-designed fixtures are crucial 
in achieving consistent and accurate manufacturing outcomes. 
However, designing such fixtures is a challenging task due to 
many engineering considerations and optimisation strategies. 
Conventionally, fixture design relies on the vast heuristic 
experience of human designers [1], demanding years of 
apprenticeship to learn. Reliance on these skilled professionals 
is essential in creating optimal fixtures, which results in costly 
fixtures. Moreover, the experience-heavy nature of fixture 
design causes a significant knowledge gap for junior fixture 
design engineers, which can limit the effectiveness of their 
contributions. Much research has therefore been done on 
automating fixture design, which would potentially reduce 
design costs, human error and lead time. 

Case-based reasoning (CBR) has been the predominant 
approach in automating fixture design [2,3,4,5] which leverages 
on matching a given workpiece to similar proven fixturing 
designs, subsequently providing the necessary design 
adjustments. However, CBR needs a proper indexing of a design 
library for design retrieval and evaluation, and final adjustments 
to work [6]. Another limitation is that its reliance of extensive 
and comprehensive fixture design libraries to produce fixturing 
solutions limits the ability of CBR when processing unique and 
unorthodox workpieces. If a given workpiece is significantly 
different from those found in the library, CBR may not be able 
to produce a valid result [7]. In other words, although CBR has 
shown to be effective in solving experienced-based problems 
through inference from a library, it is unable to adapt to 
significantly different situations. This inflexible nature of CBR 
therefore limits its potential in handling edge cases and CBR 
ultimately still depends on fixture designers to provide high-
quality examples. 

On the other hand, rule-based reasoning (RBR) has also been 
studied in generating fixture designs [1,8,9]. RBR utilises a 

selection of defined rules to convert geometric information into 
suggested positions for fixture locating elements. RBR’s main 
disadvantage is the difficulty in accurately and comprehensively 
defining the rules needed to encompass all possible fixture 
designs. Additionally, using too little rules would result in poor 
coverage of possible fixturing problems, whereas too many rules 
would make the code significantly complex [10]. A combination 
of CBR and RBR [11] has also been attempted to combine the 
benefits of both methods in generating fixture design solutions. 
However, it still suffer from inheriting their individual limitations 
as discussed previously.  

Notwithstanding the facts that automatic fixture design using 
CBR and RBR has been well researched, critical assumptions in 
their fundamental mechanisms limits their practicality for 
fixture design application. Machine learning has also been 
explored in automating fixture design [12]. However, much of 
reported work remains conceptual. 

This paper presents the use of reinforcement learning to 
generate optimal fixturing solutions. Through a proposed 
reinforcement learning driven fixture design (RL-FD) framework, 
reinforcement learning was used to generate optimised fixturing 
solutions. In response to the fixturing environment, adjustments 
to the reinforcement learning process in the exploration phase 
is studied. A case study is presented, comparing a conventional 
exploration method with an adjusted one. Two different agents 
show improved average results over time, with the adjusted 
exploration model exhibiting faster performance. 

2. Framework of reinforcement learning based fixture design   

A reinforcement learning driven fixture design (RL-FD) has 
been developed as a novel approach to automate the fixture 
design decisions. There are five key necessities needed for 
crucial reinforcement learning function, as follows: 

a) Generating workpiece silhouette, 
b) Automatic generation of initial locators,  
c) Physics simulation and state representation, 
d) Action space and reward feedback, and 
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e) Convolutional neural network (CNN) 
In this proposed RL-FD architecture as shown in Figure 1, a 2D 

silhouette of a given workpiece is firstly generated since the 
outer surface of workpiece tends to be more important for 
locating and clamping in any 3-dimensional fixture system. 2D 
silhouette also simplifies the physics and improves compatibility 
with already available CNNs.  

 

Figure 1. Proposed RL-FD framework for generating optimal fixture 
 
In the second step, the initial locator positions are generated 

to properly constrain a particular workpiece silhouette. 
Workpiece silhouette geometries (see Figure 2) are defined 
using the X-and Y-coordinates of the polygon edges. The list of 
given coordinates can be used to generate the initial locators 
around the silhouette using the following equations: 

 

𝜃 = arctan 2 (
𝑦𝑏−𝑦𝑎

𝑥𝑏−𝑥𝑎
) (1) 

𝑛 = [ 0,
√(𝑥𝑏−𝑥𝑎)2+(𝑦𝑏−𝑦𝑎)2

2𝑟
 ] (2) 

𝑥𝑛 = 𝑥𝐴 + 𝑟(2𝑛 + 1)(𝑐𝑜𝑠𝜃),  

𝑦𝑛 = 𝑦𝐵 + 𝑟(2𝑛 + 1)(𝑠𝑖𝑛𝜃) (3) 

𝑥′𝑛 = 𝑥𝑛 + 𝑟(cos(90 − 𝜃)),  

𝑦′𝑛 = 𝑦𝑛 − 𝑟(sin (90 − 𝜃)) (4) 
 

Where (𝑥𝑎, 𝑦𝑎) and (𝑥𝑏 , 𝑦𝑏) represents the initial and 
subsequent silhouette geometrical coordinates, respectively. 
(𝑥𝑛 , 𝑦𝑛) are coordinates between A and B, where 𝑛 is a range of 
integers defined by Eq. (2). (𝑥𝑛

′ , 𝑦𝑛
′ ), which is centre of each 

circular locator can then be determined using Eq. (4). The 
conversion occurs until all the edges of the given polygon has 
been acted upon. These final converted coordinates are used to 
automatically populate the necessary initial locator positions 
based off the given geometry. 

 

Figure 2. Locator geometries and locations coordinates  
 
Next, a pybox2d, a physics rigid body simulation library [13,14] 

would be utilized for physics interactions in a silhouette-locator 
environment. With this environment, the fixture’s ability to 
constrain the workpiece from moving and rotating will be 
evaluated, as presented in Figure 3. In the proposed framework, 

it only considers constrains in 2D directions and hence Trans_Z 
is not considered. In response to Rot_X and Rot_Y, typically the 
fixture has locators on the bottom which, when included with 
the locators/clamps as generated by the proposed framework, 
should theoretically restrict Rot_X and Rot_Y. 

 

Figure 3. Evaluation of fixture’s ability to constrain the workpiece in the 
two linear and one rotational directions. 

 
A reinforcement learning agent, which is made using CNN, will 

be trained against this environment. CNNs are convenient in this 
study as a 2D pixel array can be used as an input. The CNN used 
in this study is shown in Figure 4. This neural network [15,16], 
which was originally designed for use on Atari game 
environments. Changes include widening the neural network 
input layer to incorporate the larger pixel array and adjustments 
to grey scaling. 

 

 

Figure 4. Convolutional neural network, CNN for decision-making 
process to perform either Keep or Remove action. (Not drawn to scale)  

 
There are only two actions available to the modified agent, 

which are either a remove or keep locator action. These two 
actions represent the absolute minimum necessary for proper 
interactions with the physics simulation, which helps to speed 
up the learning process. To encourage the agent to reach a more 
optimal fixture with the least number of locators, positive 
reward will be given for each successful remove action 
performed. Successful removals are evaluated by applying a 
series of forces and torques on the workpiece silhouette, as 
explained in Figure 3. The evaluation simply identifies significant 
linear or angular movement beyond acceptable limits, which is 
indicates that the workpiece is no longer secure and therefore 
the fixture is invalid. 

With the rewards given for acceptable locator removal, the 
agent should progressively get better at fixturing decision 
making. Lastly, the agent would be able to create highly 
optimised fixturing solutions, which will be stored and listed out 
to the user for selection. The selected solution can then be used 
to automatically generate a computer-aided design (CAD) 
fixture. 

3. Case study  

This study utilises a workpiece as illustrated in Figure 5 as a 
case study. With the developed RL-FD framework, a feasible 

(𝑥𝑏 , 𝑦𝑏) 

(𝑥𝑎 , 𝑦𝑎) 

𝜃 

(𝑥𝑛 , 𝑦𝑛) 

(𝑥′0, 𝑦′0) 

(𝑥0, 𝑦0) 

𝑟 

(𝜃 − 90) 
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fixture would be generated and employed for machining the top 
surface of this component.  
 

 

Figure 5. Selected workpiece as a case study 
 

A key consideration of reinforcement learning is the 
incorporation of an exploration method, which provides 
adequate and representative training on all possible actions 
available to the agent. At the start of any learning process, the 
agent would pick actions from this exploration function instead 
of the neural network. Overtime, dependence on this 
exploration mechanism would decrease and instead the neural 
network would be used to make decisions. 

A widely adopted exploration method is selecting actions 
randomly, with each possible action having an equal chance of 
being selected. For the environment in this paper, the agent only 
needs to decide between keep and remove. The exploration 
mechanism of these two actions would therefore be as 
illustrated in Figure 6a, where both actions would be chosen 
50% of the time. 

However, in the proposed fixture design environment an ideal 
agent would perform the remove action frequently in order to 
maximise its cumulative reward. Therefore, this study would 
also compare a chance-adjusted model whereby the remove 
and keep actions are performed 75% and 25% of the time 
respectively as shown in Figure 6b. This adjustment should 
theoretically allow the agent to learn quicker by bringing it closer 
towards an ideal state, while also maintaining sufficient 
representation of the keep action. 

 

 

Figure 6. Exploration mechanism (a) shows equal chance of either keep 
or remove actions in initial exploration phase (b) shows 75% chance of 
remove and 25% keep in initial exploration phase. 

 
Both of different agents would be trained on this environment 

until 5,000,000 steps are performed. A step represents as a 
single action performed by the agent. 5,000,000 steps was 
chosen as a basis of comparison between both agents as 
preliminary runs show stable results prior to this step count. 
Both agents are: 

a) 50-50 Agent: Performs 50% Remove and 50% Keep 
when exploring 

b) 75-25 Agent: Performs 75% Remove and 25% Keep 
when exploring 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑖𝑛𝑎𝑙 𝑅𝑒𝑤𝑎𝑟𝑑 =  
∑ 𝐹𝑖𝑛𝑎𝑙 𝑅𝑒𝑤𝑎𝑟𝑑𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑢𝑛𝑠
 (5) 

 

The average final rewards will be used as a means of 
evaluating learning performance and is calculated at every step 
using Eq. (5). Final rewards are recorded when the minimum 
number of active constraints is achieved, or when the solution is 
not valid. In both cases, the physics environment is reset after. 

As shown in Figure 7, both agents show performance 
improvements over time This demonstrates their capability in 
learning from the fixture design environment and progressive 
improvements in making better fixture design decisions. 
However, the 50-50 Agent initially started with a noticeably 
lower average reward and took significantly longer to reach 
higher scores as compared to the 75-25 Agent. This observation 
can be attributed by a more optimal exploration phase, resulting 
in favourable learning performance as exhibited by the 75-25 
Agent. 

Using the same computer in both instances, faster learning 
was observed from the 75-25 Agent as compared to the 50-50 
Agent. The 75-25 Agent also obtained the optimal fixture 
(highest reward) in 20 hours, as compared to 35 hours from the 
50-50 Agent. The time reduction of 43% exhibited by the 75-25 
Agent is preferable, resulting in an overall faster fixture 
optimization process which consequentially reduces fixture lead 
times. 

 

Figure 7. Average final rewards obtained during training of the agent. 
A single step refers to either a Remove or Keep action. 
 

Generated solutions that receive high cumulative rewards are 
saved and listed out as presented in Figure 9. The presented 
solutions have been successfully passed the fixturing test as 
described in Section 2. Therefore, they represent the valid and 
optimal fixturing solutions for the given workpiece.  

However, in a real-world scenario, there are other 
considerations that designers might have to account for (i.e. 
restrictions with the space available, worker ergonomics and 
cost). The proposed framework simply generates a list of 
optimised and practical fixtures.  

After considering several factors such as cost, ergonomics and 
space constraints, the designer would have to make a decision 
as to which of the optimised fixtures are used. Upon selecting 
any of the fixturing solutions in Figure 9, following which, the 
user will able be required to select which of the given locators 
should be changed into clamping elements. A completed CAD 
model from one of the solutions can then be generated as 
shown in Figure 9. 
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Figure 9. Selected training results generated from training agent 

4. Conclusions  

Fixture design relies heavily on the experience and awareness 
of the multitude of engineering considerations. It is therefore 
very vital and essential to automate this process, which can 
reduce the reliance on experienced designers and thereby 
improving the overall efficiency. Historical attempts in 
automated fixture design has largely adopted the use of CBR and 
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Figure 8. Generated fixture (a) Raw workpiece prior to machining. 
(b) Machined top surface of workpiece after intermediate machining 
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Abstract 
To determine ultimate positioning performance of a ball screw under practical conditions equivalent to those of positioning 
mechanisms used in machine tools, microscopic behaviour of the positioning mechanism driven by a preloaded ball screw is here 
discussed experimentally in externally loaded condition from actual ultraprecision turning process. The experimental apparatus 
used in previous reports was revised into a two axes positioning mechanism consisting of an X-axis with an aerostatic spindle, and a 
Z-axis with a diamond cutting tool, resulting in an ultraprecision face lathe. First, micro-step positioning property was measured 
under constant axial load applied by a voice-coil-type actuator. Fine positioning with 50 nm step height was realised even with 
external axial load. Next, similar experiments were performed using actual turning process: It was confirmed that the Z-stage 
displacement followed the reference of 50 nm step height accurately, and the ball screw operated under nonlinear elastic 
conditions. Surface topography measurement showed a profile with 50 nm step formed on the surface of the turned workpiece. 
 
Keywords: Ultraprecision positioning, Ball screw, Nonlinear elastic property, Ultraprecision turning  

 

1. Introduction 

Ball screws are commonly applied to positioning mechanisms, 
and are especially used in machine tools requiring both precise 
motion and high stiffness in case of external disturbances from 
the machining process. Positioning mechanisms driven by 
preloaded ball screws have specific elastic properties in 
microscopic range, which is quite different from the properties 
in macroscopic rolling condition. Figure 1 shows previous 
development of author’s research on the microscopic 
behaviour of the preloaded ball screws, and followed by 
further aspects of the study. In previous reports, various 
experiments were performed on the microscopic behaviour of 
ball screws. It was clarified that the ball screws showed 
nonlinear elastic behaviour within a range of several 
micrometres: This elastic property was available in the ultra-
fine positioning since the displacement revealed no sticking 
peculiar to the Coulomb’s friction, and the ultraprecision 

positioning with sub-nanometre level resolution was realised 
by adapting a control system matching the nonlinear elastic 
property [1, 2]. However, in those experiments, the positioning 
occurred without any axial load. In order to apply the ultrafine 
positioning to machine tools, it is necessary to consider the 
properties under external axial load [3]. In this report, to clarify 
more practical microscopic behaviour of the positioning 
mechanism driven by a preloaded ball screw, the properties are 
discussed on the experiments with external disturbances from 
the actual ultraprecision turning process, where mutual action 
and reaction exist between the tool tip on the positioning 
mechanism and the material of the workpiece, which causes 
external force acting on the mechanism as disturbances.  

2. Experimental apparatus  

2.1. Concept of experiments 
Figure 2 shows the concept of the experiments in this report. 

 
Figure 1. Positioning mechanism under processing 

 
(a) Axial load applied by VCM actuator 

 
(b) Axial load applied by actual turning process 
Figure 2. Concept of experimental apparatus 
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To discuss the microscopic property under external axial load, 
an experimental apparatus was devised. It is equipped with a 
voice-coil-type actuator (VCM) applying axial force to the stage, 
as shown in Fig. 2(a). First in this report, the property during 
micro-step positioning was measured under constant axial load 
applied by the VCM. Next, similar experiments were performed 
using the actual turning process. The experimental apparatus 
used in previous reports was revised into two axes positioning 
mechanism consisting of an X-axis with an aerostatic spindle, 
and a Z-axis with a diamond cutting tool. This resulted in a 
simplified ultraprecision face lathe, as shown in Fig. 2(b). And a 
similar micro-step positioning property was measured under 
the condition with external disturbances from the 
ultraprecision turning process. 
2.2. Structure of two axes positioning mechanism  

Figure 3 shows the experimental apparatus. It consists of two 
linear positioning stages arranged in orthogonal direction of X 
and Z axes. The Z-axis stage is identical to the one used in 
previous experiments [3]. It was supported by an aerostatic 
guide-way with a stroke of 100 mm, and was driven by a 
preloaded ball screw with a lead of 5 mm. The preload was 
applied by over-sized balls with four points of contact around a 
ball. The ball screw was rotated by a DC servo motor of 130 W, 
and the motor was driven by a linear current amplifier. The X-
axis stage was supported by rolling-type guide ways, and it was 
driven by a sliding leadscrew. To construct a simplified 
ultraprecision face lathe, an aerostatic spindle was set on the 
X-axis stage, and a diamond cutting tool held by a 
dynamometer detecting thrust force was set on the Z-axis 
stage. A VCM was set on the opposite side from the cutting tool 
to apply axial load onto the Z-stage. A linear encoder with 
resolution of 0.069 nm measured Z-axis displacement. 
According to Abbe’s principle, the measurement axis of the 
linear encoder coincides with the tip of the cutting tool. To 
compensate for run-out of the aerostatic spindle caused by 
straightness error motion of the X-axis, three axes of laser 
interferometric measurement system were used to measure 
the motion of two bar mirrors set on the spindle [4]. Those 

laser measurement axes are set around the detector of the 
linear encoder and the tool axis, and the value of run-out at the 
cutting point is derived by processing the measurement values 
of the three axes. 
2.3. Control system 

Figure 4 shows the control system of Z-axis, which is a simple 
PID based control system [2]. The controller has both feedback 
and feedforward compensators, and it is realised by using a 
digital signal processor with sampling rate of 8 kHz. 

3. Positioning property of Z-axis stage 

3.1. Nonlinear elastic property without axial load 
As discussed in previous reports, the Z-axis stage shows 

nonlinear elastic behaviour within microscopic range smaller 
than several micrometres [2, 3]. Figure 5 shows the property 
over the range of 300 nm. (a) shows the relation between the 
motor torque T and the stage displacement z when the screw 
shaft is rotated quasi-statically to follow a sinusoidal reference 
with a period of 12 s. It shows nonlinear elastic property with 
hysteresis. On the other hand, (b) shows the relation between 
the rotational angle of the screw shaft and stage displacement. 
It maintains linear relations along the nominal lead of the 
screw even in these microscopic ranges. 
3.2. Frequency response 

Figure 6 shows the dynamic property of the Z-axis stage in 
frequency domain. (a) shows the open-loop frequency 
response of the mechanism from voltage input to the motor 
amplifier to output of the stage acceleration [5]. It includes two 
results with different input voltage amplitudes, 1 V and 3 V, to 

      
(a) T – z relation                           (b) θ - z  relation 

     Figure 5. Nonlinear elastic behaviour over 600 nm range 

 
(a) Open loop (from vc to stage acceleration z ) 

 
(b) Closed loop (from F to displacement deviation ε ) 

Figure 6. Frequency response 

 
Figure 3. Experimental apparatus 

 
Figure 4. Control system 
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the amplifier. When the amplitude is above 3 V, the motor 
rotates macroscopically; when the amplitude is smaller than 1 
V, the motion is within the range of nonlinear elastic property. 
The first resonance is at 130 Hz, and several higher order 
resonances appear over 400 Hz. Next, to confirm the 
robustness of the control system, a disturbance response test 
was performed. Fig. 6(b) shows closed-loop frequency 
response from the external disturbance input, applied by the 
VCM, to the output of the stage displacement controlled by the 
system shown in Fig. 4. The amplitude of the disturbance is 1 N. 
Response without control is also shown in the figure. Under 
about 20 Hz, the influence of the disturbance is suppressed by 
integral operation when Ki is 17.0 V/µm･s. Under the condition 
with the chosen PID parameters, the break frequencies f1 and f2 
of the PID property are at approximately 80 Hz and 160 Hz, 
while the crossover frequency of the loop transfer function is 
about 14 Hz. Those values ensured the stability of the system. 
3.3. Step positioning under constant disturbance 

Next, micro step positioning was performed in the Z-axis 
stage under constant axial disturbance applied by the VCM. 
Figure 7 shows the experimental results. (a) shows positioned 
results following the micro multi-step reference with step 
height of 50 nm under various axial loads. It was confirmed that 
ultra-fine positioning with a step height of 50 nm was realised 
under a constant axial load. Fig. 7(b) shows the relations 
between motor torque T, stage displacement z and rotation 
angle θ. The curves in T-z relation show nonlinear elastic 
behaviours where the motor torque changes along hysteresis 
curves, similar to those in Fig. 5(a). And the hysteresis curves 
shift upper and lower to compensate for the mechanical work 
in the axial load. Moreover, θ -z relations mostly keep a linear 
relation under a constant axial load. 

4. Properties in actual turning process  

4.1. Experimental method 
In the previous section, it was confirmed that the Z-axis stage 

realises ultrafine positioning of 50 nm under constant axial 
loads. In this section, positioning performance is discussed 
under actual external disturbance from the ultraprecision 
turning process. Figure 8 shows configuration of the workpiece 
and experimental method. The workpiece is made of 
aluminium alloy A5052, and it has cylindrical configuration with 
outer diameter of 38 mm; its end surface was turned using a 
diamond cutting tool with nose radius of 0.76 mm [6]. Table 1 
shows the cutting condition. To form a step profile in radial 
direction on the end surface, a multi-step motion command 

was applied to the Z-axis carrying the diamond tool, while the 
X-stage fed the spindle at a constant feed rate.  
4.2. Cutting under simple step motion of Z-stage 

First, the workpiece was machined by turning under a simple 
step motion of the Z-stage with height of 50 nm, similar to the 
experiments in Fig. 7. Fine cutting under the condition in Table 
1 was performed several times repeatedly in the same 
condition after rough cutting. Figure 9 shows the response of 
the Z-axis stage in time domain during final fine cutting. The 
motion of the stage follows the reference with 50 nm step 
height accurately even in cases of actual external disturbance 
from the turning. T-z relation in Fig. 9(b) follows curves similar 
to nonlinear elastic behaviour shown in Fig. 7 on the 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

     (a) Time domain response      (b) T – z relation and θ – z relation 
Figure 7. 50 nm step response of Z-axis under axial load 

              
(a) Configuration of workpiece              (b) Cutting motion 

Figure 8. Workpiece and cutting motion 
Table 1. Cutting condition 

Revolution speed  rpm 1500 
Cutting speed  m/min 155 

Cutting depth   µm 1 
Feed rate  µm/rev  10 

Cutting tool Diamond 
Nose radius   mm 0.76 

Work material A5052 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(a) Time domain response   (b) T – z relation and θ – z relation 
Figure 9. 50 nm step response of Z-axis under machining 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Space domain profile and thrust force      (c) Surface topography 
Figure 10. Surface profile after 50 nm step machining 

(b) Estimation of run-out 
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experiments under constant disturbance, compared with the 
property without axial load in air cut. The curve shifts upward 
to compensate for the mechanical work for thrust force by 
turning. Moreover, z-θ relation in Fig. 9(b) shows a near-linear 
relation under the actual cutting condition. 

Figure 10 shows the space domain profile of the Z-axis 
motion, i.e. the tool motion, and the machined surface, with 
thrust force during the cutting. Though the profile of the tool 
motion accurately follows the step command, the surface 
profile does not agree with the tool motion. Fig. 10(b) shows a 
difference between the tool motion and the surface profile: It 
shows relatively smooth change over the travel range with 
amplitude less than 200 nm. It was estimated that this 
discrepancy was affected by the run-out motion of the spindle 
caused by a straightness error in the X-axis motion. Fig. 10(c) 
shows surface topography obtained by a laser coherence 
scanning interferometry microscope: This shows that the step 
configuration was not uniform over the measured area. 
4.3. Compensation of straightness error of X-axis (real cutting 
depth control) 

In the previous section, it was shown that the straightness 
error motion of the X-axis stage negatively affected the 
transcription accuracy from tool motion to surface profile. This 
experimental apparatus has a measurement system that 
detects run-out motion of the spindle, as mentioned above. To 
control actual cutting depth by compensating for the error 
motion of the spindle, a new control system was devised. The 
actual cutting depth hc is given by the following equation [7]: 

 { z ZX BX

c z

e E E x
h z e

= +
= −

 (1) 

where z is the displacement of the Z-axis stage, and ez is run-
out of the spindle. The Z-axis displacement was controlled 

through real-time operation by correcting the reference value 
zr in the block diagram in Fig. 4 to compensate for the ez 
detected by the laser measurement system. 

Figure 11 shows the response of the Z-axis stage in time 
domain during the final fine machining. In this case, the Z-axis 
displacement was modified as such without uniform steps of 50 
nm to compensate for the run-out of the spindle over 200 nm. 
By the compensation, relative displacement between the tool 
and the spindle, i.e. the actual cutting depth, was controlled by 
uniform steps with a height of 50 nm. The T-z relation in (b) 
also shows nonlinear elastic behaviour, while the z-θ relation 
maintains the linear. Figure 12 shows the space domain profile 
of the actual cutting depth and the machined surface, with 
thrust force. The step profile of the machined surface was 
improved by compensating for run-out motion of the spindle, 
while the surface topography in (b) shows regular change of 
height of band areas in the radial direction. 

On the basis of the above experimental results, it was 
confirmed that the positioning mechanism driven by a 
preloaded ball screw has a superior performance for 
ultraprecision positioning, even under external disturbance 
from ultraprecision machining, which realises machining with 
several tens of nanometre resolution. Figure 13 shows the 
proposed mechanical model for the microscopic behaviour of 
the ball screw mechanism with support bearing [1]. The axial 
force applied to the stage maintains its equilibrium under 
nonlinear elastic conditions, and the rotation of the screw shaft 
is transmitted into the nut displacement along the geometric 
lead angle of the screw within these microscopic ranges of 
nanometres. This superior property of the ball screw results in 
ultrafine machining. 

5. Conclusion  

To clarify the microscopic behaviour and positioning property 
under external disturbance from the actual ultraprecision 
turning process, experiments on the positioning mechanism 
driven by a preloaded ball screw were performed in both cases 
of using constant axial load and actual machining conditions. 
The ball screw showed nonlinear elastic behaviour under the 
external disturbance from ultraprecision turning process. And it 
was proved that its superior positioning performance was kept 
in the nanometre range even under external axial disturbances, 
so that ultraprecision machining with resolution of several tens 
of nanometres was realised. 
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(a) Time domain response      (b) T – z relation and θ – z relation 
Figure 11. 50 nm step response of cutting depth under machining 

          
(a) Space domain profile and thrust force    (b) Surface topography 

Figure 12. Surface profile after compensated 50nm step machining 

   
Figure 13. Mechanical model 
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Abstract 
In high precision applications, such as micro machining, machine tool spindles supported by active magnetic bearings are a suitable 
alternative to air bearing spindles. The use of active magnetic bearings enables to implement an active vibration control. As such, 
both random vibrational excitations, e. g. caused by factory influences, as well as speed-dependent excitations, such as centrifugal 
forces, thermal expansion and cutting forces, can be compensated by means of suitable control systems. 
To develop and analyse magnetic bearings suitable for high precision applications, electromagnetic, structural dynamics, and control 
engineering analyses have to be combined. As such, the development and analysis of a magnetic bearing system requires a coupled-
fields analysis, in which the input of one field analysis depends on the results from another field analysis. 
In this paper, a coupled magneto-structural simulation model of a hybrid spindle concept, featuring both magnetic and air bearings,  
is set up and analysed. The current control of the magnetic bearings is implemented by means of two PID controllers. An analytical 
model is used to calculate the magnetic actor’s electromagnetic force acting on the rotor. The mechanical motion of the rotor is 
computed as a function of the electromagnetic force, the unbalance forces, and the air bearing characteristics using a numerical 
model. Both models are implemented as a coupled-fields model in a control loop. Using this coupled-fields model, the vibrational 
behaviour of a rotor startup is studied. 
The method used for coupling the different physics fields is well suited for the implementation of complex mechanical models in 
control loops. Furthermore, it is possible to replace the analytical calculation of the electromagnetic force with a numerical 
electromagnetic model, which allows the analysis of magnetic bearings that cannot be described by analytical formulas. 
 
 
Magnetic bearing, Mechatronic, Finite Element Method (FEM), Vibration 

 

1. Introduction 

Micro milling has several advantages when compared to other 
manufacturing processes [1]. One of the advantages of micro 
milling is the possibility to manufacture products and structures 
with complex geometries [2]. However, complex geometries 
require several changes of the feed rate. At constant rotational 
speeds of the spindle, changes of the feed rate per tooth result, 
which has a negative impact on the wear of the tool and the 
quality of the machined structure. To achieve a constant feed 
per tooth, the spindle’s rotational speed can be coupled to the 
feed rate. The resulting adjustment of the spindle’s rotational 
speed, however, leads to variations in the milled groove width 
due to changing unbalance forces during spindle acceleration 
and deceleration. 

For micro milling applications, air bearing spindles are often 
used due to the high rotational speeds, low radial error motion, 
sufficient load capacity, and low friction losses. However, air 
bearing spindles are prone to self-excited vibrations [3] and by 
default do not possess the ability to implement an active control. 

Active magnetic bearings enable to actively compensate 
disturbing forces . Drawbacks of magnetic bearings are the 
complexity and hence the costs [4]. 

As such, a hybrid spindle for micro machining, featuring both 
air bearings and a single magnetic bearing, could provide both 
the required load capacity as well as the possibility to actively 
perform spindle/tool path corrections during changes of the 

rotational speed, if needed. Additionally, a single magnetic 
bearing may be sufficient for active control while keeping 
implementation costs at a minimum. 

A hybrid bearing spindle with a combination of magnetic 
bearings and air bearings was already presented in [5]. With the 
additional magnetic bearings, self-excited vibrations induced by 
the air bearings could be damped and thus an increase of the 
maximum rotational velocity by approximately 30% was 
possible. 

The development of a hybrid bearing spindle, where the 
rotational speed is to be varied during the cutting process, 
requires that the influence of the drive torque, the rotational 
acceleration and transient effects are considered in the system 
model. These influences were not considered in [5]. 

This paper presents a simulation model for the development 
of a hybrid bearing spindle, where the rotational speed can be 
varied during the cutting process. Thus, this paper provides a 
solution for the development of a hybrid spindle for micro 
machining, where the rotational speed can be changed to 
maintain a constant feed per tooth without introducing an 
additional error motion due to spindle acceleration and 
decelaration. 

For this purpose, a suitable modelling technique is provided in 
chapter 2, considering the rotational acceleration and the 
speed-dependent system dynamics. The model implements the 
analytical calculation of the electromagnetic force, the 
numerical simulation of the spindle motion and vibration, and 
the air bearing characteristics through lookup-tables in a single 
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closed-loop simulation model. The rotational velocity is not 
constant but a function of a predefined drive torque. The 
stabilizing effect of the magnetic bearing over the entire speed 
range is demonstrated through the simulation of a spindle’ rotor 
startup in chapter 3. Chapter 4 concludes with a short summary 
and avenues for future/further research. 

2. Coupled magneto-structural model setup      

The setup of the coupled model consists of the calculation of 
the electromagnetic properties and the setup of the numerical 
mechanical model. Both aspects are included in the closed loop 
model used for the control system analysis. 

The configuration of a hybrid spindle is shown in figure 1a), the 
used coordinate system can be seen in figure 1b). The spindle 
rotor is supported by two aerostatic journal bearings and a single 
magnetic bearing, located near the rotor’s front end. The 
configuration of the heteropolar, 4-pole-pair active magnetic 
bearing is shown figure 1c). A differential winding [4] is 
employed. Herein, one electromagnet is operated with the sum 
of the bias current 𝑖0 and the control current 𝑖, while the 
opposite electromagnet uses the difference. This ensures that 
the current and thus the force increase in one electromagnet to 
the same extent as they decrease in the other electromagnet. 
 

 
 

Figure 1. a) hybrid spindle featuring both air bearings and a single 
magnetic bearing, b) free-body diagram of the rotor, c) schematic view 
of the heteropolar 4-pole-pair active magnetic bearing 

 
2.1. Electromagnetic force calculation 

The calculation of the pulling forces acting on the spindle is 
derived from the magnetic field energy 𝑊. The electromagnetic 
pulling force 𝑓 can be calculated using the principle of virtual 
displacement from the field energy and becomes [4]: 

𝑓 =
1

4
𝜇0𝑛

2𝐴𝑙
𝑖2

𝑠2
𝑐𝑜𝑠(𝛼) (1) 

where 𝜇0 is the vaccum permeability, 𝑛 is the number of turns 
of a single coil, 𝐴𝑙 is the pole face area, 𝑖 is the current and 𝛼 is 

the angle between the rotor surface and the pole area (see 
figure 1). 

For this magnetic bearing with differential winding, the total 
force in 𝑥- and 𝑦-direction is calculated by replacing the current 
in equation (1) with the sum (𝑖0 + 𝑖) or difference (𝑖0 − 𝑖) of the 
bias current 𝑖0 and the control current 𝑖. The distance 𝑠 is 
replaced by the sum (𝑠0 + 𝑥) or difference (𝑠0 − 𝑥) of the 
nominal bearing gap 𝑠0 and the instantenous rotor position 𝑥 
[4]. With these substitutions, the electromagnetic pulling force 
𝑓𝑥  in 𝑥-direction is obtained as follows: 

𝑓𝑥 = 𝑓+ − 𝑓− =
1

4
𝜇0𝑛

2𝐴𝑙 (
(𝑖0 + 𝑖)²

(𝑠0 + 𝑥)2
−

(𝑖0 − 𝑖)²

(𝑠0 − 𝑥)2
) 𝑐𝑜𝑠(𝛼) (2) 

The electromagnetic force 𝑓𝑦 in 𝑦-direction can be calculated 

similarly. 
 

2.2. Spindle motion simulation 
Applying Newton’s second law of motion to the free rotor 

(figure 1b)) yields the equations of motion for this spindle 
configuration: 

𝑚�̈� = −𝐹𝑥,𝑀𝐵 − 𝐹𝑥,𝐴𝐵 +𝑚𝑔𝑠𝑖𝑛 (
𝜋

4
)

+ 𝑚𝜀(�̈�𝑠𝑖𝑛(𝜑+�̇�2𝑐𝑜𝑠(𝜑)) 
(3) 

𝑚�̈� = (𝐹𝑦,𝑀𝐵 + 𝐹𝑦,𝐴𝐵) + 𝑚𝑔𝑐𝑜𝑠 (
𝜋

4
)

+ 𝑚𝜀(−�̈�𝑐𝑜𝑠(𝜑+�̇�2𝑠𝑖𝑛(𝜑)) 

(4) 

𝐽𝜑 =̈− (𝐹𝑥,𝑀𝐵 + 𝐹𝑥,𝐴𝐵) ⋅ (𝑦 + 𝜀 𝑠𝑖𝑛(𝜑)) + (𝐹𝑦,𝑀𝐵 + 𝐹𝑦,𝐴𝐵)

⋅ (𝑥 + 𝜀 𝑐𝑜𝑠(𝜑)) +𝑀 
(5) 

where 𝑚 is the rotor mass, 𝜀 is the rotor eccentricity, 𝐹𝑥,𝑀𝐵 

and 𝐹𝑦,𝑀𝐵 are the magnetic bearing forces, 𝐹𝑥,𝐴𝐵 and 𝐹𝑦,𝐴𝐵 are 

the air bearing forces, 𝑔 is gravity, 𝜑 is the rotational angle, �̇� is 
the rotational velocity, �̈� is the rotational acceleration, 𝐽 is the 
rotor’s moment of inertia about the 𝑧-axis and 𝑀 is the drive 
torque of the rotor. 

The fluid forces of the air bearings can be represented through 
stiffness and damping coefficients 𝑐𝑖𝑗 and 𝑘𝑖𝑗  (𝑖, 𝑗 = 𝑥, 𝑦), 

respectively, through the following equations [6]: 
𝐹𝑥,𝐴𝐵 = −𝑐𝑥𝑥�̇� − 𝑐𝑥𝑦�̇� − 𝑘𝑥𝑥𝑥 − 𝑘𝑥𝑦𝑦 (6) 
𝐹𝑦,𝐴𝐵 = +𝑐𝑥𝑦�̇� − 𝑐𝑥𝑥�̇� + 𝑘𝑥𝑦𝑥 − 𝑘𝑥𝑥𝑦 (7) 
The coefficients 𝑐𝑖𝑗 and 𝑘𝑖𝑗  are dependent on the rotational 

velocity. One method for the calculation of the air bearing 
coefficients is given in [3]. 

The right-hand sides of equations (3), (4), and (5) represent 
gravitational force, unbalance force considering rotational 
acceleration, the pulling force of the magnetic bearing, and drive 
torque. 

 
2.3. Control system model setup 

Distributed proportional-integral-derivative (PID) control [4] is 
used for the current control of the magnetic bearing. Herein, 
each controlled variable (currents 𝑖𝑥 , 𝑖𝑦) is assigned an input 

(positions 𝑥, 𝑦). A single-variable PID controller is designed and 
implemented for each pair of inputs and outputs. Implementing 
independent PID controllers for the current control in both 𝑥- 
and 𝑦-direction, the electromagnetic force calculation 
(section 2.1), the equations of motion and the air bearing 
characteristics (section 2.2), one obtains a model of the closed 
loop, which can be used for the system simulation and the 
controller design. The closed loop can be seen in figure 2a), with 
a detailed schematic of the plant given in figure 2b). The model 
dynamics can be described as follows:  

During a time step Δ𝑡 and for a given target position 𝑟𝑥 and 𝑟𝑦 

of the spindle rotor, the PID controllers determine the deviation 
𝑒𝑥 and 𝑒𝑦 from the instantaneous positions 𝑥 and 𝑦 and 

accordingly alter the control currents 𝑖𝑥 and 𝑖𝑦. The updated 

control currents get passed to the plant subsystem (figure 2b)) 
along with the instantaneous positions 𝑥 and 𝑦 of the spindle 
and the torque of the spindle’s driving motor. 
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Within the plant subsystem, the electromagnetic force is 
calculated and updated based on equation (2). The updated 
electromagnetic force is then transferred to the mechanical 
model, consisting of the equations (3), (4) and (5). In order to 
solve these equations, additional data is required. This 
additional data consists of the instantaneous values of rotational 
acceleration �̈�, rotational velocity �̇�, rotational angle 𝜑, position 
𝑥 and 𝑦 and velocitiy  �̇� and �̇�. 

Further, the corresponding air bearing stiffness and damping 
coefficients are required. Since these coefficients are dependent 

on the rotational velocity �̇�, they are implemented as lookup-
table data. 

Within these lookup-tables, the stiffness and damping 
coefficients are evaluated by looking up or interpolating said 
values as a function of �̇�. 

When all data is evaluated, the equations of motion are solved 
numerically to obtain the accelerations �̈� and �̈�. Accelerations 
are then integrated twice to obtain both updated instantaneous 
velocities and positions. With the updated positions 𝑥 and 𝑦, the 
next time step can be computed. 

 

 
 
Figure 2. Control system model for hybrid spindle concept featuring both air bearings and a single magnetic bearing 

 

3. Results      

The speed-dependent stiffness and damping coefficients of 
the air bearings, the required simulation settings, as well as the 
data for the rotor, the magnetic actuator and the controller are 
given in table 1 and table 2. Simulink R2019b is used as system 
simulation software. 

The control system model (figure 2) is used to simulate a rotor 
startup. In the first phase of the simulation (𝑡 = 0…1𝑠) the 
rotor is brought into levitation, in the second phase (𝑡 = 1…2𝑠)  
a constant torque of 1 𝑁𝑚 is applied. For the listed simulation 
data, the constant torque of 1 Nm generates a constant slope of 
the rotational velocity, ranging from 0𝑟𝑝𝑚 at 𝑡 = 1𝑠 to 
135,000 𝑟𝑝𝑚. The results for the vibration amplitude of the 
rotor in 𝑥- and 𝑦-direciton for this speed range can be seen in 
figure 3. 

Figure 3a) shows the simulated vibration amplitude without 
the use of an additional magnetic bearing. The first critical speed 
is passed at approximately 1.4 seconds. During this time range, 
the peak-to-peak vibration amplitude of the spindle increases 
from 4 𝜇𝑚 up to 16𝜇𝑚. 

The stabilizing effect of the additional magnetic bearing is 
shown in figure 3b). The rotor’s vibration amplitude during the 
pass of the critical speed is effectively controlled through the 
active magnetic bearing. The peak-to-peak vibration amplitude 
is kept in the range of 4𝜇𝑚. 

Although the vibration amplitude could be reduced in the 
range of the critical speed, the remaining vibration amplitude of 
4𝜇𝑚 could not be reduced any more. Instead, the period length 
of this vibration decreases, leading to a strongly oscillating 
behaviour (figure 3b, right side). This oscillation could not be 
further reduced with the control method used. 
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Figure 3. Rotor vibration amplitudes in 𝑥- and 𝑦-direction for an a) air 
bearing spindle and a b) hybrid spindle concept featuring both air and a 
single magnetic bearing 

 
Table 1. Air bearing stiffness and damping coefficients used for the 
analysis 
 

Rotational 
velocity 

Direct 
stiffness 

Cross-
coupled 
stiffness 

Direct 
damping 

Cross-
coupled 
damping 

Ω/(𝑚𝑖𝑛−1) 𝑘𝑥𝑥/(
𝑀𝑁

𝑚
) 𝑘𝑥𝑦/(

𝑘𝑁

𝑚
) 𝑐𝑥𝑥/(

𝑁𝑠

𝑚
) 𝑐𝑥𝑦/(

𝑁𝑠

𝑚
) 

600 9.25 27.12 885.27 -3.95 

30,000 9.99 1124.77 808.10 -176.30 

60,000 11.53 1406.57 651.37 -253.75 

90,000 13.03 1044.90 507.97 -251.80 

120,000 14.26 478.71 401.12 -218.59 

 
Table 2. Spindle and magnetic bearing data used for the analysis 
 

Parameter  Value 

Simulation time 𝑡 2𝑠 

Step size Δ𝑡 variable 

Maximum step size Δ𝑡𝑚𝑎𝑥 1 ⋅ 10−4 

Solver ode45 

Rotor mass 0.61𝑘𝑔 

Rotor moment of inertia about z-axis 7.01 ⋅ 10−4𝑘𝑔 ⋅ 𝑚2 

Rotor eccentricity 2 ⋅ 10−6𝑚 

Coaxial magnetic bearing gap 𝑠0 1 ⋅ 10−3𝑚 

Torque 1𝑁𝑚 

Magnetic bearing constant 2.56 ⋅ 10−6𝑁𝑚𝑚2/𝐴2 

Bias current 2.5𝐴 

Control current ±2.5𝐴 

Proportional gain 7200𝐴/𝑚 

Integral gain 55800𝐴/𝑚𝑠 

Differential gain 194.7𝐴𝑠/𝑚 

Target position in 𝑥- and 𝑦-direction 0𝑚 

4. Conclusion and future work      

This paper investigated the stabilizing effect of an active 
heteropolar 4-pole-pair magnetic bearing in an air bearing 
spindle, intended for applications with varying rotational 
speeds. In particular, a method for the development of a hybrid 
spindle, intended for micro milling with a constant feed rate per 
tooth without introducing an additional error motion, was 
presented. For this purpose, a simulation model of the control 
system was setup, incorporating the calculation of the magnetic 
bearing’s electromagnetic force, the speed-dependent dynamic 
characteristics of the air bearings and the simulation of the 
spindle motion under the consideration of the drive torque, 
unbalance forces and the current control of the magnetic 

bearing through two PID controllers. A comparison of a rotor 
startup as a function of the drive torque both with and without 
the magnetic bearing reveal the stabilizing effect of the 
magnetic bearing. With the chosen controller settings, it was 
possible to effectively reduce the rotor’s vibration motion 
amplitude during the pass of critical speeds. 

The following conclusions can be drawn from this analysis: 
- The presented modelling technique is suitable for the 

analysis of hybrid spindles intended for applications with 
varying rotational speeds;  

- Magnetic bearings have the ability to stabilize air bearing 
systems and to reduce spindle vibrations when passing 
critical speeds; 

- Lookup tables can be used to implement the dynamic 
characteristics of air bearings, making it possible to include 
important dynamic properties of the air bearings while 
keeping simulation time (and thus controller design and 
optimization time) as small as possible since no finite 
element analysis must be employed during each time step; 

- Lookup tables can be used to implement relevant system 
characteristics which cannot be modelled through analytical 
formula. For example, it is possible to replace the analytical 
calculation of the electromagnetic force with a lookup table 
filled with values obtained from a numerical 
electromagnetic model, making it possible to analyse control 
system models of complex magnetic bearing configurations 
without having to integrate a time-consuming full finite 
element analysis in the system simulation; 

- Distributed PID control can be used for the initial design of 
hybrid spindle systems; 

- More sophisticated control methods are required to further 
reduce the error motion of hybrid spindles. 

Since the distributed PID control acts as if the individual 
control loops for the control currents 𝑖𝑥 and 𝑖𝑦 would not 

influence the motion in the perpendicular direction (𝑖𝑥 ↔ 𝑦, 
𝑖𝑦 ↔ 𝑥), the chosen control method may not best suited for the 

control of a hybrid bearing spindles for micro machining, since 
the motion in 𝑥- and 𝑦-direction is tightly coupled and thus can 
cause too much undesired interference between the control 
loops in x- and y-direction. In future work, additional control 
methods, such as centralised control and distributed control 
with decoupling networks will be investigated and implemented. 
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Abstract 
Accurate nano-meter scale positioning has recently become necessary for semiconductor manufacturing, inspection systems, ultra-
precise machine tools, and measurement machine. To improve positioning accuracy, the top-table of the stage can be supported 
with a noncontact guide system to prevent guide friction, heat transfer, vibration, and strain from the lower table or basement. An 
aerostatic guideway is commonly used for this purpose. However, in vacuum conditions, it is difficult to attain high vacuum pressure. 
A magnetic levitation (maglev) stage can provide ultra-precise positioning even in vacuum conditions. The maglev stage needs 6DOF 
control. In a conventional maglev stage, the pitching moment caused by horizontal movement is compensated with Z-axis actuator. 
If the sample is at the height of the horizontal actuator, the pitching moment could be reduced, but this enlarges the levitated table 
dimensions, causing a decrease in resonance frequency, deterioration of response, and leakage of magnetic field. When adapting the 
maglev stage for commonly used machine systems, the horizontal actuators are often located below the levitated table. This results 
in a tradeoff between increasing thrust and decreasing positioning time and pitching moment. In this study, we developed a 
compensation mechanism for the pitching moment using XY actuators. In this system (referred to as the ‘Z-assist system’), Z-axis 
thrust is generated by the coil ends of XY-axis voice coil actuators.  
 
Keywords    Ultra-precision, Positioning, Magnetic bearing, Mechatronics 

 

1. Introduction 

To prevent the effects of friction, a variety of magnetic 
levitation (maglev) mechanics and stages have been 
developed[1-6]. These include stages with long stroke in a single 
axis [1-3], a planar stage with magnets array [4], and a coarse-
fine stage [5]. This study’s target was to develop a low magnetic 
leakage and a low-cost maglev stage with a long stroke as an 
alternative to a conventional maglev stage. The structure of a 
coarse-fine stage system with a compact fine maglev stage was 
beneficial in helping us reach our target. We subsequently 
developed a compact maglev stage system with a coarse-fine 
stage [6].  

To address the need for high-speed driving motion, we aimed 
to develop a maglev stage with high thrust capability. This paper 
describes the development of such a maglev stage with a Z-assist 
system. This system enables both high-speed driving motion and 
a low actuator position while compensating for pitching moment. 
The highlight of this report is the structure of the maglev stage 
with the Z-assist system, which we determined to be capable of 
levitation. 

2. Structure      

In addition to developing a maglev stage with high thrust 
capability, we aimed to develop one that enables high-speed 
motion with compensation for pitching moment. We needed to 
consider weight, magnetic leakage, and cost. We adapted a 
previously developed coarse-fine structure, shown in Figure 1. 
The coarse XY-stage is a conventional stack-type stage driven by 
linear motors with linear ball guides.  

We designed the maglev stage system on the basis of the 
following requirements: 

(1) Minimization of Z-axis actuator with Z-assist system 

 

 
Figure 1. Coarse-fine structure with fine maglev stage 

 

 
Figure 2. Fine maglev stage with Z-assist system 
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Table 1  Target specifications 
Levitation mass 12.0 kg 
Total mass of fine 
stage 

25.0 kg 

Dimensions 400×400×100 mm 
Strokes XY ±3 mm 

(±200 mm with course XY 
stage) 

Z ±2 mm 
Max. 
Acc. 

XY 9.8 m/s2 
Z 9.8 m/s2 

Sampling frequency 10 kHz 
Resonance frequency >600 Hz 
Bandwidth 300 Hz 
 
 

(2) Compensation for gravity using repulsive force from 
magnets whithout generating coil heat. 

(3) High stiffness leading to high resonance frequency 
>600 Hz 

(4)  Light-weight levitated mass <12 kg. 
Figure 2 shows top and bottom views of our fine maglev stage. 
Bar-mirrors and a sample chuck are installed on the upper side 
of the top-table. A voice coil motor (VCM) yoke is installed on 
along the X/Y-axis on the underside of the table. Z-VCM yokes 
are fixed under the X/Y yokes. These parts are levitated by the 
VCM and the repulsive force from magnets.  

Table 1 shows the target specifications for the maglev stage. A 
resonance frequency of over 600 Hz is set as the target for a 
bandwidth of 300 Hz.  

3. Z-assist system      

Figure 3 shows a comparison between a conventional maglev 
stage and our proposed stage with the Z-assist system. In a 
conventional stage, high acceleration causes an increase in 
pitching moment, which degrades driving characteristics in high-
speed movement, as shown in (a). This effect increases in 
proportion with the height gap Lm between the horizontal 
actuator and centre of mass of the levitated parts. This gap often 
increases as the mass of the chucking device increases, due to 
the need for a large sample instalment on the table or a decrease 
in magnetic leakage from the VCM. For example, in certain 
electron beam devices, the magnet used as the actuator (such  

 

 
Figure 3. Concept of Z-assist system 

as a VCM) needs to be installed in a low position with respect to 
the sample. The Z-VCM, which requires stroke movement in the 
X/Y-axis, causes increase of the yoke mass in order to prevent 
magnetic leakage. To solve this problem, we developed the Z-
assist system shown in Figure 3(b). The pitching moment is 
compensated for with Z-assist thrust generated by the Z-assist 
actuator integrated with the X-VCM. The Z-assist thrust for 
moment compensation can be calculated using the X-thrust, 
stage mass, and dimensional value. The pitching moment can be 
completely cancelled if the moment caused by inertia and the 
moment caused by Z-assist are balanced. This relationship is 
described in the following equation using the stage mass m, 
acceleration a, Z-assist thrust F and distance between X-VCMs 
with Z-assist actuator Lv. 

 
𝑚 𝑎 𝐿𝑚 = 2 𝐹 𝐿𝑣 

 
Figure 4 shows the structure of the horizontal VCM with the 

Z-assist system. As shown in (b), X-thrust is generated by the coil 
current and by the magnetic flux shaped by the X-VCM yoke. 
The same coil current generates Z-thrust at the upper magnets 
(which are fixed to levitated parts) in the coil end, as shown in 
(c). In addition, the force for gravity compensation can also be 
generated by the repulsive force between the upper magnets 
and the lower magnets fixed to the X-table (not levitated). The  

 

 
Figure 4. Motor structure for Z-assist system 

 

 
Figure 5. Motor layout of horizontal VCM with Z-assist system 
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pattern of these magnets bends magnetic flux in the Y-direction, 
which is used to generate of Z-assist thrust.  

Figure 5 shows variations in the motor layout of the maglev 
stage with the Z-assist system. The red areas represent the 
positions where Z-assist thrust is performed when X-thrust is 
generated. In the layout shown in (a), the VCM is parallel; the 
points of Z-assist thrust are aligned with Y-axis, so the pitching 
moment around the Y-axis cannot be compensated for. In (b), a 
pair of X-VCMs are linearly aligned along the X-axis. The thrusts 
are aligned with the X-axis, so the yawing around Z-axis cannot 
be controlled. In (c), X- and Y-VCMs are located in a square and 
not aligned with either the X- or Y-axis; yawing is controllable 
and Z-assist can be performed. Moreover, the Z-assist thrust is 
aligned with the X-axis, so unnecessary thrust around the Y-axis 
is not generated. Therefore, the square layout illustrated in (c) is 
the only suitable one for a maglev stage with a Z-assist system.  

A CAD model of the developed maglev stage is shown in Figure 
6. A planar scale, which is substituted for a sample, is installed 
on the top table. The horizontal position of the bar mirrors is 
measured with a three-piece laser interferometer with a 
measurement resolution of 38 pm. The top table is made from 
carbon fibre reinforced polymer (CFRP). Thermal expansion is 
negligible, and the distance between the bar mirror and planar 
scale is constant. The parts of the Z-sensor have a measurement 
resolution of 3.8 pm and are installed on the coil base, which is 
fixed to the X-table. From this structure, the attitude error from 
the coarse XY-stage transmits to the top table at a certain degree. 
However, the surface height of the planar scale is matched with 
the height of the laser beam of interferometer, thus minimizing 
Abbe’s error around the X and Y axes. Therefore, positioning 
error in X/Y direction can be minimized. 

4. Controller design      

Figure 7 shows the controller of the developed maglev stage. 
We designed a six degrees of freedom (DOF) maglev controller 
with a 2DOF coarse XY controller. Sensor signals from the  

 

 
Figure 6. Developed maglev stage 

 

 
Figure 7. Controller of developed maglev stage 

 
 

displacements are measured by six capacitance sensors or three 
laser interferometers and three Z-sensors. These displacement 
signals are decoupled to six DOF positions and to the attitude of 
the top table. Each 6DOF axis has an independent PID controller 
with a sampling frequency of 10 kHz. The reaction force caused 
by maglev stage acceleration is added to the coarse stage thrust 
as feed forward. Pitching moment disturbance on the θx/θy axis 
caused by X/Y motion is automatically cancelled by Z-assist 
thrust. Once levitation is stable, the servo control loop with 
capacitance sensors is switched to the control with laser 
interferometers and Z-sensors.  

5. Evaluation      

5.1. Frequency response   
Figure 8 shows the setup for measuring the frequency 

response of the developed maglev stage. The top table was 
removed in order to evaluate the basic characteristics of the 
stage’s driving parts. In this state, the resonance frequency is 
lower than that of the complete structure with the top table. 
Levitation was attained with horizontal control of the X/Y/θz axis  

 
 

 
Figure 8. Setup of develop maglev stage with Z-assist system 
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Figure 9. Frequency response of developed maglev stage 

 
   

and compensation for gravity from magnetic repulsive force. 
Z-VCM control was not required for the static levitation.  

Figure 9 shows the frequency responses of the developed 
maglev stage under two conditions, not levitated (blue) and 
levitated (red). First, the response under the not levitated 
condition was measured. In this condition, the stage was 
supported by ball rollers. Then, the control gain was roughly 
tuned, and after levitation was attained with the same gain, the 
subsequent response was then measured. In the levitated 
condition, the repelsive force of magnets provided noncontact 
compensation for gravity. Both results were measured with only 
horizontal axis control. In each system, the characteristics 
described by the mass inertia model of 1/Ms2 in series with a lag 
system were measured; the gain characteristics were inclined -
40 dB/dec. The levitated-condition results did not show a 
resonance peak with phase delay under 200 Hz. These 
characteristics should improve once the CFRP top table is put 
back in place. 
 
5.2. Levitation characteristics   

Static vibration was evaluated using capacitance sensors. 
Figure 10 shows the vibration of the top table supported with 
ball rollers under non-levitated and non-controlled conditions.  
The peak-to-peak sensor noise was 3.2 μm. Figure 11 shows the 
static vibration under the levitated condition, which was 
stabilized using 3DOF horizontal control and a magnetic gravity 
compensator. The maximum amplitude was 4.7 μm on the Y-
axis, which is small considering the level of sensor noise. The 
amplitude can be reduced with a 6DOF control loop using an  
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Figure 10. Static vibration(without levitation) 

 

 
(a) X    (b) Y 

 
Figure 11. Static vibration(with levitation) 

 
 
 

interferometer and Z-sensor. Our results showed that our 
developed maglev stage with a Z-assist system is capable of 
stable levitation, which is the key finding of this report.  

6. Summary and outlook      

We developed a magnetic levitation (maglev) stage with a Z-
assist system. The system automatically compensates for 
pitching moment that increases proportionally with driving 
acceleration. Stable levitation was attained with only 3DOF 
horizontal control.  

We plan to evaluate the maglev stage by applying nanometer 
scale static vibration controlled with an interferometer. Through 
evaluation of the dynamic characteristics after high-speed 
movement, we intend to verify the efficiency of the proposed Z-
assist system.  
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Abstract  
 
The NanoPla is a 2D nanopositioning platform stage that has been developed at the University of Zaragoza. The platform consists of 
a three‐layered architecture: a fixed superior base, a fixed inferior base and a moving platform placed in the middle. The movement 
of the platform is performed by four Halbach linear motors while three air bearings keep it levitating and a 2D laser system works as 
positioning sensor. The NanoPla is capable of positioning with a submicrometre uncertainty in a range of 50 × 50 mm2 and it has been 
designed to work together with different kinds of tools and probes in various metrology or nanomanufacturing applications. In 
particular, the main application of this first prototype is surface topography characterisation at atomic scale of samples with relative 
big planar areas, using an atomic force microscope (AFM). This work, analyses the spurious motion in Z-direction of the NanoPla in 
order to validate its use for surface topography characterisation. 
 
Nanopositioning, capacitive sensor, spurious motion 

 

1. Introduction 

The demand of accurate, repeatable and long travel range 
precision positioning systems is rapidly increasing. In this line of 
research, a Nanopositioning platform stage (NanoPla) has been 
designed, manufactured and built at the University of Zaragoza 
[1]. The NanoPla has a large working range of 50 × 50 mm2 and 
it is capable of achieving submicrometre accuracy. It has been 
designed to work together with different kinds of tools and 
probes in various applications such as metrology or 
nanomanufacturing. In particular, the main application of this 
first prototype is surface topography characterisation at atomic 
scale of samples with relative big planar areas. Before 
integrating an atomic force microscope as the final solution, due 
to its fragility, the implementation of a confocal sensor is 
proposed.  

In metrological applications, the NanoPla control system 
performs the coarse motion to position the measuring 
instrument along the working range, fixed to the moving 
platform, and a commercial piezostage (model NPXY100Z10A 
from nPoint) performs the fine motion of the sample during the 
scanning task. Therefore, it is crucial to monitor the position in 
Z-axis of the moving platform at each position in order to 
compensate the effect of its spurious motions in the measuring 
results. For this reason, three capacitive sensors have been 
implemented in the NanoPla. This work analysis the 
performance of the capacitive sensors and the stability in Z-axis 
of the XY-positioning control system. 

2. NanoPla design overview 

The NanoPla has a three-layered architecture that consists of 
an inferior and a superior base that are fixed and a moving 
platform that is placed in the middle, as shown in Figure 1. The 
moving platform of the stage is levitated by three air bearings, 
four Halbach linear motors have been selected as actuators and 

a 2D plane mirror interferometer laser system works as 
positioning sensor. The NanoPla positioning control system was 
developed in a previous work and its positioning uncertainty was 
calculated to be ±0.5 µm along its whole working range [2].  

 
 

Figure 1. Exploded view of the NanoPla 

On the other hand, commercial capacitive sensors are used to 
measure and compensate parasitic out‐of‐plane motions (Lion 
Precision, model C5-E). The capacitive sensor probes are placed 
at the metrology frame of the inferior base, while the target 
surfaces are placed at the bottom of the moving platform. The 

three probes are approximately separated 120.  

3. NanoPla capacitive sensors performance 

When using the NanoPla for the metrological characterisation 
of a surface is necessary to measure the out-of-plane deviations 
and compensate them in the measuring results. In this section, 
the performance of the capacitive sensor system of the NanoPla 
is experimentally validated. The experiment was carried out in 

an environmentally controlled laboratory (ΔT=±1 C). 
3.1. Static analysis 

The capacitive probes implemented in the NanoPla have a 
working range of 100 µm, and a maximum root mean square 
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(RMS) resolution of 28.45 nm, according to the manufacturer. 
Firstly, the performance of the capacitive sensors implemented 
in the NanoPla, with the positioning control system off was 
tested. That is, the moving platform remains completely static, 
with the air bearings off. The readouts of the sensors were 
recorded during 2 hours and the deviations observed 
corresponded to the thermal expansion of the platform, which 
was analysed in [3]. To reduce the effect of the thermal 
variation, the RMS deviation (RMSD) was calculated every 10 
minutes, and the maximum value during the experiment was 
57.08 nm. This deviation, higher than the one provided by the 
calibration certificate, may be due to the fact that the relative 
position between probes and target surfaces is slightly varying. 
That is, the metrology frame of the inferior base where the 
probes are placed, and the moving platform which contains the 
target surfaces are expanded separately. It must be mentioned 
that, although the selected material for the metrology frame is 
Zerodur due to its low thermal-expansion coefficient, in this first 
prototype, it is made of aluminium alloy 7075-T6. 

 

3.2. NanoPla spurious motion 
In [4], control of out‐of‐plane motion was proven to be 

unnecessary due to the high stiffness of the air bearings. 
Similarly, in the NanoPla, the moving platform is levitated by 
three air bearings, with a stiffness of 13 N/μm at the working 
conditions. Therefore, the control system of the NanoPla leaves 
out‐of‐plane motion uncontrolled in open-loop. This section 
analysis the spurious motion of the moving platform while the 
positioning control system is working (air bearings on). 

Firstly, the moving platform was set to maintain still at a target 
position during 2 hours. In this case, the thermal deviations are 
minimal because the positioning control system maintains 
constant the relative position between moving platform and 
inferior base. The maximum value of the RMSD calculated every 
10 minutes is 38.59 nm, lower than the value of 57.08 nm, which 
was obtained when the control system was off. As expected, the 
stiffness of the air bearings absorbs the deviations in Z-axis load 
that may be introduced by the vertical force generated by the 
Halbach linear motors [5]. In addition, the width of the air gap 
created by the air bearings during the levitation was measured 
by recording the capacitive probes measurements while turning 
the air bearings on and off, as shown in Figure 2. It is observed 
that the measured air gap is different in the three probes. This is 
because the air gap created between the guide surface and each 
air bearing depends on the air supply conditions and supported 
load. This load is slightly different for each air bearing due to the 
unavoidable assembly errors and asimmetries of the design. 

 

 
 
Figure 2. Capacitive sensors measurements while turning on and off the 
air bearings of the NanoPla. 

It has been also observed that, when the moving platform 
displaces along the working range, the distances between 
probes and target surfaces vary. The measurement of the three 
capacitive sensors have been recorded (Figure 3a) while the 
moving platform is displacing in X-axis (Figure 3b). 
Simultaneously, a flat ceramic reference block placed on the 
piezostage -that remains static- has been measured by the 
confocal sensor implemented in the moving platform. The 
confocal sensor has a working range of 4 mm and a reading noise 
higher than the capacitive sensors. As shown in Figure 3a, every 

surface has a different slope. The reason is that the target 
surfaces of the three capacitive sensors have different 
alignments. In addition, a perfect alignment between the target 
surfaces of the capacitive sensor and the guide surfaces of the 
air bearings is not possible. 

 
 

Figure 3. a) Measurements of the NanoPla capacitive sensors (Z1, Z2 and 
Z3) and confocal sensor. b) Laser system readouts in X and Y-axes 

Figure 4 shows the slope of a target surface measured by its 
respective capacitive sensor. The three target surfaces have 
been measured under different NanoPla operating conditions 
and it has been verified that the misalignments remain constant. 
Therefore, once the misalignments of the target surfaces have 
been characterised, they can be compensated in the spurious 
motion measurements. 

 
 
Figure 4. Measurements of a NanoPla capacitive sensor while 
performing motion in the XY plane. 

4. Conclusion 

The NanoPla, a nanopositioning stage capable of providing 
submicrometre accuracy in a large working range, is intended for 
the metrological characterisation of surfaces. In order to 
compensate the effect of the spurious motions in the 
measurements, the displacements in Z-axis are recorded by 
three capacitive sensors. In this work, the correct performance 
of the system is validated. In addition, it is proven that the high 
stiffness of the air bearings absorbs the vibrations in Z-axis that 
may be generated by the NanoPla positioning control system. 
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Abstract 
A universal adjustment platform has been developed to position accelerator components with a weight below 2 t . It will control  6 
degrees of freedom with a displacement resolution of each axis within 10 µm. The objective of such a platform is to simplify the 
process of adjustment that can be fastidious and time-consuming. For this Stewart-based platform, the kinematics has been 
optimized in such a way that all the displacement axes are independent, leading to an intuitive adjustment. All the adjustment knobs 
are located on the same side, with a possibility to plug temporary motors or even permanently installed motors. Two models of 
platform have been developed for components lighter than 300 kg or heavier - between 300 and 2000 kg. The two prototypes are 
presented with a focus on the results of the validation tests. 
 
Large scale metrology, frequency scanning interferometry, internal monitoring, cryogenic temperature 

 

1. Introduction 

Since years, the accelerator surveyors have been facing the 
difficulties to perform a fast and safe alignment of components 
located in radioactive areas. Usually, the positioning of 
accelerators’ devices, such as magnets, accelerating cavities and 
collimators, has to be performed in an fast and ergonomic way 
to decrease the intervention time, directly linked with the 
ionizing dose received by the personnel. Morover, each of the 
components  has a specific positioning requirements, making 
the design of its alignment system more complex. Currently the 
engineers consider two solutions for the positioning system 
design. In high radiation zones, where remote adjustment is 
required, motorized solutions are proposed, using precise, but 
expensive automatic positioning stages and platforms. In the 
accelerator zones where the access is not limited, simple manual 
adjustment mechanisms, using regulating screws and shims are 
chosen, but sometimes their operation is very time-consuming.  
Considering the two adjustment approaches mentioned above 
and the fact that the alignment requirements become tighter 
and tigher, a study has been launched at CERN in 2012 to 
propose a fast and user-friendly  positioning solution. A first 
prototype was proposed for the CLIC Drive Beam Quadrupole, 
where a modified “Stewart platform” was used to provide  an 
intuitive and an ergonomic adjustment of quadrupoles [1]. 
Following the CLIC platform, the study was then focused on 
adjustment mechanics and cost optimization for HL-LHC [2] 
components alignment, leading to the design of an universal 
adjustment support using modular standardised mechanical 
components [3]. Such an approach allowed  the combination of 
key factors: an easy and ergonomic operation (intuitive 
adjustment, knobs on same side); a precise and long range 
adjustment of the supported components and a decrease of the 
overall cost of alignment installations through the 
standardization of the adjustment platforms’ sub-components.  

2. Universal Adjustment Platform concept 

The Universal Adjustment Platform (UAP) concept targets 
to provide the methodology to design the adjustment platforms  

for lightweight accelerator components, with the use of a set of 
standardized joints and adjustment jigs [3]. Figure 1 shows the 
conceptual schematic of the typical UAP mechanics and groups 
all properties of the system.  

 

 
Figure 1. UAP concept properties schematic 

 
The UAP standardized components will be produced in big 

series, to decrease the overall cost of the system. The equipment 
responsible (the user of the specific platform based on UAP) will 
be in charge to design and integrate the platform components 
and to scale its size to the dimensions of the component installed 
on the upper plate (according to the UAP design guidelines 
provided within the project frameworks). Two main types of UAP 
were defined, considering possible use cases: 

 Small UAP for  components weighting between 100 and 
300 kg; 

 Big UAP – for heavier equipment, weighting above 300 kg 
up to 2 t (collimators, small masks). 

The design methodology for the small and big UAP will be the 
same; however each of these platforms will need different family 
of joints/adjustment jigs to fulfil the maximum load 
requirements. The detailed UAP description can be found in [3]. 
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3. CERN UAP prototypes 

The first small UAP prototype was designed in 2018 with the 
objective to provide an adjustment accuracy of ±50 µm. In 
parallel to the platform design, pre-series of standardized 
adjustment jigs were manufactured and tested under radiation, 
showing a proper behaviour up to 3 MGy irradiation.  

The platform prototype was initially tested at CERN, beginning 
of 2019, demonstrating the expected functionalities of the 
platform and confirming that the design assumptions were 
correct.  The adjustment ergonomics and precision in manual 
operation fulfilled the requirements, neverthless some stability 
issues were detected after adjustment, forcing a re-design of the 
standardized components to reduce the backlash of jigs and 
joints [3]. Following the first prototype results, the necessary 
modifications were deployed in the second prototype (Figure 2). 
The main changes were: replacing the standardized spherical 
joints with custom made “zero” backlash joints; tightening the 
backlash in the jigs and upgrading the stiffness of the TOP plate. 
 

 
Figure 2. Small UAP prototype – version with “zero” backlash  

joints and upgraded jigs 

4. Test results 

The test of the upgraded small UAP, equipped with “zero” 
backlash joints was performed in April 2019. The same set of the 
tests was carried out (than for the January 2019 test campaign) 
and the results were compared to the initial ones: 

 The directional backlash (platform without TOP plate 
load) was reduced from 90 µm to  5 - 10 µm; 

 The stiffness in vertical increased to 0.3 µm/kg, from the 
previous value of 0.8 µm/kg; 

 The lateral stiffness (platform loaded 0-300 N 
horizontally) decreased typically to  2 - 3  µm/kg, 
compared to the previously measured 4 - 5  µm/kg; 

 The torque on adjustment knobs with 200 kg load on the 
platform remained at the level of 0.25 – 2 Nm; 

 Long term stability tests (under nominal load) were 
performed: several cycles of adjustment were followed 
by several days of platform stability measurements: no 
drift of position was detected; 

 The stability of position after transient lateral force of 20 
- 50 kg was checked. This test showed that temporary 
position disorders do not affect the position stability 
more than 25 µm, after releasing the disturbing force 
(Fig.3); 

 The platform adjustment accuracy was below ±20 µm for 
a two iterations approach (one initial and one corrective 
adjustment step only), compared to ±50 µm from the  
initial tests. 

The above test results showed that the upgrades introduced 
to the small UAP design fulfilled the project requirements.  
 

 
Figure 3. Stability tests results 

5. Big UAP prototype design 

The success of the tests on the small UAP opened the path to 
the design of the big UAP, which is a heavier equipment (300 – 
2000 kg) carrier version of platform. The project started in 
August 2019 with the design of jigs capable to support 2 t load 
installed on the UAP. The new version of jigs, with a nominal load 
of 15 kN for the vertical one and 2 kN for the radial one were 
designed. “Zero” backlash joints were also scaled to bigger loads. 
The big UAP prototype was designed to support a HL-LHC 
collimator, as a real example of carried equipment.  

 
Figure 4. Big UAP prototype – adopted as collimator support 

6. Conclusions 

The test campaigns of the initial and the upgraded prototype 
of  small UAP demonstrated that the platform design fullfills the 
project requirements. All parameters were assessed as 
satisfactory, hence the design of the big UAP version could start. 
The next step in the UAP standardization will be the test of the 
collimator platform. 

 
References      

[1] M. Sosin et.al., "Design and Study on a 5 Degree-of-freedom 
Adjustment Platform for CLIC Drive Beam Quadrupoles", 5th 
International Particle Accelerator Conference, Dresden, 
Germany, Jun 2014 

[2] High-Luminosity Large Hadron Collider (HL-LHC). Preliminary 
Design Report, edited by G. Apollinari, I. Bejar Alonso, O. 
Brüning, M. Lamont, L. Rossi, CERN-2015-005, CERN, 
Geneva, 2015  

 [3] M.Sosin et.al. “Design and Study of a 6 Degree-of-Freedom 
Universal Adjustment Platform for HL-LHC Components, 
International Particle Accelerator Conference, Melbourne, 
Australia, May 2019 

232



 

          
 
 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, 2020 

www.euspen.eu  

Efficient ultraprecision machining system by means of industrial robot   
 
Meng Xu 1, Keiichi Nakamoto 1, Yoshimi Takeuchi 2     

 
1 Tokyo University of Agriculture and Technology, Japan 
2 Chubu University, Japan 
 
nakamoto@cc.tuat.ac.jp           

   

Optical elements such as  lenses used  in photolithography 
need  nanometric  accuracy  [1].  To  satisfy  the  demand,  the 
machining  technology  with  high  precision  is  extremely 
required. The  authors  have  developed  some  machining 
methods  to  fabricate  the microparts by means of diamond 
cutting  tools  [2]. To obtain highly precise optical parts,  the 
whole machining procedure is usually conducted on the same 
ultraprecision  machine  tool.  However,  the  relatively  slow 
feed  rate  and  small  machining  depth  of  ultraprecision 
machine  tool  are  not  allowed  to  improve  the  machining 
efficiency. Especially, the recent optical parts are changed to 
be  complex  and  the  machining  area  becomes  wide,  the 
increasing machining time leads to the rising cost. 
It  is  difficult  to  improve  the machining  efficiency  just  by 

using one ultraprecision machine tool. Thus, this study aims 
at developing an efficient ultraprecision machining system by 
means  of  an  industrial  robot  and  an  ordinary  machining 
center to obtain the workpiece having a shape near the target 
shape quickly. However, the setting errors of the beforehand 
prepared workpiece mounted on the ultraprecision machine 
tool  are  inevitable  when  an  industrial  robot  is  used  to 
automate a manual setting operation. To solve the problem, 
in this study, an on‐machine measurement device is adapted 
to  identify the actual position and attitude of workpiece on 
the  ultraprecision  machine  tool  and  original  NC  data  is 
modified  to  compensate  the  workpiece  setting  errors 
estimated to create highly precise parts. 

Figure 1 illustrates a 5‐axis control ultraprecision machining 
center  ROBOnano  α‐0iB  and  an  industrial  robot  LR  Mate 
200iD (FANUC corp.) used in the study. The robot is a 6‐axis 

2.  Experimental equipment   

  

1.  Introduction  

Abstract  
Ultraprecision machining is applied to machining of optical parts such as aspherical lens core that requires surface roughness and  
form‐accuracy in nanometer‐order. To obtain highly precise optical parts, the whole machining procedure is usually conducted on 
the same ultraprecision machine tool. However, the feed rate is relatively slow and the machining depth is quite small, compared to 
the ordinary machine tools, although various ultraprecision machine tools have been developed to realize high positional accuracy 
and resolution. As optical parts become complex and  the machining area becomes wide,  the machining  time and cost would be 
increased rapidly. Thus, the study aims at developing an ultraprecision machining system to improve the machining efficiency. In the 
proposed  method,  ultraprecision  machining  is  conducted  for  the  workpiece  having  a  shape  near  the  target  shape,  which  is 
beforehand prepared by ordinary machine tools. Then, it is difficult to set the workpiece correctly on an ultraprecision machine tool 
due to the manual setting operation. Furthermore,  in ultraprecision machining, the workpiece setting errors are extremely  larger 
than  the positional  resolution of machine  tools. Therefore,  the workpiece position and attitude on  the machine  table should be 
known to create highly precise parts before ultraprecision machining. In this study, the workpiece is set on an ultraprecision machine 
tool  by  an  industrial  robot  firstly  so  that  the  influence  of  human  errors  can  be  removed.  Then,  a  contact  type  of  on‐machine 
measurement device is used to detect the workpiece position and attitude, and NC data is modified to compensate the estimated 
workpiece setting errors. From the experimental results,  it  is confirmed that the proposed system has the possibility of reducing 
machining time in ultraprecision machining to create highly precise parts with high efficiency.  
  
Ultraprecision machining, Setting operation, Setting errors, Industrial robot, On‐machine measurement  

   

Figure 2. On‐machine measurement device and its probe 

(a) Ultraprecision machining 

 
(b) Industrial robot 

Figure 1. Experimental setup in this study 
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The  workpiece  beforehand  prepared  by  an  ordinary 
machine tool is firstly located on a vacuum type chuck fixed 
on C table by an industrial robot in this study. Then, the probe 
of  on‐machine measurement  device  follows  the workpiece 
surface. The workpiece setting errors are identified based on 
the probe displacements. As a result, NC data is modified to 
compensate the workpiece setting errors.  
 In  order  to  detect  the workpiece  position  and  attitude, 

some simple specific bowls are created in rough cutting on an 
ordinary machine tool and they are used as the references. 
For example, three bowls are created as shown in Fig.3. The 
bottom  points  of  bowls  are  detected  so  that  the  origin  of 
workpiece coordinate system  is converted according  to  the 
actual workpiece position and attitude. The bowls are created 
using a ball endmill. The radius of the ball endmill should be 
much larger than the radius of probe. 
Figure 4 shows an example of setting errors compensation. 

S1, S2, S3 is the bottom point of each bowl, respectively. S1 is 
treated as the origin, S1S2 and S1S3 are assumed as Xw and 
Yw  axes  which  accord  with  X  and  Y  axes  of  workpiece 
coordinate  system.  In addition,  the vector which  is vertical 
with  the  plane  S1S2S3  is  defined  as  Z  axis  of  workpiece 
coordinate  system  Zw.  If  there  are  no  setting  errors,  the 
position of S1 is expressed as (X, Y, Z). However, in practice, it 
is expressed as (X+dx, Y+dy, Z+dz) and the unit vectors of the 
axes of real workpiece coordinate system is expressed by ex, 
ey, ez, respectively. In order to compensate the setting errors, 
x, y and z coordinates of the original NC data are modified as 
follows:  

𝑥
𝑦
𝑧

→ 𝒆𝒙 𝒆𝒚 𝒆𝒛
𝑥 𝑋
𝑦 𝑌
𝑧 𝑍

𝑋 𝑑𝑥
𝑌 𝑑𝑦
𝑍 𝑑𝑧

 

 

An experiment machining of a tiny pyramid shown in Fig.5 
is  conducted  in order  to  verify  the proposed method.  This 
pyramid is located at the center of an aluminium plate. Firstly, 
the workpiece  is  set  on  the  ordinary machining  center  to 
obtain  the  approximated  target  shape  by  using  a  square 
milling tool with R3.0. Then, a ball endmill with R2.0 is used 
to  create  three  bowls  and  the  workpiece  is  set  on  the 
ultraprecision  machine  tool.  After  the  actual  workpiece 
position and attitude are identified, the original NC program 
is modified as mentioned above.   Finally, finishing cutting  is 
conducted to obtain the target shape. 
The machining results are summarized in Table 1. From the 

results,  it  is  found  that  the widths of pyramid are correctly 
obtained and the angle between the two opposite slopes can 
be machined  precisely.  Therefore,  it  is  confirmed  that  the 
workpiece setting errors can be compensated and the target 
shape  can  be  obtained  efficiently  and  precisely  by  the 

An efficient ultraprecision machining system by means of 
industrial  robot  is  proposed  in  this  study.  The  workpiece 
having a  shape near  the  target shape, which  is beforehand 
prepared  by  ordinary  machine  tools,  is  set  on  an 
ultraprecision machine tool by an  industrial robot firstly. By 
on‐machine measurement of bowls created on workpiece in 
advance,  the workpiece position and attitude are  identified 
with high accuracy. NC data is finally modified to compensate 
the estimated workpiece setting errors. 
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proposed method.

 5.  Conclusion  

vertical articulated robot. The repeatability is 30 μm and the 
maximum  allowable  payload  is  7  kg.  The  workpiece  is 
beforehand machined by an ordinary 3‐axis machining center 
which has 1 μm resolution of each axis.  
In order to detect the workpiece position, a contact type on‐

machine measurement device  is mounted on B table of the 
ultraprecision machining center as shown in Fig. 2. The device 
NANOCHECKER  (FANUC  corp.)  has  1  nm  resolution  and  is 
controlled by the same NC system. Then, the displacements 
of  the  probe  which  contacts  the  workpiece  surface  and 
machine coordinates are recorded together in a PC.    

3.  Setting errors compensation of workpiece  

4.  Machining experiment and result  

Figure 4. Workpiece setting errors 

Figure 3. Specific bowls created to identify workpiece position 
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Table 1. Machined results with confocal micro scope 
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Abstract 
In the hydraulic system field of machine tools, an energy-saving hydraulic system composed of an inverter capable of efficiently 
operating a plurality of motors is used for various applications such as a clamping operation. However, if the motor is added, the 
inverter is added together, which increases the cost. To compensate for this drawback, This paper proposes a master select control 
method for parallel-connected dual Permanent Magnet Synchronous Motors (PMSMs) fed by a single inverter in hydraulic driver 
system of machine tools. Unlike conventional algorithms, the proposed algorithm does not need speed sensor and hysteresis 
comparator, which are required in the averaged energy and rotor position error methods. The algorithm directly chooses the master 
motor with direct measured flux-axis current so that the dynamic characteristic in sensorless speed control is faster than that of the 
conventional methods. The results of simulation conducted verify the efficacy of the proposed method. 
 
 
Keywords : SIMM, Master select control, Hydraulic system   

 

1. Introduction 

In the hydraulic system field of machine tools, an energy-
saving hydraulic system composed of an inverter capable of 
efficiently operating a plurality of motors is used for various 
applications such as a clamping operation. The hydraulic system 
are generally required to operate in a dwelling state to 
efficiently save energy. In response to these demands, recent 
industrial sites use energy-saving hydraulic systems composed 
of high efficiency motors and inverters.  

However, due to the addition of the power semiconductor and 
the control element according to the use of the inverter for each 
motor, there is a disadvantage that the cost of adding the 
inverter compared to the existing constant speed induction 
motor. This paper proposes a master select control method for 
parallel-connected dual Permanent Magnet Synchronous 
Motors (PMSMs) fed by a single inverter in hydraulic driver 
system of machine tools. Unlike conventional algorithms, the 
proposed algorithm does not need speed sensor and hysteresis 
comparator, which are required in the averaged energy and 
rotor position error methods. The algorithm directly chooses the 
master motor with direct measured flux-axis current so that the 
dynamic characteristic in sensorless speed control is faster than 
that of the conventional methods. The results of simulation 
conducted verify the efficacy of the proposed method. 
Accordingly, in order to drive multiple SPMSM(Surface-mounted 
Permanent Magnet Synchronous Motors)s via multiple inverters 
rotor position detection sensors are required. This increases the 
overall product size, volume, and production costs. To solve this 
problem, several methods for driving multiple motors with a 
single inverter, as shown in Figure. 1, have been proposed [1]-
[6]. 

 
Figure 1. Structure of a Single Inverter Multi-Motor (SIMM) system 

 

2. Dynamic stability analysis by the torque angle      

The principle of power occurrence can be physically 
determined from the flux relationship by drawing a vector 
diagram such as that shown in Figure 2. 

 

 
Figure 2. SPMSM vector diagram 
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In Figure 2, 𝑉𝑡  is the armature voltage, 𝐼𝑎  is the armature 
current, 𝐸𝑓  is the excitation voltage, 𝑋𝑠  is the synchronous 

reactance, 𝜙𝑎  is the air-gap flux, 𝜙𝑚 is the permanent magnet 
flux, 𝜙𝑠 is the armature reaction flux, φ is the power factor angle 
between 𝑉𝑡 and 𝐼𝑎 , ψ is the inner power angle between 𝐼𝑎 and  
, and 𝐸𝑓, and δ is the torque or power angle between 𝑉𝑡  and 𝐸𝑓 

.  
In below equations, 𝑃 is the input power, 𝜔𝑟𝑚 is the angular 

velocity, 𝑇 is the mechanical output torque. 
The input power can be derived as equation (1) from the vector 
diagram: 

 
𝑃 = 3𝑉𝑡𝐼𝑎𝑐𝑜𝑠𝜑                                    (1) 

 
The armature current can be found from equation (2): 
 

𝐼𝑎𝑐𝑜𝑠𝜑 =
𝐸𝑓𝑠𝑖𝑛𝛿

𝑋𝑠
                                     (2) 

 
Equation (3) shows the mechanical output torque of the 

output power, found by substituting equation (2) into equation 
(1). 

 

𝑇 =
𝑃

𝜔𝑟𝑚
= 3

𝑉𝑡𝐸𝑓𝑠𝑖𝑛𝛿

𝜔𝑟𝑚𝑋𝑠
= 𝑇𝑚𝑎𝑥𝑠𝑖𝑛𝛿              (3) 

 

Equation (3) expresses the voltage and excitation voltage. 
Compared with the vector diagram, the excitation voltage vector 
direction is the same as that of the permanent magnetic flux and 
the vector direction of the voltage is identical to the air-gap flux 
direction. Therefore, the maximum torque can be controlled by 
the excitation voltage when the voltage is kept constant. Figure 
3 illustrates equation (3) according to torque angle. 

 

 
Figure 3. Torque property according to 𝜹 

 
Output torque is determined by 𝛿  in the constant torque 

region, in which the voltage and excitation voltage area is fixed, 
as shown in Figure 3. The maximum torque occurs at 𝛿 = 90° . 
If the torque angle is 90° < 𝛿 < 180° , the torque will lose the 
acceleration and the motor will be divergent [7]. 
   

3. Load torque recognition method by flux-axis current      

A vector diagram of a typical parallel-connected SPMSM at 
disagreement load state is depicted in Figure 4 [3][4]. The 
master motor is selected by relation between excitation voltage 
and flux position. In Figure 4, M1 is the master motor and M2 is 
the slave motor. Because the load torque of M2 is greater than 
that of M1, 𝛿1 < 𝛿2  in Figure 4(a). Conversely, in Figure 4(b), 
because the load torque of M2 is smaller than that of M1,  𝛿1 >
𝛿2.  

 
(a) 

 
(b) 

Figure 4. Parallel connected SPMSM vector diagram: (a) Case 1: 
𝑇𝐿1 < 𝑇𝐿2 , (b) Case 2: 𝑇𝐿1 > 𝑇𝐿2 

 
From equations The torque-axis voltage and the flux-axis 

voltage, the torque-axis current and flux-axis current can be 
expressed as equation (4):  

 
𝐼𝑑 = 𝐼𝑎𝑠𝑖𝑛(𝜑 − 𝛿)  
𝐼𝑞 = 𝐼𝑎𝑐𝑜𝑠(𝜑 − 𝛿)                                    (4) 

 
where, 𝐼𝑑  is the flux-axis current and  𝐼𝑞  is the torque-axis 

current. When the torque angle increases, the flux-axis current 
rises in the negative direction and the torque-axis current 
decreases, as shown in equation (4). It collapses the dynamic 
stability limit load torque. Therefore, in this paper, the load 
change is recognized by comparing the flux-axis current 
between the two motors.  

 
∆𝑖𝑑

𝑟 = 𝑖𝑑𝑚1

𝑟 − 𝑖𝑑𝑚2

𝑟   

𝑠𝑔𝑛(∆𝑖𝑑
𝑟 ) = {

1 (∆𝑖𝑑
𝑟 > 0)

−1 (∆𝑖𝑑
𝑟 < 0)

}                         (5) 

 
First, the error between the flux-axis current measured from 

the two motors is calculated using equation (5). The output of 
the sign function is 1 when the error is positive, otherwise the 
output is -1. Thus, it is possible to select the feedback value 
control of the controller based on the sign function output. As a 
result, the controller controls the heavy load motor along with 
the sign function result, as shown in Figure 5. On the other 
hands, if the load of master motor is bigger than slave one, the 
output of sign function is positive but slave one is bigger than 
the master motor then sign function output is negative by 
equation (5). As a result of that motor which has bigger load can 
be controlled by sign function output. Since the control motor is 
selected using flux-axis current, it can be applied to the 
sensorless system, and faster dynamic property can be obtained 
in load alteration because actual measured current is being 
used. 

In Figure 5, 𝜔𝑟  is the angular velocity of motors, 𝜃𝑟  is the 
position of motors. 
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Figure 5. Select control block diagram 

4. Simulation results      

To verify the efficacy of the proposed method, parallel 

sensorless speed control system fed by a single inverter using 

SPMSMs flux-axis current, we simulated the algorithm. The 

sensorless speed control algorithm simulated estimates the 

rotor position and speed by back-EMF estimator using motor 

current. The simulation considered both steady-state and 

dynamic state characteristics. 

 

 
Figure. 3. SIMM structure without select control 

 
 First of all, torque angle and flux-axis current were observed 

so as to check the dynamic property of the parallel drive without 

select control, as shown in Figure 6, by inserting load to M2. 

Next, as indicated in Figure 7, the dynamic characteristics of 

the proposed system, which has select control for parallel drive, 

were confirmed in like manner. The simulation was conducted 

using MATLAB/SIMULINK and the commonly used PI controller 

composed for current control. Voltage was modulated by a space 

vector PWM inverter, and rotor position, and speed information 

obtained from the back-EMF estimator. As shown in Figure 5 and 

equation (10), select control by flux-axis current is realized. Table 

1 shows the SPMSM parameters. 

 
Table 1. Nominal parameters for 26 W SPMSM 

 

Base Speed 4000 rpm 

sR  0.6 Ω 

sL  0.17 mH 

LT  0.062 N.m 

m  0.0035 Wb 

poles 8 

 

 

 
Figure. 4. Block diagram of the proposed system 

 

 
Figure. 5. Block diagram for sensorless algorithm 

 

 
Figure. 6. Selection control block diagram 

 

Figure 8 shows the block diagram for sensorless algorithm. 

Reference voltage is calculated with master motor rotating 

position for coordinate conversion since this paper controls only 

the master motor. However reference frame transformation for 

current uses the rotor positon of each motor. 

Figure 9 indicates the way to choose the master motor from 

d-axis current. 

Motors simultaneously drive with rated speed command at 
4000 rpm between 0–0.3 s in no-load condition. In the structure 
of the proposed method, illustrated in Figure 10, the rated load 
torque is applied to only M2 at 0.6 s to verify the speed response 
in asynchronous load conditions for the motors to accelerate up 
to a rated speed of 4000 rpm between 0–0.3s.  
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(a) 

 
(b) 

 
(c) 

Figure 10. Speed response in unbalanced load: 
(a) Speed response, (b) Zoom in region A, (c) Select signal 

 
Figure 10(b) shows the enlargement region A (around 0.6 s) of 

Figure 10(a), while Figure 10(c) illustrates the select signal by 
load change. At the transient state by load fluctuation, M1 speed 
vibrates around M2 speed and both motors become stable at 
the specified speed in 0.7 s, as shown in Figure 10(b). A stable 
select signal occurs by comparing the flux-axis current about the 
unbalanced load from Figure 10(c).  

 

5. Conclusion      

This paper proposes a master select control method for 
parallel-connected dual SPMSMs fed by a single inverter in 
hydraulic driver system of machine tools. The proposed 
algorithm compares the flux-axis current of each motor, and 
detects the control signal from the relation between the back-
EMF for torque angle and current by unbalanced load oscillation. 

Unlike conventional algorithms, the proposed algorithm does 
not need speed sensor and hysteresis comparator, which are 
required in the averaged energy and rotor position error 
methods. The algorithm directly chooses the master motor with 
direct measured flux-axis current so that the dynamic 
characteristic in sensorless speed control is faster than that of 
the conventional methods. 

Further, the proposed algorithm is able to stably drive the 
overall load torque area. It has the advantage of reduced 
computation because it uses only one speed controller. Finally, 
we verified that the proposed algorithm enables motors 
connected in parallel to operate stably during asynchronous 
load fluctuations and high frequency load change conditions via 
simulations with MATLAB/SIMULINK and experiment with a 
three-phase inverter system. 
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1. Introduction 

Recently,  microsurgery  (micro‐scale  surgery  with  a 
microscope)  has  been  used  in  human  operations.  In 
microsurgery, surgical manipulators have been used to support 
human operation because the operation must be accurate [1]. 
But  some manipulators  for  supporting  human  operations  are 
not equipped with haptic sensing functions. Therefore, we have 
developed a hydraulically driven forceps that can measure the 
holding  force  [2].  The  holding  force  of  the  forceps  changes 
depending on the internal pressure of the water supply machine. 
This system can measure small forces acting on the tips of the 
forceps by using Pascal’s principle. Our mechanism can measure 
the  force  and  estimate  the  displacement  from  the  force  and 
quantity of input water. The small force acting on the tips of the 
forceps  and  the  displacement  of  the  living  tissue  can  realize 
palpation. Pathological changes in living organisms cause  
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Abstract  
ICT (information and communication technology) has  increasingly been utilised  in the medical and bio‐engineering field. Most of  
medical  records  have  been  digitalised,  and  various  information  in  medical  procedures  have  been  created  as  digital  data.  In  
microscopic surgery and bio‐engineering, much operation demands digitalized data on operations for the  introduction of robots.  
However, no method has been established in medical care to enable making data on living tissues for mechanical actions. Therefore,  
we developed a new sensing system that uses a hydraulic‐driven micro device to measure a mechanical characteristic of bio tissues.  
This system can measure small forces acting on the tips of the end‐effector as the internal pressure changes. Trained doctors can  
distinguish the state of  the organ during an operation through touch. This  is  the palpations  that a medical doctor performs. For  
robotic surgical systems such as da‐Vinci, the capability of distinguishing the state of the organ through touch will enable such system  
to palpate  in  the  future.  It  is  necessary  to explore  the  relationship between mechanical  characteristic  changes and pathological  
changes  for  this  realization.  The  hydraulic‐driven  micro  device  handles  an  object  and  measures  the  reaction  force  and  its  
displacement. This report describes the evaluation of measurement results using developed micro handling device which became  
high precision. The micro handling device to measure mechanical characteristic of bio tissues was actuated by the micro bellows. The  
bellows were made with very thin metal by electroforming. Because an improved bellows has low stiffness and it can expand and  
contract linearly, the bellows expand by small force and it has high sensitivity for the pressure changes. This work was supported by  
JSPS KAKENHI Grant Number 19K04308.  
  
Keywords: Sensor, Actuator, Hydrostatic, Accuracy  
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Figure 1. Palpation system using the hydraulically driven mechanism. 

mechanical  characteristics,  such  as stiffness  and  viscosity,  to 
change  [3].  In  the  future,  the  capability  of  distinguishing  the 
state of the organ through touch will enable a palpation robot to 
palpate. In this report, we describe the new forceps that were 
made with micro metal bellows and provide the results of our 
evaluation of the measurement precision and durability of the 
new forceps. 

2. Measurement mechanism 

2.1. Hydraulically driven system 
Figure  1  shows  a  model  of  the  palpation  system  using  the 

hydraulically  driven  mechanism.  The  end  effector  is  a  micro‐
forceps  using  micro  metal  bellows  tubes.  When  the  bellows 
pump of the water supply machine supplies water to the bellows 
tube of the forceps, the forceps moves. If an external force acts 
on the tips of the forceps, the external force can be measured 
by using the internal pressure of the bellows pump of the water 
supply  machine  by  observing  the  changes  of  this  internal 
pressure because water is an incompressible fluid. The external 
force is amplified, and its amplified ratio is decided by the ratio 
of the cross section of the bellows tube of the forceps and the 
cross section of the bellows pump. 
2.2 Improved Micro device 
The  forceps,  the  end  effector  of  the  hydraulically  driven 

mechanism, was made  from  a micro‐bearing  and  the  bellows 
tube. One side of the forceps turns around with the extension 
and contraction of the bellows tube, and the forceps holds an 
object. The holding force is obtained as the difference between 
the measured pressure and the pressure when the forceps holds 
nothing. The bellows of the previous test model was made from 
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but  the  metal  bellows  expansion  is  more  linear,  with  less 
deviation from the linear trend line. Figure 4 shows the change 
of the internal pressure against the quantity of supply water.   
  

First,  we  drove  only  the  bellows  tube.  The  linear  actuator 
moved  the  bellows  pump  of  the  water  supply  machine  in 
accordance with  a  position  command  issued  from  a  personal 
computer  and  supplied  water  to  the  end  effector.  Figure  3 
shows the change of the displacement caused by the quantity of 
supply water. The metal bellows expands  in proportion to the 
quantity of water, and its change is  linear. The rubber bellows 
expands  in  proportion  to  the  quantity  of  water,  too,  but  its 
change  is  not  linear.  The  slope  of  the  metal  bellows’  linear 
approximation  has  steeper  gradient  than  that  of  the  rubber 
bellows. The metal bellows  is harder than the rubber bellows,  

  

nitrile rubber. Its transformation was large because its stiffness  
was low. But it transforms in not only the axial direction but also 
other directions. The previous bellows did not transform linearly, 
and the control of the forceps was not precise.   
Therefore, we  used  the metal  bellows  for  forceps.  Figure  2 

shows the new forceps. The metal bellows was made from nickel  
by electroforming. The electroforming process involves putting  
thin  layers  of  metal  onto  a  precision‐machined  mandrel  and  
then chemically removing the mandrel. This process can make 
thin plate bellows, and the produced bellows keeps its stiffness 
except in the axial direction and can lower the axial stiffness. The 
outer diameter of the metal bellows is 6.35 mm, and the inside 
diameter is 3.81 mm. The spring constant of the bellows is 4.14 
N/mm, and the range of movement is 0.81 mm.  
  
3. Force measurement experiment   
3.1. Comparison of metal bellows and rubber bellows  
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(a) Metal bellows  (b) Rubber bellows 

Figure 4.  Comparison of metal bellows and rubber bellows, 
Internal pressure – Quantity of water 

Both the metal bellows and rubber bellows expand in proportion 
to  the  quantity  of  water.  But  the  rubber  bellows  change  has 
hysteresis. The metal bellows change has no hysteresis because 
the  metal  bellows  expansion  and  contraction  are  completely 
linear, and it transforms only in the axial direction. This makes 
the control of the forceps more precise. 
 
3.2. Handling experiment with metal bellows forceps 
The  linear  actuator  moved  the  bellows  pump  of  the  water 

supply machine in accordance with a position command issued 
from  the personal  computer  and  supplied water  to  the metal 
bellows of the forceps. In Figure 5, the forcepses held the blood 
vessel model and measured the change in pressure. The blood 
vessel model is made up of 2 mm in diameter silicon rubber and 
is filled with water. Figure 6 shows the holding force calculated 
from  the  internal  pressure, which  is  based on  the quantity  of 
water.  The  holding  force  increased  linearly  as  the  quantity  of 
water  increased  because  the  internal  pressure  has  been 
measured more precisely  than when using  forceps made with 
rubber bellows. The measured holding force of the forceps using 
metal bellows was 5 times or more than that of the forceps using 
rubber bellows. The new forceps became able to measure the 
holding  force  more  exactly  than  the  previous  mechanism. 
Because we have already succeeded in the measurement of the 
organ [4], this device is effective for palpation. 
 

   
Figure 5. Hydraulically driven mech‐  Figure 6. Measurement  
anism and arm robot    holding force 

4. Conclusion 

We  developed  a  new  forceps  with  sensing  using  the metal 
bellows.  The  metal  bellows  were  made  from  nickel  by 
electroforming. This process can make thin plate bellows, and 
the  produced  bellows  keeps  its  stiffness  except  in  the  axial 
direction  and  can  lower  the  axial  stiffness. We  evaluated  the 
measurement results using the developed micro handling device, 
which became high precision. Because the improved bellows has 
low stiffness and can expand and contract linearly, the bellows 
expands  with  a  small  force  and  has  high  sensitivity  to  the 
pressure changes. 
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Abstract 
Recently, there is an increasing demand for a machining technology capable of improving productivity in a machining industry that 
requires large-sized products such as aircraft and automobiles. In particular, robot-based machining technology has been studied in 
the field of cutting-edge materials machining and aviation parts because of its flexibility and high space efficiency compared to 
conventional machining equipment. However, the machining equipment using robots is vulnerable to vibrations generated during 
machining due to the low rigidity of the robot and has a large machining error compared to conventional machining equipment. As 
the machining error degrades the machining quality and degrades the durability of the machine, there is a need for a technology that 
can improve the machining error. In this study, we propose a flexure stage with piezo actuator to compensate for the low rigidity of 
the robot. Piezo-flexure stage is a high rigidity and high precision stage that can actuate spindles. It is a system for compensating for 
machining errors in robot machining. 
 
Keywords: Machining error, Piezo actuator, Flexure guide, Precision stage 

  

1. Introduction  

Precision stages consist of piezo actuators and flexure 
mechanisms are widely used in industrial fields [1-3]. Piezo 
actuators and flexure-guided mechanisms that produce 
specified motions are widely utilized in precision-positioning 
stages. A piezoelectric actuator is capable of generating large 
forces and is characterized by fast response, no wear, and sub-
nano resolution. A flexure mechanism has the particular 
advantages of no friction, no backlash, and good repeatability 
for guide mechanism. 

 In this research, a piezo-flexure stage is proposed with 
sufficient natural frequency and moving ranges for 
compensating machining errors. The stage is designed with 
piezo actuators and flexure-guided mechanisms. The optimal 
design is conducted using analytical modeling of the flexure 
guide for optimization of the design variables. The stage 
performance is evaluated using testbed. Moving range tests are 
also described in this research. 

2. System Configuration      

The stage proposed in this research is a high stiffness stage 
that moves the spindle to compensate for machining errors in 
robot machining. The stage consists of piezo actuators that can 
exert a large force to withstand the machining load during 
machining, and flexure guides to move the spindle in the 
desired direction. The basic structure of the stage according to 
the conceptual design is as follows in Figure 1. 

 

 
Figure 1. System configuration 

 
The stage is a two-axis (XY) stage which one actuator actuates 

the X axis and the other actuator actuates the Y axis. The stage 
is serial type which the Y-axis moving body is located inside the 
X-axis moving body. The structure of the stage is symmetric for 
the convenience of control and rigidity of thermal deformation. 
The entire system is a stage capable of actuating a spindle and 
is sized at 480x480x40 mm3. 

3. Optimal design of Stage     

Optimal design is needed to satisfy the desired moving range 
and natural frequency. Accurate modeling of the stage must be 
the basis for optimal design for the desired purpose.  
 
3.1. Modelling of Stage 

Stage modeling can be obtained based on the equations of 
motion of the flexure mechanism. The kinetic and potential 
energy of the flexure mechanism can be calculated and applied 
by Lagrange's equation. For optimal design, the number of 
movable bodies, the mass and moment of inertia of the rigid 
bodies, the mechanical properties of the flexure mechanism, 
and the connection information between the rigid bodies and 
the flexure mechanisms are required.  
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Modeling is conducted based on conceptual design of stage. 
The modeling of the stage can be performed through the 
equations of motion of the leaf spring mechanism. Looking at 
the stage in the previous figure, two moving bodies (X-axis, Y-
axis) and eight leaf springs are connected to each other. Based 
on the leaf spring modeling, the stiffness of the whole stage is 
calculated using the axis transformation matrix and the stiffness 
of whole stage is 6x6 matrix. The whole stage can be assumed 
to be one elastic body and can be represented by applying 
Hook's law. Based on this equation, the moving range and 
natural frequency of the system can be calculated. 
 
3.2. Optimal design result 

Optimal design is based on objective function and constraints 
function using design variables. Figure 2 shows the design 
variables for optimal design of the stage. The design variables 
consist of the thickness (t), the length (l) and the width (b) of 
the leaf spring, and each axis has design variables. The objective 
function of the optimal design is to set the natural frequency of 
the stage to the maximum within the constraints. In this 
research, the moving range is set to 15um or more and the 
structural frequency is 200Hz or more. In addition, the range for 
the design variables was specified considering the size of the 
stage. The optimal design results are selected from the design 
variable values that converge within the objective function and 
constraints and are shown in Table 1. 

 

 
Figure 2. Design variables 

 
 
Table 1 Optimal design results 
 

Design variables (X-axis) lx=13mm, tx=2.3mm 

Design variables (Y-axis) ly=24mm, ty=3.2mm, b=38mm 

 

4. Experiment Results 

The stage was manufactured based on the optimal design 
results. The testbed for performance evaluation was 
constructed and it is shown in Figure 3. Two piezo actuators for 
two-axis actuation are combined with fabricated stage and a 
preload was applied to the piezo actuators for continuous 
compression. Capacitive sensor for measuring the moving 
range was coupled to the stage using a sensor jig. 

For stage performance evaluation, position control based on 
control algorithm is required. The position signals can be 
measured using two position sensors and the desired position 
information can be obtained through the sensor kinematics. 

 
 

 

 
Figure 3. The stage and testbed for performance evaluation 

 
When the error occurs compared to the desired position 

value (command), the feedback control algorithm is used. The 
moving range was checked on the x and y axes through position 
control. We confirmed that the x axis and the y axis follow the 
command well and are over 15um. (X axis 20um, Y axis 30um) 

 

 
Figure 4. Moving range test 

 

5. Conclusion 

In this research, a piezo-flexure precision stage is proposed. 
The stage consists of a piezo actuator and a flexure guide 
mechanism. Piezo actuator can transport the spindle and exert 
a large force to withstand the processing load. Flexure guide is 
a frictionless, wear-free guide mechanism using elastic 
deformation of the elastomer. The stage is optimally designed 
according to the objective function and constraints. Based on 
the optimal design, the stage was manufactured. The testbed 
for performance evaluation was constructed and the proposed 
stage is verified with performance evaluation. 
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Abstract 
In any precision manufacturing process, positioning systems play a very important role in achieving a quality product. As a new 
approach to current systems, camera-LCD positioning systems are a new technology that can provide substantial improvements 
enabling  better  accuracy  and  repeatability.  However,  in  order  to  provide  stability  to  the  system  a  global  positioning  system  is 
required. This paper presents an improvement of a positioning system based on the treatment of images on an LCD in which a new 
algorithm with absolute reference has been implemented. The method is based on basic geometry and linear algebra applied to 
computer vision. The algorithm determines the spiral centre using an image taken at any point. Consequently, the system constantly 
knows its position and does not lose its reference. The simulation and test of the algorithm provide an important improvement in 
the reliability and stability of the positioning system providing errors of microns for the calculation of the global position used by the 
algorithm. 
 
Keywords: Accuracy; Pattern recognition; Positioning; Artificial vision; Precision 

 

1. Introduction 

Identifying the same points in two images to control the 
position is essential in the analysis of the movement controlled 
by vision. The determination of the movement of an object from 
a sequence of two-dimensional images has been extensively 
analysed and discussed by Roach [1] and Yachida [2] using two 
frames of a sequence to solve this problem. Later Sethi [3] used 
a sequence of frames to explore the smoothness of the motion 
by proposing an iterative algorithm to find trajectories of points 
in a monocular image sequence. 

The use of geometric and symmetric patterns in a vision 
system provides a good local positioning system, which requires 
additional external information to achieve absolute positioning 
successfully [4] or depend on the previous relative positions 
assuming the cumulative errors generated. To improve this 
perspective, this work presents an asymmetric and non-periodic 
pattern so that each image taken is unique. A spiral pattern, 
including the conditions mentioned, is presented as a solution. 
Pattern analysis using the artificial vision algorithm will be more 
difficult but will provide better results. Consequently, the 
algorithm used for the analysis was initially created using 
Matlab. The solution presented in this work consists in the use 
of a logarithmic spiral as a geometric base to calculate the global 
positioning. Mathematical aspects of the logarithmic spiral have 
been studied by Catrakis [5], who clarifies and summarizes years 
of mathematical studies on spirals. Logarithmic spirals have also 
been analysed and used in image processing, but with different 
approaches in Weiman [6] or Rojer [7] and, more recently, in 
Palacios [8] and Zhao [9]. 

The method presented consists in the calculation of the centre 
position of the spiral determining the consistency and accuracy 
during position calculation. 

2. Methodology 

Since a periodic and symmetrical pattern presents a weakness 
in the vision positioning system, it has been proposed to use an 
asymmetric and non-periodic pattern so each image taken by 
the camera, regardless of the area of the image seen, is unique. 
Therefore, a logarithmic spiral pattern has been implemented. 
Pattern analysis using the artificial vision algorithm will be more 
complex but will lead to better results. 

The calculation method uses the properties of the logarithmic 

spiral such as the angle  formed by the radius and tangent 
vectors at a point of the curve, although it is not perpendicular, 
remains constant for all points of the curve. 
 
2.1. Algorithm 

The method studied is based on the well-known Newton-
Raphson method, which is a root search algorithm that uses 
tangents although the determination of the central point cannot 
be performed perfectly. Therefore, the error of the calculated 
coordinates of the centre point must be evaluated. The method 
presented does not require to know the logarithmic spiral 
parameters beforehand. 

As a first step, the tangent lines at 3 points of the logarithmic 
spiral are calculated, using an image taken by the camera. At this 

point the angle of rotation  is unknown. The objective is to find 
the coordinates of the central point O of the spiral (figure 1), 
which in this case will be designated by O3 which includes an 
error estimation (figure 2). 

Three points P1, P2, P3 are taken over the spiral of figure 1 and 
the coordinates of each of these points are, respectively, x1, y1, 
x2, y2, x3, y3. The coordinates of the central point O will be xc, yc 
and the angle between the tangent and the radius at each point 

is designated as . The radius direction vectors for each of the 
three points are r1, r2, r3 and the tangents t1, t2, t3. 
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Figure 1. Scheme, elements and nomenclature used in the method 
 

To relate the angle  with the 3 points chosen, the formal 
definition of the scalar product is used to calculate the cosine of 
the angle between two vectors, so that the equation 1 is fulfilled, 
where vectors t1, t2, t3 are fully known because the tangent lines 
are known and calculated previously using discrete points over 
the spiral. 

𝑐𝑜𝑠 𝛼 =
<𝑟1⃗⃗  ⃗|𝑡1⃗⃗  ⃗>

||𝑟1⃗⃗  ⃗|| ||𝑡1⃗⃗  ⃗||
=

<𝑟2⃗⃗  ⃗|𝑡2⃗⃗  ⃗>

||𝑟2⃗⃗  ⃗|| ||𝑡2⃗⃗  ⃗||
=

<𝑟3⃗⃗  ⃗|𝑡3⃗⃗  ⃗>

||𝑟3⃗⃗  ⃗|| ||𝑡3⃗⃗  ⃗||
   (1) 

r1, r2, r3 can be expressed based on the coordinates x,y, the 
central point O and the 3 selected points (P1, P2, P3) obtaining 
the equations 2. A system of 3 equations with 3 unknowns (xc, 

xc, ) is provided 

𝑐𝑜𝑠 𝛼 =
<(𝑥𝑐−𝑥1,𝑦𝑐−𝑦1)|𝑡1⃗⃗  ⃗>

||(𝑥𝑐−𝑥1,𝑦𝑐−𝑦1)|| ||𝑡1⃗⃗  ⃗||
=

<(𝑥𝑐−𝑥2,𝑦𝑐−𝑦2)|𝑡2⃗⃗  ⃗>

||(𝑥𝑐−𝑥2,𝑦𝑐−𝑦2)|| ||𝑡2⃗⃗  ⃗||
=

<(𝑥𝑐−𝑥3,𝑦𝑐−𝑦3)|𝑡3⃗⃗  ⃗>

||(𝑥𝑐−𝑥3,𝑦𝑐−𝑦3)|| ||𝑡3⃗⃗  ⃗||
      (2) 

 

When solving and calculating these values, the angle  found 
will not correspond to the real value, since the tangents used are 
approximations that contain a small error. Figure 2 shows a 
general graphic scheme of the method showing how the three 
lines whose vectors are r1, r2, r3 and passing across, respectively, 
through the points P1, P2, P3, intersecting at the same point O3 
which is the centre of the spiral calculated with this method. 

 
Figure 2. Graphical representation of method with the tangent and 

radial lines that pass through the points P1, P2, P3. 

4. Simulation and Results 

Taking an amplitude or scale factor of the spiral of 1, for a 
screen with a width of 640 pixels, it corresponds to 4.20 units on 
the Matlab scale. Although the pixel size is a limiting factor, 
considering a screen size of 640 pixels and width of 51.70 mm, it 
is obtained that each Matlab unit corresponds to 12.30mm.  

The consistency of the method is demonstrated by performing 
more than 100 simulations with each construction of the spiral, 
where d is the distance between two consecutive discretized 
points when the spiral is made. The method has been tested 

with 11 different distance d values. Errors in the calculation of 
the position of the centre of the spiral O vs distance d in mm 
provided by the method are shown in figure 3.  

 
 
Figure 3. Errors in the calculation of the position of the center of the 

spiral in mm. 

5. Conclusions      

A method has been presented to achieve an absolute 
positioning system based on a vision system in which an 
asymmetric logarithmic spiral pattern has been used as the 
basis. This pattern is different from the one used for the 
development of the camera-screen system presented in 
previous studies [10] based on a pattern of repetitive LEDs 
lighten on the screen whose position calculation was relative to 
the previous calculated point, which may cause loss of 
reference. 

The method is based on the property that the tangent line at 
any point of the spiral and the line that passes through the 
centre of the curve drawn from that point form a constant angle. 
The algorithm has been tested by performing different 
simulations in Matlab, taking random photos of an area of the 
logarithmic spiral represented and calculating the position of the 
centre of the spiral. With the position of the centre, the system 
is able to position itself with respect to the rest of the system, so 
that the desired absolute positioning system is achieved. In 
addition, the method, does not need to know in advance any of 
the spiral parameters. Since the errors depend on the 
discretization of the curve in its simulation that is defined by the 
distance between points of the spiral used, different simulations 
have been made finding that with a distance of 0.05 mm 
between points on the curve, the method It is able to position 
the centre of the spiral with an error of less than 1x10-6 mm. 
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Abstract 
Most of the maintenance activities in radioactive environments involving mobile manipulators are related to dismantling and 
decommissioning, in which, usually, little accuracy during the operation is needed. Mobile manipulators designed for this purpose, 
lack that level of accuracy necessary for accomplishing particular tasks, in which high precision and care are necessary. This lack of 
accuracy can be overcome using appropriate control strategies on the robot, accurate Human-Robot Interface procedures and 
dedicated tooling that will increase the overall operational efficiency and the safety and reduce the operator’s stress. In this paper, 
the precise installation of a Cs-137 radioactive source for the CERN’s AD ATRAP experiment using a remote mobile robot equipped 
with two robotic manipulators is presented. The preparation, the hardware, the tooling, the software and the operation have been 
implemented and executed following the guidelines of the CERNTAURO framework for remote intervention in radioactive 
environments. In this work will be presented an intervention procedure starting from the full custom design of the tools, operational 
steps needed and training for the operators, needed to archive a successful robotic tele manipulated intervention, giving an overview 
of the problematic of the application.               
  
 
 
1. Introduction  
Nuclear plants like Fukushima [1], as well as particle 
accelerator facilities, such as the European Organization for 
Nuclear Research (CERN) [2], present experimental facility 
with harsh environments condition, or underground 
experiment with  and semi-structured accelerator areas with 
thousands of different items of equipment which need to be 
inspected and maintained. Due to the presence of human 
hazards mainly produced by radiation or contamination risk, 
for this accelerators components is need to be inspected and 
maintained remotely, possibly using robots. Furthermore, 
lack of accuracy can be overcome using appropriate control 
strategies on the robot, accurate Human-Robot Interface 
procedures and dedicated tooling that will increase the 
overall operational efficiency and the safety and reduce the 
operator’s stress. In this paper, the precise installation of a Cs-
137 radioactive source for the CERN’s AD ATRAP experiment 
using a remote mobile robot1. The CERNBot [3] robotic 
platform (Figure 1) developed and built at CERN, it has been 
used in more than one hundred real interventions, which 
have been very successful done.  
 
2. Intervention  
For this intervention, CERNbot running CERNTAURO [4] 
framework, this framework it is composed of  a novel bilateral 
master-slave control, a new robotic platform an advanced 
user-friendly multimodal human-robot interface, also used 
for the operator offline training, allowing technicians not an 
expert in robot operation to perform inspection and 
maintenance tasks. Furthermore, the CERNBot2 is equipped 
with an elevating stage and dual robotic arm source had a 
length of 20 mm and had to be removed from lead shielding 
radioactive transport container, taken out from its support.  
 

 
The radioactive source then being integrated into another 
support inside the experimental chamber and the whole 
assembly was put in an experimental container that is in the 
frame of the Antimatter Production facility [5] at CERN. For 
each of these tasks, a large number of robots would  be  
needed,  with  sensors  and  tools,  to  satisfy  every situation. 
Robots available on the market, both industrial and military 
for interventions [6], can be considered as a black box  that  
cannot  be  modified  and  adapted  to  the  particular needs 
of the intervention. Specific tools and the procedures were 
built following the proposed framework. Another success has 
been the handling of a radioactive iridium source. The 

 
 

Figure 1. (a. CERNbot2 in operational configuration, b. full custom fingers) 
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radioactive system (a Kinova robotic arm for screwing the 
nuts). The position of the experimental chamber as at 1.5 
meter from the floor. 
 
3. Materials and Methods 
CERNbot v1.0 and v2.0 [4], novel robotic base systems, have 
been built at CERN with the goal of guaranteeing autonomous 
inspection and supervised telemanipulation in the 
accelerator areas. The CERNbot robotic platform has been 
designed to guarantee the maximum flexibility from the 
mechanical and electrical point of views. A commercial 
industrial grippers (Universal gripper PG, Size: 70, Schunk)  are 
mounted on the robotic arms of the CERNBot2. Where the 
position repeat accuracy of ±0.15 mm, given from the robotic 
arm Schunk Powerball is able to guarantee the task precision 
movement needs of 0.5 mm. Since the standard fingers does 
not fit in the vacuum chamber, it was necessary to develop 
them.  The fingers realized with PLA were thanks a fast 
prototyping 3D printed with FDM technologies. Besides, from 
the Human-Robot  Interface  (HRI)  presented in  [7]  has been 
developed for remote robotic intervention in hazardous 
environments. The interface proposed for human-robot 
collaboration allows controlling a heterogeneous set of 
robots and the modularity and control framework. Some 
features for the HRI covers a series of technologies, like 
development to robot control, network communication, 
safety, Human-Robot Interaction, etc. The HRI continues to 
get new features and improvements broadening the use of 
robots in the interventions.  Expert and inexperienced 
operators have been validated the HRI through more than 
hundred real interventions in CERN’s facilities 
 
4. Conclusions 
Safety in the work environment is the most advantage of 
utilizing robotics. Employees who work in hazardous 
environments can delegate dangerous tasks to a robot which 
are possible or safe to perform for humans. CERNTAURO 
framework was developed at CERN to help the operators to 
perform robotic tasks in a comfortable way, increasing the 
success rate and safety, and decreasing the intervention time. 
The teleoperation is currently the only solution to intervene 
for the maintenance in extreme environments. Nevertheless, 
there are some types of tasks that require particular 
attention. In this work, two new tools was been added to the 
CERNbot platform in order to adapt the gripper finger and the 
particular point to view in order to help the operator during 
the manipulation. Furthermore, a new procedure it is ideated 
in order to avoid object dropping in the vacuum chamber. A 
modular set of plastic cover mask (Figure 2a) was designed to 
adapt the shape to each operational step avoid the possibility 
to drop object in the chamber, and furthermore smiley to 
install and remove at the end of the operation in one single 

movement. To avoid this problem a the combination between 
the two new feature and the smart fingers mounted on the 
gripper of the CERNBot2 platform lets the operator perform 
the source installation and remove, an operation safe and 
furthermore limiting the operational stress. The good result 
of the installation indicates the robustness of the robotic 
framework gives from the software and mechanical designed 
integration. Thanks to the good planning of the activities 
more the offline tests of all the steps needed for the 
intervention, give to the operators a good feeling during the 
real application. That indicates a good robot user interface 
that allows operating the robot naturally without added 
stress. The complete intervention was been performed in six 
hours of operation without any complication archived and 
zero doses for the persons involved.  
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Figure 2. (a. robot friendy plastic cover set,  b. point of view of endoscopic camera in gripper) 
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Figure 1 Overview scheme of the VERO framework 
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Abstract 
 
In unstructured and hazardous environments, like the one present in particle accelerators, nuclear and power plants, the 
organization of the maintenance intervention is crucial to increase precision and efficiency. In this work, the use of virtual reality to 
prepare a robotic intervention is presented, as well as the hardware, software tools, procedures and recovery scenarios conceived. 
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1. Introduction   

Intelligent robotic systems are becoming essential for space 
applications, industries, nuclear plants and for harsh 
environments in general, such as the European Organization 
for Nuclear Research (CERN) particles accelerator complex and 
experiments. In order to increase safety and machine 
availability, robots can perform repetitive, unplanned and 
dangerous maintenance tasks, which humans either prefer to 
avoid or are unable to carry out due to hazards, size 
constraints, or the extreme environments in which they take 
place.  

To operate robots in harsh environment or in place where 
there are difficulties for human access, there is a strong need of 
intervention simulators for safety, time and costs related 
reasons. Mock-ups and bench test rigs are a key part of the 
process for remote operations development and task 
validation. Virtual mock-ups are used for task procedure 
development by default, physical mock-ups are used for testing 
and validation where the tasks are either novel and challenging 
or involve physics characteristics which cannot be reliably 
represented in a Virtual mock-up. At CERN, several robotic 
systems and robotic controls are developed and deployed to 
maintain remotely particle accelerators [1-2]. For risk analysis 
and intervention procedures preparation, a Virtual 
Environment for intelligent Robotic Operations (VERO) has 
been design and conceive to guarantee precision, safety and 
robustness of maintenance activities, like remote inspection 
and telemanipulation Figure 1. 

 

2. The VERO Framework      

Virtual Reality (VR) is a simulation of an immersive 
environment produced by a computer. For this immersion the 
user can use different systems to replace the real world 
sensations by the computer generated ones. For example, for 
visual the user can use a headset, for audio a headphones, for 
tactile sensation different haptic devices, etc. The VERO 
framework takes in input all relevant CAD models and 
drawings, and from this data it creates a virtual environment 
for simulation using Unity [3-4] and has a decisional algorithms 
to establish if an action is safe to be performed by humans or 
needs remote devices, like for example robots. The core of the 
VERO framework is an algorithm that simulates robots 
behaviour and is fundamental for the design of the robotic 
procedures, tools and recovery scenarios that are vital in harsh 
and hazardous environments. The robot are modelled using a 
robot description format and spawned in the robotic simulator 
Gazebo. Control of the robot base is also modelled. A graphical 
user interface is used in order to interface with the simulation, 
and control the robot with the help of live images coming from 
the robot’s on-board cameras (see Figure 2). The generic 
robotic simulator, is used to simulate the physics and the 
visuals of the realistic and functional custom-made model of 
the robots. Thus, it can provide all the sensors’ states, including 
the state of all the joints declared in the model of the robot, as 
well as information on the cameras that the robot is equipped 
with, since these are also modelled and simulated. The user can 
operate the simulator using either a keyboard or a specifically 
designed GUI that runs on Windows. The output of virtual 
cameras is also streamed on a web server. This allows the user 
to access the cameras’ data and have it displayed in real-time 
via the GUI. For the simulator to be as realistic as possible, both 
the mathematical and visual models of the robot needed to be 
as faithful to the real robot as possible. The mathematical 
model of the robot was integrated and tested. This was 
followed by the visual modelling of the robot using a robot 
description format.  Furthermore, a simple test environment 
was also modelled for the robot to operate in. The first step in 
obtaining the kinematic model of the robotic arm, was to 
determine the Denavit-Hartenberg [5] parameters. In this 
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manner, the reference frames could be attached properly to 
the links of the robot’s arm. This was done by accurately 
sketching the robotic arm’s configuration, to clearly show all 
the joints and their frames and a joint-by-joint control has been 
adopted (see Figure 3), in addition to an operational space 
control mode (see Figure 4). 

 

 
Figure 2 High-level overview of the VERO tools 

 

 
Figure 3 Joint-by-joint control scheme of the VERO framework 

 

 
Figure 4 Operational-space control scheme of the VERO framework 

  
 
2.1. Simulation environment for operators training 
The immersive technology as virtual reality offers a wide 
variety solutions in different fields. It allows to incorporate 
large scale volumetric data of any complex 3D structure for 
visualisation, design and training propose [6]. The head-
mounted display (HMD) gives the possibility to have a wide 
field of view of the virtual environment. Furthermore, the low 
latency tracking and the high-resolution displays make the 
experience more realistic. This technology is being used also in 
education to bring more intense experiences to students. For 
example, in the research ([7]), an educational game for History 
subject is developed for students in order to learn and develop 
historical thinking in an authentic, interactive and explorative 
experiences in the virtual environment. Researches prove that 
this technology improve the interest and the perform of the 
students [8-10]. Virtual reality is also been considering in 
medicine as a successful simulator for training propose and 
survey planning [11-12]. Although the major aim of VR in 
medicine is survey practice, it is also used in medical care with 
multiple professionals in a shared virtual environment for share 
decision making for an actual surgical intervention [13] or 
trauma decision-making [14]. 
In robotic field, virtual reality has been used for teleoperation 
in risky place as Tokamaks [15] or JET [16].  In both research,  
VR is used as a tool in Remote Handling (RH) for design robotic 
arm's operation and training. Applying the imitation leaning 
[17] the robot is able to learn and perform complex tasks or 
solve the complex dexterous manipulation problem [18]. By 
using external controller or human body tracking, bimanual 

robot is easily controlled performing complex manipulation 
tasks [19]. Moreover, it is possible to add real pictures features 
as texture of the virtual environment and other feedback 
source in order to increase of realism, help to go out from the 
gaming effect and decrease the fatigue and stress while using 
VR. Among different components of the VR system, input and 
output devices are crucial in this system. They are in charge of 
immerse the user in the virtual environment. With input 
devices, the user can interact with virtual scene. Output 
devices bring the sense and different feelings to the user. The 
basic input devices are used to track the position of the user 
together with the head orientation; normally these features are 
incorporated in the HMD. To capture the actions of users, 
different devices can be used. For example a treadmill for 
tracking the movement as walking or running; externals 
trackers for body tracking or controllers that allow user interact 
with objects or do different actions. Several input and output 
devices are presented in the Figure 5.  
 

 
Figure 5 Input and output devices  

 
A comparison of two most common known HMD is showed in 
the Table 1 and Table 2. VERO is based on a powerful graphics 
engine and a physical simulator that make possible to users feel 
the physical presence in the virtual environment. Furthermore, 
this module is practical for acquainting with the environment in 
order to have better planning for the interventions. In addition, 
with VERO, the operator can train the operations before the 
interventions. In this way, using this system will save time, 
avoid unnecessary steps or overexpose to radiation, and 
foresee possible dangers.  
 
In nuclear plants and in general in hazardous environments, it 
is mandatory to do an analysis of the environment before 
starting an operation. For example, at CERN, there are several 
challenges to face when is working with tele-operated or semi-
autonomous systems due to the complicate environments and 
the conditions as high radiation and temperature. This situation 
will be more complicate if the operation needs to be done by 
human. 

 
Table 1 Specifications of Oculus Rift 

Display Type & Size Dual low-persistence Samsung 
AMOLED 

Display Size 90 mm x 2,456 ppi 

Resolution 1200 Ã   ̶̶   ̶ 1080 (per eye) 

Refresh Rate 90Hz 

Field of View 94H x 93V–degrees at optimal 
12mm lens-to-eye distance 

Sensors Accelerometer, gyroscope, 
magnetometer 

Tracking Technology 6 DoF Constellation camera optical 
360-degree IR LED tracking 

Audio Microphone, integrated supra-aural 
3D spatial audio headphones 

Dimensions 171 x 102 mm 

Weight 470g 
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Table 2 Specifications of HTC Vive 

Display Type & Size Dual low-persistence Samsung 
AMOLED 

Display Size 91.9 mm x 2,447 ppi 

Resolution 1200 Ã   ̶̶  ̶  1080 (per eye) 

Refresh Rate 90Hz 

Field of View 110H x 113V-degrees at optimal 
8mm lens-to-eye distance 

Sensors Accelerometer, gyroscope 

Tracking Technology 6 DoF IR Laser-based 360-degree 
tracking using “Lighthouse” 
Base Station 

Audio Microphone, jack for external 
headphones 

Dimensions 190mm x 127mm 

Weight 563g 

 
Taking all of this into account, a module of robot controller and 
master – slave training are developed. Through the module of 
the robot controller, the operator can move the robotic arm 
join by join and move the robot base around the scene (see 
Figure 6). In this way, it is possible to simulate the operation 
more realistic and check if the robot will reach the target. In 
addition, with this tool it is able to analyze the viability of the 
robot in small area. 
 

 
Figure 6 Full control of robotics arms and CERNbot: Application button 
+ Trigger to choose DoF to move, Left/Right to move the joints, 
Up/Down to move the robot base 

 
Due to the differences challenges described above for 
hazardous areas, the main aim of this module is build a virtual 
environment as similar as possible to the real environment. For 
this reason, the input data are the different components of the 
environment. This input data can be sketches, CAD models, 
photogrammetry or laser scanning or 2D plans of the 
environment, robots and tools (see Figure 7).  
 

 
Figure 7 Type of input data of VERO 

 

 
 
2.2 Integration 
VERO system is designed to be modular; each input is exported 
as an independent 3D model. In addition, different actions or 
interactions with the environment are developed as different 
modules, each module has a specific function. Depending on 
the requirement of the intervention, different 3D model and 
function modules will be added to the virtual scene. In this 
way, repetitive actions can be easy imported to different 
simulations. 
The flowchart from receiving a requirement to having the plan 
for intervention is shown in Figure 8. 
 

 
Figure 8 Flowchart interventions planning with VERO 

 
 Requirements: the requirement needs to be most 

detailed as possible, describing the goal of 
intervention, all the possible risk and giving the 
necessary input data model of the environment.  

 Simulation: after understanding the requirement, it is 
necessary to create the virtual environment for 
simulation. Each requirement needs to be studied in 
different simulators. This simulation includes the 3D 
model of the environment and all the modules 
necessaries for the intervention. For example, in 
some cases it is necessary unscrew, then the module 
of screw/unscrew is needed to be incorporated in the 
virtual environment. 

 

 
Figure 9 Danger estimation system incorporated in TDE maintenance 
planning; radiation map and animated body are incorporated 
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 Risk Analysis: the simulator is crucial in the sense that 
with this is possible to do a risk analysis and to know 
if the plan scheduled is viable or not. In addition, it is 
very important because in this step the radiation 
dose that will receive the human (see Figure 9) or 
robot during the intervention is calculated. Depend 
on the result of this analysis, the operation could be 
done by operator or robot. 

2.3 System validation 
The presented virtual reality system has been tested and 
validated in interventions mockup and in real scenarios for 
maintenance tasks in the CERN accelerators complex. It has 
been used for intervention procedures preparation, as well as 
risk analysis assestments for human intervention and recovery 
scenarios procedures conceptions. The framework has been 
also adapted for environmental integration purposes of 
different machines elements being part of CERN experimental 
complex. In addition, techniques like learning by demonstration 
has been integrated to prepare the robotic systems for 
autonomous behaviour in the fulfilment of the remote handling 
tasks (see Figure 10).  Signals from operator body (e.g. 
heartbeat) could be added to simulate operator status. 

 
Figure 10 Learning by demonstration integrated VERO. In the middle of 
the shown VR scene, a picture of an operator teaching a robot 
trajectory is superimposed. 

 
The developed framework has been used also to simulate 
multiple robots autonomous collaboration checking the best 
combination of robot positions and cameras angle of views for 
specific interventions in hazardous and harsh environments 
(see Figure 11). The strategy adopted  for the human-robot 
collaboration is explained in [1]. 

Figure 11 Example of collaborative robots scene and the different field 
of view from the robots in the virtual scene. 

3. Conclusions      

A novel virtual reality based framework for remote intervention 
preparation, procedures, tooling, as well as safety and dangers 
estimation for maintenance in big science facilities has been 

presented. The framework is under operation at CERN for 
maintenance operations of particle accelerator complexes. In 
the future, it is planned to endorse the current framework with 
automatic texturing to reduce the gaming effects of VR systems 
and to add artificial intelligence algorithms. 
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Abstract 
In this paper, we describe a feedback control of a levitation actuator. The actuator is used in a non-contact mechatronic system, such 
as a desktop manufacturing system, an optical positioning stage, and other miniature systems. The levitation actuator consists of a 
stacked-type piezoelectric element (piezo), a flat plate, and a counter weight. The counter weight is attached at the top of the piezo, 
and the flat plate is at the bottom of the piezo. The vibration of the piezo causes the plate to vibrate vertically. The vibration of the 
plate generates an air film underneath the plate by Squeeze film effect, and the air film lifts the actuator. The counter weight which 
is heavier than the plate keeps its vertical position by the inertial law. We show the levitation of the levitation actuator, and a minute 
levitation realizes the non-contact condition. A feedback controller is implemented. A dead band is introduced to prevent hunting. 
The levitation height is controlled experimentally by tuning the drive frequency of the piezo. The experimental results verify that the 
developed feedback system is suitable for the control of the levitation actuator. The constant levitation is achieved.  
 
Levitation, Actuator, Vibration, Micro robot, Control  

 

1. Introduction  

Small production systems which consist of miniature sensors 
and actuators are developed. Positioning stages play important 
roles in the production systems. Piezoelectric actuators (piezos) 
are used in small-scale precision positioning stages. An 
inchworm motor using three piezos and three electromagnets 
was developed [1]. Two excited electromagnets keep their 
positions by the electromagnetic forces and piezos push the 
non-excited electromagnet. The motion of the inchworm motor 
is affected by friction, since the electromagnets slide on a 
surface.  

Non-contact manipulation is realized by an air film. An active 
air bearing using an air film generated by the ultrasonic 
oscillation of the piezo was reported [2]. The thickness of the air 
film of the bearing was controlled by PI feedback [3]. A three 
degrees-of-freedom inchworm using acoustic levitation was 
reported [4]. A levitation actuator was implemented so that the 
friction was eliminated. The electrical signal at an appropriate 
frequency was applied to the piezo, and the vibration of the 
piezo generated the air film which lifted the inchworm. A 
levitation characteristics of the levitation actuator using a piezo 
was described [5]. The amplitude of the drive voltage changed 
the drive frequency due to the nonlinear behaviour of the piezo. 
The importance of nonlinearity of the piezo was described [6]. 

In this paper, the vertical displacement of the levitation 
actuator is controlled by a feedback control. In order to avoid 
the nonlinearity of the piezo, the drive frequency is controlled, 
and the drive voltage is not changed. The structure of the 
levitation actuator, the levitation height, a feedback control 
system, and some experimental results are described.  

2. Levitation actuator      

2.1. Structure  
A levitation actuator used in this paper is shown in Figure 1. It 

consists of a counter weight, a piezo, a circular plate, and 

semicircular metal hinges. They are fixed with screws. The 
counter weight, 40 g, is attached to the piezo. The plate is 3 cm 
in diameter, 3 mm in thick and 5 g in weight. The thickness and 
outer diameter of the semicircular metal hinges is 2 mm and 
20 mm, respectively. A stacked-type piezo (NEC-Tokin, 
AD050516, 20 mm long) is used. When the input voltage of 100 

VDC is applied to the piezo, it extends 11 m. The piezo vertically 
vibrates. The squeeze film generated under the plate lifts the 
actuator which is placed on a flat plane.  

The control signal is generated by a function generator, and is 
applied to the piezo through an amplifier. The vertical position 
of the plate, which equals the levitation height, is measured with 
a laser displacement sensor (KEYENCE, LK-G5000 series). The 
vertical position of the counter weight is also measured.  

 

 
Figure 1. Levitation actuator which realizes non-contact condition 

 
2.2. Levitation height 

Figure 2 shows the vertical position of the plate and that of the 
counter weight. The waveform applied to the piezo is a 10 kHz 
and 10 V peak-to-peak (Vpp) sinusoidal with a 50 Vdc offset. The 
voltage is applied at 175 ms, and the actuator starts to levitate. 

The averaged vertical position of the plate is about 11 m, which 
is determined as a levitation height. The averaged vertical 

position of the counter weight is about 17 m. The difference, 

6 m, between them is generated by the DC offset voltage 
applied to the piezo.  
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Figure 2. Levitation height and drive signal  

3. Control system     

The block diagram of the levitation height control is shown in 
Figure 3. An Arduino board is used to control the levitation 
height. One control period is 0.2 s including calculation time. The 
levitation height is processed by the averaging block, which is a 
low pass filter. The average height is compared with the 
reference height. The dead band block is implemented in order 
to avoid hunting of the levitation height. The proportional 
control gain Kp is used.  

The levitation actuator is controlled by the drive frequency, f, 
which is determined by the input signal, u, of the function 
generator. The relation between the input voltage and the drive 
frequency of the function generator is shown in Figure 4. The 
frequency ranges linearly from 1.0 kHz to 11 kHz as a function of 
the input voltage from 0 V to 5 V.  

  

 
Figure 3. Block diagram of feedback levitation height control 

 

 
Figure 4. Drive frequency as a function of input to function generator  

4. Experiment      

The width  of the dead band is one of the most important 
parameters. Two dead bands are examined. First, a wide dead 

band is tested. The reference levitation height is 6 m, and 6 m 

dead band is used, i.e. the height is between 3 m and 9 m. 
Next, a narrow dead band is tested. The reference levitation 

height is also 6 m, and 2.4 m dead band is used, i.e. the height 

is between 4.8 m and 7.2 m. The proportional gain Kp is also 
important. First, the gain Kp=1 is used for the wide dead band. 
However, the system continuously overshoots and then 
undershoots, struggling to settle at the desired height. The gain 
Kp is gradually reduced, and the gain Kp=0.01 is used in the 
following experiments. 

The initial drive frequency is 5.0 kHz, and the voltage applied 
to the piezo is 40 Vpp. Figure 5(a) shows the result obtained by 

the wide dead band, 6 m. The levitation converges in the dead 

band in 2 s, exceeds 9 m by a disturbance at 18 s, and returns 
in the band. Figure 5(b) shows the result obtained by the narrow 

dead band, 2.4 m. As with the result using the wide dead band, 
the levitation height is in the reference height range. Figure 5(c) 
however shows the different result. Once the levitation height 
deviates from the target range by a disturbance, the oscillation 
phenomenon is caused by the narrow dead band, and the height 
does not settle the desired height. A gain Kp and a narrow dead 
band of the control system cause the hunting. Frequency 
characteristics of the levitation actuator and control period of 
the system are additional factors. The addition of damping will 
slow system response.  

(a)   

(b)  

(c)  
Figure 5. Measured levitation height with dead band of (a) 6 m, (b) 

2.4 m stable, and (c) 2.4 m unstable 

5. Summary      

The levitation height of the levitation actuator was measured. 
A feedback control of the levitation height was implemented. 
The drive frequency of the piezo could change the levitation 
height. By the use of a feedback control with a wide dead band, 
the levitation height was controlled. However, the control with 
a narrow dead band caused hunting phenomena. In future, we 
will tune the control parameters, for example proportional gain 

Kp, the width  of dead band, and control period experimentally.  
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Abstract 
Robotic systems have been going through a staggering evolution over the past decades, with new generations of robots, increasingly 
dexterous and intelligent, being developed at an unprecedented rate. Where robots are traditionally thought of as rigid systems, the 
introduction of compliant materials in robotics has sprouted a new robotic family tree. Because of their versatility and compliancy, 
these soft robots are uniquely suited to accomplish delicate tasks where a safe interaction with humans or other biological systems 
is preeminent: minimally invasive surgery, elderly care, exoskeletons and, more recently, even video game industry. All these 
applications require robots that are able to interact safely in an unstructured environments. In this context, conventional rigid robots, 
made out of rigid links and actuators with a fixed number of degrees of freedom, typically fail because of the extreme complexity 
and cost of sensor and control systems. 
Recent advances in soft robotics showed that this limitation can be avoided. For example, grabbing a delicate object using a soft 
actuator does not necessitate sensor feedback. Further, by actively harnessing structural nonlinearities, functionalities can be 
encoded within the distributed hardware of the system, drastically lowering the computational power needed for control. This paper 
will highlight recent advances in soft robotic technology with applications ranging from minimally invasive surgical tools to 
biomimicking artificial cilia and walking robots that harness morphological control.     
 
Soft robots, soft actuation, morphological computing   

1. Introduction 

The digital revolution drastically changed the world around us, 
leading to robots that outperform humans in terms of accuracy 
and speed. Due to their computational power they now are even 
breaching the borders of (artificial) intelligence. However, these 
machines typically perform badly when interacting with 
unpredictable environments such as navigating uneven terrains 
or handling amorphous objects. Still those tasks are typically 
‘easy’ for organisms. This discrepancy comes down to a 
difference in general architecture. Conventional robots consist 
of sensors and actuators with linear characteristics that are 
controlled through software in which all complexity is localized. 
Each degree of freedom features a closed feedback loop with 
dedicated sensor, actuator, and control elements. However, in 
nature these functions are not concentrated in separate 
building-blocks, but are rather distributed throughout the body. 
In extreme cases functionality arises even without a traditional 
sense of cognitive computation [1] (e.g. the catching of a fly by 
the Venus flytrap).  

Reproducing this distributed functionality where for example 
actuators also become sensors necessitates a hardware 
architecture that can both influence and be influenced by the 
environment. This leads to a paradigm shift where robots are 
designed with a stiffness comparable to the environment’s. This 
idea instigated the research field of soft robotics, where typically 
materials are used with moduli in the order of 104-109Pa [2]. One 
consequence of applying these materials is a poor dynamic 
performance and low controllability. However, as we will show 
in this paper, it also leads to new capabilities that are 
unparalleled by rigid robots. Firstly this paper will focus on the 
direct consequences of using soft materials, the ability to 

achieve large deformations and the ability to be intrinsically safe 
in interactions with organisms. Secondly, the focus will shift 
towards a secondary consequence that originates from these 
large deformations: the emergence of reversible nonlinear 
relationships between input and output that can be harnessed 
to create new functionalities without software control, like 
valveless actuator sequencing. 

2. Harnessing softness  

Typically, soft robots are made out of polymers that can 
withstand several tens to hundreds of percent strain before 
failure. Those polymers owe their flexibility to an architecture of 
linked polymer chains which can rotate, slide and (dis)entangle 
to reversibly store energy with little stress build-up. Since their 
moduli are comparable to (or even lower than) that of biological 
tissue, they are inherently safe when making contact with 
organisms [3]. Therefore the application domain of surgical tools 
is highly investigated within the field of soft robotics. Moreover, 
the resemblance of the used polymers to biological materials 
allows soft robots to closely mimic the behaviour of natural 
organisms. Both application domains, surgical tools and 
biomimicking systems, display the power of using softness in 
small-scale robotics design, and will be detailed in the next two 
sections.  

 
2.1. Minimally Invasive surgical tool   
 

When in contact with biological tissue, it is impossible for soft 
robotic actuators to impose detrimental stresses to the 
surrounding tissue. As such, safety is an inherent feature of the 
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robot’s hardware and does not depend on active software 
control. To demonstrate the ability to use soft robotics in a 
surgical context, an elastic actuator has been developed that 
shows a bending deformation when inflated [4]. With a CMOS 
camera mounted on the distal end of the actuator, it functions 
as a chip-on-tip endoscope that can extend its field of view by 
bending off-axis. This active endoscope is tested in a surgical 
context: in a mock-up ophthalmological procedure the full retina 
can be visualised from a single access port, as is shown on figure 
1. The developed active endoscope actuator has a square cross 
section of 1.1 x 1.1 mm2 and has a total length of 12mm. It is able 
to bend 45° at a supply pressure of 280 kPa and is able to go from 
straight to fully bent in less than 0.1 seconds.  
 
2.2. Biomimetic Cilia   
 

Cilia are cell organelles that induce fluid flow at microscopic 
scales. According to the scallop theorem, fluid propulsion at low 
Reynolds numbers necessitates asymmetry in the actuation 
scheme since all inertial effects are negligible and time is cut 
from the Navier-Stokes equations leading to the linearized 
Stokes form [5]. For cilia, asymmetry can take different forms, 
acting on a single cilium (spatial, orientational and temporal 
asymmetry) and on the level of a cilia array (metachronal 
asymmetry). Theoretically, it has been shown that spatial 
(cilium’s tip follows a different path between forward and 
backward stroke) and metachronal (phase difference between 
cilia) asymmetry are essential for achieving low Reynolds flow 
propulsion. However it is extremely difficult to mimic these 
mechanisms using conventional robotic technologies, since 
large bending deformations are needed at a small scale. 

The high deformations of soft robotic pneumatic bending 
actuators are well suited to mimic nature’s cilia deformations 
[6]. A dual degree of freedom bending actuator is fabricated with 
two inflatable channels in a monolithic silicone rubber structure. 
Sequential inflation of the channels results in an asymmetric 
pattern resembling natural ciliary movement (spatial 
asymmetry). This beating has been shown to result in a net fluid 
propulsion in a highly viscous environment, and new insights in 
the hydrodynamic mechanism behind this propulsion have been 
distilled from these experiments [7] that until now were only 
theoretically predicted.  

Using multiple 2DOF bending actuators in an array, as shown 
in figure 2, allows for mimicking the collective metachronal 
asymmetry seen in ciliary carpets. A phase difference can be 
imposed on the pneumatic signals of subsequent artificial cilia, 
resulting in tuneable beating patterns of the array. This enables 
a thorough study of the hydrodynamic interaction in cilia arrays 
and will provide insight in the mechanisms behind low Reynolds 
number fluid propulsion and micro-mixing. 

3. Harnessing Nonlinearities   

The previous paragraphs show that an artificial cilium 
featuring two separately controlled actuators can generate an 
asymmetric motion that induces fluid flow at low Reynolds 
numbers. This requires two supply lines and valves for every 
cilium so in an array with phase offsets the amount of supply 
lines and valves becomes excessive. A technological need 
therefore exists to simplify the control system and generate an 
asymmetric actuation sequence from a single pneumatic input.  

This need can be addressed by introducing a concept called 
morphological computing, in which the hardware takes over 
control tasks from the software [8]. Morphological computing is 
an aspect of a wider theory called embodied intelligence, which 
conceives that intelligence is not merely confined in the brain of 
an agent, but emerges from the peculiarities of its physical body. 

The field of soft robotics is uniquely suited to explore the 
world of embodied intelligence for two reasons. Firstly, soft 
structures are intrinsically underactuated, which is exploited in 
for example soft grippers to grab arbitrary objects with a 
minimum of control. Secondly, morphological computing is 
known to result from nonlinearities and nonlinear 
characteristics are ubiquitous in soft robots because of their 
large deformations and hyperelastic materials.  
So far, nonlinearities have been largely avoided in soft robotics 
research in order to gain software controllability [9]. However, 
initial research efforts [10]–[12] focussed on exploiting these 
nonlinearities show the huge potential of this new paradigm. To 
display this potential to “distribute” computation in the body we 
will report two methods to embody discrete sequencing of soft 
actuators without the use of valves. As such actuation is not 
controlled by software, but instead by the robot’s hardware 
morphology.  

Figure 1. Active endoscope that consists of a CMOS camera that is mounted on the tip of a soft robotic bending actuator to increase its field of view 

Figure 2. Soft inflatable artificial cilia, showing individual and collective asymmetries, used for fluid experiments in viscous flows. 
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The sequence being discrete means that when a specific 
actuator responds, the other actuators in the system need to 
maintain their previous configuration. Therefore, actuators 
need to have a sort of discretised response, an on-off internal 
mechanism, which is triggered when a pressure threshold is 
reached. 

Such a mechanism is present in spherical party balloons that 
go through a reversible elastic instability at constant pressure as 
soon as a critical pressure is reached. It results from their 
pressure-volume characteristic (PV-curve) that features a peak 
and a valley separated by a region of negative stiffness as shown 
in figure 3a. When the pressure in the balloon exceeds that of 
the peak during inflation or drops below that of the valley during 
deflation, a snap-through instability occurs. The same 
phenomenon occurs in other soft actuators with a non-
monotonic PV-curve. 

Connecting actuators with such a PV-curve together and 
controlling the pressure at a single point results in a discrete 
sequence of inflations and deflations. The exact sequence is 
determined by two effects. Firstly by the position of the peaks 
and valleys of the PV-curve in the case of quasi-static sequencing 
and secondly by introducing pressure drops over flow restrictors 
in dynamic sequencing. Both methods are discussed in the 
following sections with applications of respectively an artificial 
cilium and a tetrapod walking robot.  

 
3.1. Quasi-static sequencing 
 
In the quasi-static case, dissipation caused by flow of the 
working fluid is neglected. This condition can be reached 
experimentally for slow inputs and short and wide tubes. 
Considering a simple system with two parallel connected 
actuators, each having their own p(v) characteristics, without 
pressure drops. At each point in time, the two actuators will see 
the same pressure magnitude (1) and the total volume can be 
found by summing the volume inside actuator 1 and actuator 2 
(2). The response of the system while inflating or deflating 
follows from the stability condition of the total energy in the 
system (3).  

𝑝(𝑣) = 𝑝1(𝑣1) = 𝑝2(𝑣2) (1) 
 

𝑣 = 𝑣1 + 𝑣2 (2) 
 

𝜕𝐸

𝜕𝑣1
= 𝑝1(𝑣1) − 𝑝2(𝑣 − 𝑣1) = 0  (3) 

The following scenarios are possible depending on the PV-curves 
of the two actuators: no sequencing, partial sequencing and full 
sequencing, be it symmetric or asymmetric [13]. When both 
actuators have linear PV curves, the overall response is 
proportional to the input, thus having no sequencing. 
Sequencing only occurs if at least one of the actuators has a 
nonlinear PV curve. For example, partial sequencing occurs if 
one has a PV curve with a pressure plateau at high volumes. 
When increasing the volume in the system, initially both 
actuators deform. On reaching the pressure plateau, however, 
only the nonlinear actuator continues to deform while the linear 
one remains in the same configuration. While there is a clear 
sequence, it is the same on inflation and deflation: partial 
sequencing. 
For full sequencing, there needs to be asymmetry between 
inflation and deflation. This is possible when the two actuators 
have non-monotonic PV-curves. By tuning the pressure of the 
peaks and valleys of those curves, the actuator responses can be 
discretised due to the snap through instabilities in the system. 
When two actuators see the same pressure, the one with the 
lower pressure peak will snap first when inflating. On the other 
hand the actuator with the higher valley will snap back first to its 
undeformed configuration when deflating. In the case where 
both the peak and the valley of one actuator are higher than 
those of the other, the sequence is symmetric. In the other case, 
as depicted in figure 3a, the sequence has the desired 
asymmetry where the first one inflating is the last one deflating. 
This actuation asymmetry is directly linked to the motion 
asymmetry of artificial cilia, that is needed to generate fluid 
flow. Thus single inflow artificial cilia can be made by combining 
two nonlinear actuator segments into one inflatable structure. 
This has been realized in a large scale actuator, as shown on 
figure 4a, where a small area is swept during consequent 
inflation an deflation, while having only one single supply line. 
 
3.2. Dynamic sequencing   
 
The degree of asymmetry in a sequence of nonlinear pneumatic 
actuators is proportional to the difference in snapping pressures 
of the actuators. In the quasi-static case, those pressures are the 
values of the local extrema in the PV curves of the actuator. To 
increase the asymmetry in the sequence of interest, the peak of 
one actuator should therefore rise above that of the other while 
simultaneously its valley should drop below that of the other. 

Figure 3 Sequencing mechanisms for nonlinear actuators: a) quasi-static sequencing, b) dynamic sequencing 
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Tuning for these opposite tendencies is hard with the design of 
the nonlinear cilia actuators used in figure 4a. 
However, the deliberate introduction of dynamic pressure drops 
between actuators achieves the same effect, as shown in [11]. 
Equation 1 then no longer holds. Instead, it becomes: 
 

𝑝1(𝑣1) = 𝑝2(𝑣2) + ∆𝑝 (4) 
 
Δ𝑝, the pressure drop over the restrictor between the actuators, 
is calculated from the flow through it as demonstrated in [14]. In 
the most simplified model, Δ𝑝 is a constant of which the sign 
depends on the direction of the flow. On inflation of actuator 2, 
Δ𝑝 is positive so the required pressure at the inlet of the 
restrictor to snap the actuator is higher than the peak in its PV 
curve. The PV curve of actuator 2 therefore appears to be shifted 
up from the perspective of actuator 1, as illustrated in figure 3b. 
The opposite effect occurs on deflation. 
The use of dynamic pressure drops to generate a deterministic 
sequence of inflations and deflations was demonstrated on a 
walking robot platform. The robot featured four legs, each 
consisting out of a rigid hinged mechanism and two inflatable 
actuators with a nonlinear PV curve, where all eight actuators 
were designed to have the same PV curve. By connecting 
multiple actuators together with specific flow restrictors, all 
actuators could be actuated in sequence to perform different 
gaits. Configurations with four, two and one common pressure 
supply line, shown in figure 4b resulted in forward motion of the 
tetrapod when triangular pressure signals were applied. 

4. Conclusion and outlook 

In this paper we reviewed recent advances in soft robotics, 
concerning applications of small-scale fluidic actuators and an 
introduction to morphological control. Minimally invasive 
surgery and biomimetic solutions for miniaturized devices are 
foreseen as the application domains where soft microrobotics is 
going to play a major role. However, softness in actuation also 
introduces nonlinearities in their input-output characteristics, 
making traditional control schemes difficult to implement.  

Nevertheless, in the perspective of embodied intelligence, 
nonlinearities have to be included in the design and harnessed 
to augment the functionality of soft devices. As example we 
implemented the concept of morphological control, where a 
network of nonlinear soft actuators can operate in a 
deterministic sequence using a single input.  

Morphological computing and embodied intelligence, are bio-
inspired paradigms, as animals do not have a straightforward 
control of each single muscle in their body, but rather a low-level 

control that coordinates and cooperates with morphological and 
compliant properties of the musculoskeletal system.  

In our perspective, morphological computing and soft robotics 
will be paramount to further develop applications where agents 
adapt and interact with the environment through simplified 
control inputs. 
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Abstract 
In the design process of high-precision motion stages, the dynamic behavior is of paramount importance. Manual design of such a 
stage is a time-consuming process, involving many iterations between engineers responsible for mechanics, dynamics and control. 
By using topology optimization in combination with additive manufacturing, post-processing using traditional machining and parts 
assembly, it is possible to arrive at an optimal design in an automated manner. The printing, machining, and assembly steps are 
incorporated in the optimization in order to directly arrive at a manufacturable design.  With a motion stage demonstrator optimized 
for maximum eigenfrequencies, it is shown that combining additive manufacturing and topology optimization at industry-relevant 
design precision is within reach and can be applied to high-performance motion systems. 
 
Motion system • Additive manufacturing • Topology optimization • Eigenfrequency   

 

1. Introduction 

Dynamic behavior is a key aspect in the design process of high-
precision motion stages. The manual design of a stage for 
optimal relevant eigenfrequencies is a lengthy process, requiring 
extensive iterations between mechanical designer, the dynamics 
engineer, and the control engineer. 

With the emergence of additive manufacturing, previously 
unproducible geometries can be fabricated, although the 
process imposes different manufacturing constraints. The 
resulting range of design options is so enormous, that manual 
design approaches are incapable of exploiting the full potential. 
Through computational design approaches such as topology 
optimization, design iterations can be performed more swiftly 
and consistently in an automated process. However, application 
of topology optimization at the design resolution needed for 
high-precision motion systems still forms a major computational 
challenge, next to other crucial aspects such as ensuring 
printability and the integration of assembled parts into the 
optimization. 

In this contribution, we present an approach to address 
aforementioned challenges, in the form of a case study with a 
demonstrator. The demonstrator (Fig. 1a) consists of a 
magnetically levitated stage, which fulfills the requirements for 
a vacuum-compatible semiconductor inspection system [1]. 

2. Method 

In the demonstrator (Fig. 1a), the short stroke chuck is to be 
fabricated by metal additive manufacturing, enabling maximum 
design freedom for the topology optimization algorithm. Its 
dimensions are 400x400x48 mm, which is printable by the 
MetalFAB1 system of Additive Industries in the aluminium alloy 
AlSi10Mg. After postprocessing by means of traditional 
machining, actuators and other necessary components can be 
assembled.  

 
 

 
(a)     (b) 

 
Figure 1. (a) Overview of the magnetically levitated stage as in [1]. (b) 
Layout of the chuck: the green areas are static components, and the area 
indicated in blue is the design volume.  
 
2.1. Optimization procedure 

The goal of the considered optimization is to maximize the 
chuck’s first three eigenfrequencies 𝜔𝜔𝑖𝑖 for a given mass 𝑀𝑀lim of 
the chuck (Equation 1), which can be attained by optimal 
material-distribution 𝒔𝒔 in the available design space in between 
the actuators, as can be seen in Fig. 1b. 

To enable large scale computations, a structured grid of 
hexahedral trilinear finite elements with a resolution of 1mm is 
used. In this way the entire structure is discretized by a mesh 
consisting of 9 million elements and 28 million degrees of 
freedom on which the eigenfrequencies need to be solved. 
Using a parallel implementation, based on PETSc [2,3], and 
running on 384 processors results in a computation time around 
15 minutes per design iteration (the total number of iterations 
is 100). 

 
min
𝒔𝒔
�

1
𝜔𝜔𝑖𝑖
2(𝒔𝒔)

3

𝑖𝑖=1

 

s. t.  𝑲𝑲(𝒔𝒔)𝝓𝝓𝑖𝑖 = 𝜔𝜔𝑖𝑖
2𝑴𝑴(𝒔𝒔)𝝓𝝓𝑖𝑖  

𝑀𝑀(𝒔𝒔) ≤ 𝑀𝑀lim 

 
 

(1) 
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In order to arrive at a practical design, the geometry needs to 
fulfil requirements on printability (the design needs to be self-
supporting) and on structural integrity (all components need to 
be connected). To achieve this, the simulation inside the 
optimization is set up in a way to reflect the different stages in 
the physical production process: additive manufacturing, post-
processing, and assembly. 

Additive manufacturing. Since a structured grid is used, the 
overhang filter of Langelaar [4] is used to ensure a 45° overhang 
angle (Fig. 2a), ensuring a self-supporting geometry. The 
overhang filter is preceded by a Heaviside filter in a robust 
formulation [5] in order to gain feature-size control and prevent 
overflow of sensitivities of the overhang filter.  

Post-processing. In the post-processing step, some of the 
support structures are removed, and pockets are cleared for the 
actuators (Fig. 2b). A small penalty factor is added to minimize 
the use of sacrificial support structures. At locations where 
fasteners (bolts and alignment pins) are positioned, a constraint 
is added to ensure placement of material. 

Assembly. To represent the final assembled structure and its 
dynamic performance, the geometry of the actuators is 
projected on the structured grid, with the correct material 
properties (Fig. 2c). In this way the same regular element grid is 
not only used to determine printability, but is used again for 
efficiently solving the eigenfrequencies of the assembled 
system. 

3. Results 

After optimization, the optimized stage is obtained without 
any human interference and within reasonable time: the entire 
optimization is completed in about 25 hours, just over one day. 
The printable design (Fig. 2a) is entirely self-supporting with an 
intricate inner structure (Fig. 2d), which can only be fabricated 
using additive manufacturing. The use of sacrificial support 
structures, as seen in Fig. 3, is kept to a minimum by the penalty 
factor on supports. 

 

 
 

Figure 3. Detail of support structures, where the area to be removed 
in post-processing is indicated in orange. 

 

From the numerical performance comparison in Table 1, it is 
clear that the eigenfrequencies of the optimized design (Fig. 2c) 
are superior compared to either the previous design [1], as seen 
in Fig. 1a, and a straightforward solid chuck, as seen in Fig. 1b. 
Note that the mass of the designs has been kept constant, as to 
use identical magnetic gravity compensation systems [1]. 
Experimental results can not yet be given, as the demonstrator 
is currently being manufactured. 
 
Table 1 Comparison between the previous, solid and optimized design 
 

 Unit Previous  
[1] (Fig. 1a) 

Solid  
(Fig. 1b) 

Optimized  
(Fig. 2c) 

Mode 1 
Torsion Hz 293 340 602 

Mode 2 
Saddle Hz 406 402 756 

Mode 3 
Umbrella Hz 515 511 864 

Dimensions mm 460x460x35 400x400x31 400x400x48 
Mass kg 7.5 7.5 7.5 

4. Conclusion 

Combining additive manufacturing and topology optimization 
enables the systematic and fast design of high-precision motion 
systems, as demonstrated by the case study presented in this 
paper. With all the relevant manufacturing considerations, a 
ready-to-print, high-resolution optimized design was generated 
in a single day. In terms of dynamic performance, the assembled 
motion system based on the obtained design outperforms 
reference designs by a large margin. This proves that the 
combination of additive manufacturing and topology 
optimization at industry-relevant resolutions is within reach and 
provides new opportunities to realize motion systems with 
superior performance. The demonstrator is currently being 
fabricated and live demonstrations will be given during the 
conference. 

 
This work is part of the research programme HSTM with project number 15388. 
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(a) Printed final design        (b) Machined final design           (c) Assembled final design  (d) Internal structure 

 
Figure 2. The optimized design at different process steps: (a) the design after additive manufacturing, (b) the design after machining, (c) the final 

assembled design, and (d) a crossection showing internal structures. The arrow indicates the build direction. 
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Abstract 
A nanoprobe end-station was previously (2018) installed and validated on the SWING beamline (Synchrotron SOLEIL) for 2D-nano-
ptychography with an imaging resolution of 40 nm. As a continuation of the project, this very system has recently been upgraded to 
allow for (1): 2D-imaging resolutions of 20 nm or better, and (2): 3D- nano-tomo-ptychography imaging with spatial resolutions of 50 
nm or better. Additionally, the system has been designed to be portable and capable of handling sample-sizes from the micrometer 
scale to several hundreds of a micrometer. The end-station actuated a total of 11 Degrees Of Freedom (DOF) composed of a sample 
stage (5 DOF), an optical stage comprised of central stop- and Fresnel zone plate optical elements (3 DOF), as well as an order sorting 
aperture stage (3 DOF). All positioning stages were comprised of piezo-driven actuators or high-quality brushless motors, of which 
synchronized control (with kinematic modelling) was done using the SOLEIL Delta Tau platform. In addition, interferometry feedback 
was used for reconstruction purposes. Imaging results are promising: the system was able to resolve 2D-images with a resolution 
better than 19 nm measured with a Siemens star, and 3D- images with a spatial resolution of 40 nm using a Silica sample. 
 
Keywords: Synchrotron SOLEIL, ptychography, tomography, nanoprobe, nanopositioning, Delta Tau, control, kinematic modelling, interferometr y 

 

1. Introduction  

The  Nanoprobe Project[1, 2], a 4-year joint collaboration 
between Synchrotron SOLEIL and MAXIV (Sweden), was 
launched in 2013 in order to produce a 3D scanning-nanoprobe 
prototype. After the project had ended in december 2016, a 
SOLEIL-based team dedicated to nano-positioning systems was 
formed (Nanoprobe-SOLEIL). 

In preparation for the upcoming SOLEIL Synchrotron upgrade 
[4] (which will utilize a more coherent light source) and to 
address a growing need amongst its users, the SWING beamline 
[3] at Synchrotron SOLEIL has decided to add high-resolution 
coherent diffractive imaging, ptychography, to its roster of 
experimental setups. And as such, the SWING beamline has now 
staked out the following long-term goals for its nanoprobe end-
station: 

1. System portability: to keep a level of flexibility 
between different type of experiments, any new 
system needs to be compact and capable of 
installing/uninstalling to/from the beamline within 
a few hours. 

2. Nano-2D-ptychography: imaging resolution equal to 
or better than 20 nm, with full-range scans of 102 
µm up to several 1002 µm. 

3. Nano-3D-tomo-ptychography: spatial resolution 
equal to or better than 50 nm, with full-range scans 
of 103 µm up to several 1003 µm 

Goals 1 and 2 were partially accomplished at the end of 2018, 
where a new portable Nanoprobe endstation performed nano-
2D-ptychography [1] at a resolution of 40 nm.  

The scope of the project continuation (and the subject of this 
paper) is therefore to: upgrade the Nanoprobe end-station to 
allow for higher 2D-imaging resolution, and to introduce and 
test nano-3D-tomo-ptychography at the SWING beamline.  
The term Nanoprobe End-Station will in this paper be referred to 
the support and environment that houses the active parts used 

in scans. The term Nanoprobe System will refer to the 
Nanoprobe End-Station as well as all its driving electronics & 
control systems. 

2. Nanoprobe end-station overview      

The new end-station can be sectioned up into four main parts; 
the overall system support structure (including plexiglass cover), 
the interferometer support structure, an actuated sample stage, 
and actuated optical stages. The optical stages are composed of 
a Fresnel-Zone-Plate & Central-Stop Stage (FZP-CS), and an 
Order-Sorting-Aperture (OSA) Stage. Figure 1 illustrates the 
setup, showing each stage and their respective Degrees-of-
Freedom (DOF). 

 
Figure 1. Principal scheme outlining the SXZ- orientation of the  

Nanoprobe End-Station stages and their respective degrees of 
freedom. 

 
2.1. Metrology analysis & system design 

A metrology analysis was carried out to identify key 
parameters for the mechanical design. A high resolution nano-
2D step-scan would, for an example, necessitate differential 
positional tracking data between the Sample- and FZP-CS- Stages 
at each step of detector-image-acquisitions. Interferometer 
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position-tracking was consequently installed along the (X, Z)-
directions for both stages – the sensors were always installed in 
pairs (or triples) to provide additional angular displacements 
feedback.  

Introducing nano-3D-tomography-ptychography requires – 
almost by definition – a rotation drive along the Rz-axis on the 
Sample Stage; this poses a problem when utilizing 
interferometry position-tracking from the sides (ex. X- 
direction). The typical use of a cylindrical (or spherical) mirror for 
sample-tracking during full Rz-rotations does not give 
satisfactory results due to the apparition of interferometric 
sensor nonlinearities; a planar mirror in the X-direction was 
therefore used (lower nonlinearity levels with interferometry 
readings). In ptycho-tomography, the 3D position of the sample 
can be managed by the reconstruction algorithm for the (X, Z) 
translations. In other words, the use of a cylindrical mirror is not 
mandatory and as a main consequence, the runout of the rotary 
stage does not pose a problem provided that the runout-
amplitude meets the constraint of the scan size. 

Another issue with high resolution nano-3D-tomography-
ptychography is that wobble along the sample-Rx-axis needs to 
be managed for each movement along the Rz-axis; this is due to 
defects (error motions) in the Rz rotational drive. Wobble 
management in the Rs-direction was not necessary in this 
experiment because the X sensors are set up at the same height 
level as the sample. 
 
2.2. Supports & environment 

The nanoprobe upgrade had its system stage support 
reworked (in a one-piece aluminium) to have a smaller footprint 
and therefore higher level of rigidity (See Fig. 2). In addition, the 
interferometer support structure was completely redone to 
allow for the 9 interferometer sensors to be mounted from the 
top as well as the sides. Compromises were made in the 
conception of the support structures in order adhere to 
beamline specifications. 

 
Figure 2. 3D model of the Nanoprobe stage support & environment. 

This particular image is shown without it’s plexiglass cover, which is 
added during scans for thermal stabilisation and to minimize air 

turbulence. 
2.3. Optical stages 

The optical stages consists of two main elements: the Fresnel-
Zone-Plate-Central-Stop (FZP-CS) stage; and the Order-Sorting-
Aperture (OSA) stage. These stages each actuate into three 
linear DOF in the SXZ- space, using three stacked encoded linear 
piezo-multi-leg positioners, allowing for high-resolution (0.5 nm) 
and long-range movements in the millimetre range. In addition, 
the FZP-CS stage is equipped with 4 interferometer sensors (see 
Fig. 3) for position tracking in the (X, Z, Rx, Rz) – space. 

 
Figure 3. 3D model of: (left) Order-Sorting-Aperture (OSA) Stage, 

(right) Fresnel-Zone-Plate-Central-Stop (FZP-CS) Stage. Both stages 
annotated with its three DOF. Note that the FZP-CS stage includes four 

interferometer sensors (that are all mounted on a separate support 
structure) to measure (X, Z, Rx, Rz)- tracking for image reconstruction 

purposes. 
2.4. Sample stage 

The sample stage consists of 5 axes that actuate into the (S, X, 
Z, Rx, Rz) – space; comprised of high resolution (1 nm) and long-
range (>10 mm) linear SXZ- drives, a high- precision (with 
repeatable runout errors < 200 nm [2]) full-range rotational Rz-
drive, as well as a short-range high-resolution Rx-actuator. 
2D-ptychography scans would involve incremental nanometer  
(deca- or hundreds of nm) displacements on the XZ- plane (over 
a range of up hundreds of µm). Figure 4 shows the setup of the 
sample stage, here with an overlying bracket holding 
interferometer sensors for sample tracking during scans. 
Interferometer measurements would only be used for tracking 
movement errors for post-process image corrections. 

 
Figure 4. 3D model of the Sample Stage, here annotated 

with its five DOF. Also shown, five interferometry sensors (that are all 
mounted on a separate support structure) providing (S, Z, Rs, Rx, Rz) – 

positional tracking for image reconstruction purposes. 
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3. Control & Data Acquisition 

3.1. System architecture 
Figure 5 shows a detailed system architecture of the 

Nanoprobe end-station where 4 Delta Tau PowerPMAC- based 
controllers (Soleil high-end controller from the REVOLUTION 
project [4, 5]) are interfaced with all motorised axes and 
interferometer channels. All in all, the following setup is used: 

1. Two controllers, that are interlinked (Delta Tau MACRO 
interface [7]), handles closed-cloop control of the 11 axes 
in the Sample- and Optical Stages.  

2. Two controllers, also interlinked via the MACRO bus, are 
interfaced with 9 interferometer channels from the 
Sample- and – Optical Stages. These controllers are only 
used for position tracking and capture, and provide 
detector-synchronized (via a low-level TTL trigger signal) 
interferometer positional data for image reconstructions. 

All scans and and user commands operate through the TANGO 
control system [8], interfacing directly with the Delta Tau 
controllers via the beamline network. The SWING beamline, in 
this case, makes use of the Passerelle platform [9] (which 
operate through the TANGO system) to launch the 2D- and 3D- 
scans. 

 

 
Figure 5. Control/Acquisition architecture, from/to the 

Nanoprobe end-station to/from the users via the electronics 
and high-level software (TANGO). 

 
3.2. Control- & data acquisition schemes 

Figure 6 shows a simplified scheme of the nanoprobe control- 
and data acquisition. As was mentioned in Section 3.1, the 
control and data acquisition systems are kept separated at the 
low level; meaning that no interferometer feedback is used in 
low-level closed-loop control – instead they are almost entirely 
used as a reference point for image reconstructions. In the case 

of Rx-compensation (as was mentioned in Section 2.1),  
interferometry feedback-control is applied via the TANGO layer. 

Control and acquisition strategies can be divided into the 
following: 

 Control Strategy, Sample Stage (5 axes): All 5 axes can be 
controlled using multi-axial synchronization (via 
kinematic models) – this can be used to keep the 
rotational axes at the center of the sample when possible. 
Ex: the user could dynamically change the axis of rotation 
Rz (i.e recenter the sample) using only the linear stages 
below the rotation stage, and therefore have no need to 
physical drives on top of the rotation. stage. 

 Control Strategy, Optical Stages (6 axes); A stacked SXZ- 
design allows for separate control  of each axis with a 
high-frequency PID regulation. 

 Position Capture Strategy, interferometer data (9 
channels): position tracking and capture of all channels 
are synchronized (and averaged from pulse duration) via 
a low-level TTL trigger signal, and are automatically 
processed via kinematic models to provide (X, Z, Rs, Rx, Rz) 
– data for the Sample stage (Rs-tracking would in this case 
not be used actively in the scans), and (X, Z, Rx, Rz) – data 
for the FZP-CS stage. 

 

 
Figure 6. Simplified system control/data acquisition scheme: optical 
stage closed-loop control is achieved via PID regulation with encoder 

feedback, sample stage control uses PID regulation with kinematic 
models to keep all axes rotations centered on the sample position. 

Interferometer position capture is synchronized via a trigger generator 
with the Eiger detector. 

4. Imaging results      

Figure 7 shows the reconstructed 2D phase image of a Siemens 
Star sample, where it was able to resolve the innermost 20 nm 
spoke distance. The system resolution was furthermore 
assessed by image comparisons (see Fig. 8) using the Fourier 
Shell Reconstruction (FSC) method [10], where it is shown that a 
resolution better than 17 nm was achieved. 

Figure 9 shows a mid-slice of a 3D-tomography scan (in this 
case, showing electron density) of a Silica sample, where the 
internal submicronic cavities are evident. 3D spatial resolution 
(using  FSC correlation) was  calculated to be (see Fig. 10) below 
40 nm. 
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Figure 7. The reconstructed 2D phase image of a Siemens Star, here 

focusing on the center of the sample - the image resolves the 
innermost 20nm spokes of the Siemens star. 

 

 
Figure 8. 2D image resolution (or image repeatability) is estimated by 
two-image comparisons using Fourier Shell Correlation with an FSC 1- 
bit cutoff criteria – one can see that the resolution (marked yellow) is 

estimated to be less than 17 nm. 
 

 
Figure 9. Mid-slice of a 3D tomogram showing electron density [e/A3] 
of a Silica sample – one can see the nanometer-sized cavity interior 

structure.  

 
Figure 10.  3D spatial resolution (or image repeatability) is estimated by 
two-image comparisons using Fourier Shell Correlation with an FSC 1/2- 
bit cutoff criteria – one can see that the resolution (marked yellow) is 
estimated to be less than 40 nm. 

5. Summary & Conclusion      

The new Nanoprobe end-station has been upgraded to allow 
for a better 2D imaging resolution whilst introducing the 
possibility of nano-3D-tomo-ptychography scans. The results 
have been very promising; 2D-imaging resolutions have been 
shown to be less than 17 nm, whilst 3D-imaging spatial 
resolutions to be better than 40 nm. 
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Abstract 
Mechanical polishing is an important step within the process chain of manufacturing workpieces with high requirements regarding 
the surface quality, e.g. for optical components. The resulting surface quality depends on several parameters, e.g. the process 
parameters, the workpiece material, the initial surface roughness and the tool condition. Thus, finding process parameters that lead 
to the desired surface roughness can be regarded as a complex optimization problem. For this purpose, an artificial neural network 
(ANN) has been designed and trained with data from polishing experiments. Using a dreaming network approach, the ANN has been 
enabled to suggest appropriate process parameters under consideration of the initial roughness of the workpiece and the tool 
condition. The validation experiments showed that the process parameters suggested by the neural network led in 72% to the target 
roughness within a standard deviation. 
 
 
Process planning; Deep learning; Neural network; Mechanical polishing; Control loop     

1. Introduction and Motivation 

Polishing is crucial for finishing high quality surfaces and the 

final roughness of a workpiece. Applications can be found in the 

automotive and the medical industry as well as in optics [1]. 

Mechanically abrasive polishing processes with bonded grain, 

which is embedded in the polishing tool, remove material of the 

surface by scoring, micro-chipping abrasive grains. The polishing 

tool with bonded grains can be flexible or rigid. In polishing with 

flexible tools, concave or convex shaped elements with narrow 

radius can be polished, too (Figure 1).  

 

Figure 1. Flexible polishing tool with bonded grain and process 

kinematics for polishing, adapted from [7] 

Since polishing levels roughness peaks from prior processes, 

the resulting surface quality depends not only on the workpiece 

material, the polishing tool and process parameters, but also on 

the initial roughness of the workpiece. Thus, it is important to 

consider these factors in process planning. In order to achieve a 

desired surface roughness under given conditions, process 

parameters like cutting speed, feed rate, cutting depth, 

inclination angle and polishing repetition must be determined 

[2]. In polishing, the applied radial force affects strongly the 

material removal. Force-controlled approaches for process 

control take the contact pressure between the tool and the 

workpiece into account [4, 5]. While these approaches control 

the process conditions rather than the result, Denkena et al. [6] 

introduced an adaptive planning procedure based on the 

feedback from quality control. They found that the cutting speed 

and the feed rate have the highest effect on the roughness. 

However, the modelling of the surface roughness as a function 

of process parameters was difficult, due to the high variance of 

the process outcome. Furthermore, time-variant parameters, 

e.g. tool wear, were excluded from their study. 

Polishing operations with flexible tools are still often carried 

out manually, despite the existence of some automation 

approaches [3]. Efficient process planning of polishing becomes 

increasingly important by decreasing batch sizes and a higher 

level of individualization. Since experimental process planning is 

time consuming and cost intensive, a feedback of quality 

controlling has the potential to improve process planning 

continuously and enables self-optimization. Some studies 
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intended to optimize the polishing process, e.g. the process 

planning based on fuzzy theory and case-based reasoning [7] or 

using machine learning to detect the stopping time by robot-

assisted polishing using multiple sensor monitoring [9]. 

Especially, artificial neural networks (ANN) enable to consider 

highly non-linear correlations in manufacturing [9].  

ANNs consist of a collection of connected neurons [10]. 

Traditionally, an (artificial) neuron/perceptron is defined as a 

scalar product of an input and a weight vector passed on to an 

activation function [11] to produce an output (or activation). 

Combining an input vector with several neurons yields a so-

called layer and connecting the outcome of a layer to further 

layers leads to a neural network. An architecture with several 

hidden layers is called deep neural network [7]. Such a network 

is usually optimized by gradient descent on an output error using 

backpropagation. Neural networks are function approximators 

and can learn any mapping from an input to an output space. 

Dreaming networks refer to the generation of images that 

produce desired activations in a trained neural network. The 

term indicates a collection of related approaches already 

starting in the 80s [12]. The key idea is to perform a forward 

propagation of input data in a classification network. Outcome 

is a decision of an object category. When the label is swapped to 

another category, the error can be back propagated through the 

network. Whereas in the learning phase, the weights of the 

network are modified to correct the error (backpropagation), 

the weights are kept unchanged in the operation phase. Instead, 

the error is propagated and overlaid with the input image. The 

effect is a modified input image maintaining the characteristics 

of the input image with subtle modifications of textual 

components. The modification drives the image towards the 

selected object category.  

2. Approach 

This study aims for a self-optimizing process planning of 

polishing with flexible tools. The approach is based on a 

dreaming ANN that suggests process parameters to achieve the 

desired roughness while considering the initial roughness and 

the tool condition. Since neural networks are general function 

approximators, an approach would be to train a ANN in such a 

fashion that the initial tool condition, the initial and desired 

roughness are used as input variables and the process 

parameters are the predicted output variables. Unfortunately, 

this approach does not work well, since the process parameters 

are highly correlated and several process parameter 

combinations can lead to similar desired results, e.g. feed rate 

and cutting speed or the amount of repetitions are highly 

correlated and redundant. Therefore, the modification of one 

parameter can be compensated by another parameter to obtain 

a similar quality, causing a singularity. For this reason, we 

followed a different approach: The process parameters, initial 

tool condition and initial roughness are used as input for an ANN 

to predict the output roughness as regression network. Since the 

overall goal is to optimize the required process parameters for a 

desired target roughness, a dreaming network approach is now 

applied. The method is based on six main steps: 

1. Preparation: Train standard neural network for 

roughness prediction  

2. Optimization: Initialize start parameters, set initial 

configuration 

3. Predict roughness, compute error between predicted 

and desired roughness 

4. Backpropagate error through network, without weight 

update (dreaming framework) 

5. Update the process parameters and go to 3 

6. Repeat until the predicted roughness is close enough 

to the desired roughness 

Finally, the actual achieved roughness after polishing with the 

suggested process parameters is used to update the ANN. In this 

way, the ANN will be optimized and can improve its accuracy of 

prediction (Figure 2). 

 

Figure 2. Approach for self-optimizing process planning of polishing 

processes using a dreaming neural network 

3. Experimental investigation       

3.1. Experimental setup  

To train the ANN, 139 experiments were conducted with 

different process parameter combinations according to Table 1. 

All experiments were conducted on a Sauer Ultrasonic 10 using 

flexible polishing tools with medium-grained size silicon carbide 

and polyurethane bonding (EVE Ernst Vetter GmbH). A brass 

plate (Ms58, 80 x 80 x 10 mm) was used as workpiece. Each 

sample was polished on eight different areas. The length of all of 

these polishing paths was kept constant to 35 mm. The 

experimental parameters in the polishing process can be 

separated firstly in variable parameters as process parameters: 

cutting speed vc, feed rate vf, inclination angle and cutting 

depth ae. Secondly in constant parameters, such as the 
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measured initial roughness, the desired roughness and the 

current tool condition (Table 1).  

Table 1 Variations of experimental input parameters  

Process variable Symbol Unit Range  

Cutting speed vc m/s 5 – 15 

Feed rate vf mm/min 100 – 500 

Inclination angle  Degree 30 – 60 

Cutting depth ae mm 0.6 – 2 

Initial roughness  Rai - non, coarse 

and fine 

ground 

Polishing repetition  Np - 1 – 10 

Tool condition: 

Number of  

processes 

Nw - 0 – 26 

Tool condition: 

Duration of use 

Tw s 0 – 316 

The surface of samples were characterized before and after 

the polishing by tactile measurements. Perthometer S6P from 

Mahr GmbH was used for this purpose. A measuring tip with  a 

geometry of 2 µm / 90° was applied. The profile measurments 

were conducted at a speed of 0.1 mm/s. The roughness values 

were determined according to EN ISO 13565. Due to its high 

importance in industry, the arithmetic mean deviation Ra was 

chosen as primary measuring value. Five adjacent lines with a 

same length according to the standard were measured in the 

same direction as the feed direction. Then, the mean value and 

standard deviation were calculated.  

3.2. Setup of the neural network  

For this study, an ANN with eight input values was set up. Each 

input value was fed in a fully connected regression ANN with ten 

hidden and one output neuron (the predicted output 

roughness). The standard Adam optimizer [13] was used to train 

the final ANN. Due to the limited amount of training data and 

the risk of overfitting, the ANN was kept reasonable small with 

low number of layers. To avoid any artificial bias or 

misconception, the training data was not extended with a data 

augmentation technique. A shallow 3-layer neural network was 

programed with one input and output layer. The input size was 

eight dimensional and the prediction is a one dimensional value 

(the predicted roughness). The number of dreaming iterations 

was set constantly to five. Since the start configuration of the 

optimization could be randomly selected, a simple RANSAC 

approach was used [14] to find a suited model hypothesis.  

4. Result and Discussion 

After training the ANN with the above mentioned 139 

experiments, eleven validation experiments were conducted 

(divided into three groups), aiming to reduce the surface 

roughness by 50%, 30% and 15%. Based on the given constant 

parameters, the process parameters were derived by the 

dreaming network approach. For this purpose, the ANN predicts 

the process parameters as outcome for a given starting set of 

variable parameters (Table 2). 

Table 2 Validation experiments 

Input (Constants) 

Exp. 
No. 

Roughness (Ra in µm) Tool Condition 

Reduction  Initial Target Nw (-) Tw (s) 

1 

50% 

1.69 0.85 24 328 

2 1.54 0.77 26 248 

3 1.42 0.71 0 0 

4 

30% 

1.30 0.91 0 0 

5 1.29 0.90 26 248 

6 1.27 0.89 0 0 

7 1.27 0.89 5 32 

8 

15% 

1.21 1.03 0 0 

9 1.16 0.99 18 234 

10 1.16 0.99 0 0 

11 1.10 0.94 28 177 

Predicted parameters (Variables) 

Exp. 
No. 

vc (m/s)  (°) 
vf 

(mm/min) 
ae (mm) Np (-) 

1 14.71 60.00 99.95 0.6 3 

2 11.83 30.67 39.32 0.6 3 

3 8.83 46.17 498.82 0.8 4 

4 12.04 45.46 499.52 0.7 1 

5 14.54 30.46 499.53 1.5 3 

6 9.52 30.48 299.51 1.5 5 

7 5.11 29.89 400.06 0.6 3 

8 5.02 44.97 499.95 0.6 1 

9 9.88 30.12 299.85 2.0 5 

10 14.73 30.27 100.01 1.7 3 

11 10.05 30.55 495.86 1.4 1 

The results of the validation experiments are depicted 

separately for each group in Figure 3. It can be seen that in case 

of eight experiments, the target roughness could be achieved 

within the standard deviation of the roughness measurement.  

In two out of three experiments, which the target roughness 

could not be reached, the surfaces were polished by a new and 

unused polishing tool. An unused polishing tool shows 

depending on other process parameters an unreproducible and 

a non-uniform performance. This could be the reason why the 

desired roughness was not achieved with the predicted 

parameters by ANN in these two experiments. 
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Figure 3. Results of the validation experiments 

As shown in Figure 3, the measurement deviation is too large for 

experiment 1 and 2. It can be recognized, that the measuring 

deviation decreases with reduction of the initial roughness. In 

Figure 4 shows it in detail for training experiments, where the 

total measurement deviation of Ra for each measurement is 

depicted with respect to the different ranges of initial roughness 

and regardless of process parameters. The Ra profile represents 

just one line of the topography of a surface. However, the 

surface can have a non-even position or scratchs. Thus, Ra will 

be differnet for different measurement positions. Similarly, it 

cannot be assured, that the exact measurement position before 

polishing will be taken for measuring after the polishing. This is 

the reason of the large deviation for the measurements. Since 

the overall surface quality is important for the polishing process, 

a surface-referencing parameter like Sa should also be taken into 

account for evaluation.  

  

 

Figure 4. Measurment deviation regarding Initial raughness 

5. Conclusion and outlook 

In this article, we presented a dreaming neural network to 

predict process parameters for polishing with flexible polishing 

tools under consideration of the initial workpiece roughness and 

the tool condition. Despite the stochastic nature of the polishing 

process, the target roughness within a deviation could be 

achieved in 72% of the conducted validation experiments. In 

future research, the database will be increased to investigate the 

training behavior of the ANN more in detail. Moreover, we plan 

to train the ANN directly with results of a fast optical in-line 

measuring system to estimate the surface roughness instead of 

tactile roughness values.  
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Abstract

This paper will describe the effort undertaken in order to investigate the performance of a mirror slope error control system based
on thermal actuators. For situations where high accuracy and stability are required, such as demands encountered in next-
generation synchrotron radiation beamlines, the quality of the optical surface as manufactured is in the sub micro radian region.
This quality can be rapidly degraded by environmental effects such as mounting loads and thermal mechanical effects.
In order to compensate for those inevitable deviations, it is proposed to fit such a mirror with thermal sensors and actuators. While
the idea is not new, it has often suffered a lack of confidence in the responsiveness of the system. In this study, we use a systematic
approach by estimating the bandwidth of an optimal closed-loop system, using a linear thermal mechanical model. Secondly, an
experimental verification of the open-loop thermal response is made, aiming at capturing the delay introduced by non-ideal
thermal contact between the mirror substrate and the thermal probes. Lastly, we estimate the performance of the control system
by taking into account those non-idealities.

Optical figure errors, thermal actuators, mirrors, thermal-mechanical distortions, real-time error compensation, Pseudo Random Binary Sequence
(PRBS), thermal frequency response function

1. Scope and Motivation

At light source facilities working with high energy photons, it
is crucial to obtain and maintain small figure errors (well below
the microradian level) for the beam conditioning optics. In
many situations, although high reflectivity and high thermal
conductivity materials - typically silicon- are used, beam
deposited loads can be very (hundreds of W/mm²) that large
thermal gradients develop, followed by mechanical bending
and subsequent defocusing of the reflected beam ([1]). One
possible solution is switching from water cooling to cryo (LN2)
cooling, resulting in enhanced thermal conductivity and smaller
instantaneous coefficient of thermal expansion ([2]). In this
paper, we develop a proof of concept of an alternative, more
economical option, where the thermal gradients are canceled
by providing heat opposite to the photon beam, using a
realtime compensator.
Firstly, the thermal mechanical performance of the control

system is predicted ab initio, assuming perfect contact
between the thermal probes and the mirror substrate.
Secondly, we build and measure the thermal frequency
response of a dummy aluminum mirror. Lastly, we use the
measured response to estimate the additional delay due to the
thermal sensors reading and update the predicted performance.

2. Initial Performance Estimation

In this section, we briefly describe the steps taken to estimate
the expected performance of the system and the results
obtained.

2.1. Thermal-mechanical model

To validate the concept, a finite elements thermal mechanical
model has been developed. It is made of a rectangular block of
silicon (160x60x25), tightly held between copper heat
exchanger blocks (Fig.1). Water is circulated in 6mm diameter
channels running through these blocks where the mass flow
rate is large enough so that the temperature rise can be
neglected, and the heat convection coefficient is close to 10
000 W/m²/K. Also, we assume near-perfect thermal contact
conductance at the Si/Cu interface, which is a reasonable
considering the good flatness, low roughness and high contact
pressure that are usually obtained in such systems.

Figure 1. Thermal mechanical FEM of the actual system.
At this stage, we assume that temperature readings are

perfect i.e. the temperature probes are linear and induce no
additional delay.

2.2. Controller design and results
The thermal FEM has been analyzed using a thermal modal

analysis procedure and later on condensed into a state-space
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representation. All modes with time constants larger than 0.1 s
have been included, and a static correction has been used ([3]).
For such a situation, the most significant mode, corresponding
to heat unbalance between the top and bottom of the mirror,
has a time constant of 3 s, which places a lower limit on the
system time response.
A simple PI controller has been built for which a varying heat

load, w, corresponding to the varying beam heat load, is
applied on the mirror top surface, while a control load (using a
foil heater) is applied at the bottom of the mirror (Fig 2).

Figure 2. Heat load (beam), proposed sensors positions (T1,T2,T3
and T4) and the control (foil heater) (side view).

Ideally, one would be tempted to place the temperature
probes exactly on the top and bottom surface (T1 and T4), but
this is neither possible, because of radiation induced damage,
nor desirable because the heat loads are not uniform and we
want to avoid placing the probes in regions of high
temperature gradients. Hence, we use probes located 10 mm
below and above the top and bottom of the mirror surface (T2
and T3). Since we are dealing with a material (silicon) with a
thermal diffusivity in the order of 100 mm/s² (at room
temperature), this offset should limit the response time to 1s.
This will, however, induce a delay in the open loop response of
the system and obviously limit its bandwidth. Using this model,
the PI controller characteristics are governed by the phase
margin. In order to guarantee a phase margin of 60 degrees,
coefficients of Kp= 2 and Ti= 10 s are acceptable. Using these
figures, the controlled variable (thermal bump) is shown to be
reduced by a factor of 50 and the response time is about 15 s
(Fig 3).

Figure 3. Response to a stepped increase in photon beam power

It is important to note that the residual offset is caused by the
inhomogeneity in the temperature field: since the beam load is
deposited on a fraction (~10%) of the total mirror width, the
temperature read by the upper probe (located on the mirror

mid-plane) is an overestimation of the average mirror
temperature, hence the controller is slightly overcompensating.
This performance is largely acceptable. However, it is entirely
dependent on the ability of the model to predict thermal
dynamic responses. This is the reason for carrying out
experimental frequency response measurements as described
below.

3. Experimental validation

3.1. Setup description
An aluminum mirror with dimensions close to that of the actual
system (150x60x20mm) has been used for validation of the
concept. Aluminum and silicon have almost equal thermal
diffusivities, so that using similar dimensions, the thermal
frequency responses should be very close to one another. The
block has been fitted with commercial heat sinks, and equipped
with a heater foil on its lower face. Temperature probes were
miniature, commercial thermistors, located in holes filled with
thermal conductive paste.

3.2. Numerical Response
The system has been modeled in a simplified manner: notably,
the heat sink has not been explicitly modeled but accounted
for as an enhanced convection on the mirror lateral sides
(h= 40 W/m²/K). This comparatively low convection coefficient
makes the measurements of temperature differences much
more difficult compared to the final situation, since the
temperature gradient along the vertical axis will be
comparatively two orders of magnitude smaller. In order to
guarantee full accuracy, the thermal Frequency Response
Functions (FRFs) have been obtaining by inversion of the full
dynamic conductivity matrix following the procedure given in
[3].

Figure 4. FEM of the test mirror.
The uncertainty induced by the sensor vertical placement in
our model has been checked (Fig 5). In our case, sensors are
2.2mm in diameter and their mounting holes are 3mm, so
probes are only known to be placed between 4 and 6mm away
from the top and bottom of the mirror surfaces. As is shown
(Fig. 5), below 10-1 Hz, the sensor vertical placement is not
critical, i.e. the uncertainty induced is less than 5 degrees.
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Figure 5. Numerical thermal FRFs - Absolute responses as a function of
sensor placement.
Lastly, the relative (i.e. difference between bottom and top
sensors) temperature readings are estimated, and plotted in
Fig.6. As expected, below 10-2 Hz, conduction dominates, so
that the temperature response is flat while above 3 10-2 Hz, the
diffusion effect reduces the transmissibility.

Figure 6. Numerical thermal FRFs - Relative responses as a function of
sensor placement.

3.3. Experimental Response
The thermal response has been experimentally characterized

using the setup shown below (Figs.7a and 7b). A lightweight
setup was built using standard hardware (MAX31865 RTD
amplifiers and commercial NTC’s). Also, as a powerful cooling
system was not available to us for these tests, only moderate
thermal power loads could be applied. Lastly, since the
principle aim of this study is to capture the additional delay due
to the actual contact of the temperature sensors contact with
their surroundings, the frequency range of interest is
essentially 10-2 to 10-1Hz. In this frequency range, the relative
response is of the order of a few 10-2K/W, which in turn calls
for relatively high resolution, noise-free measurements, ideally
at the mK level.

Figure 7a. Experimental setup - overall view
The final tests have been conducted in surroundings where the
temperature variation was below 0.1K/day, in the absence of
heat source (including human presence). Hence, an
autonomous, lower power setup (~0.6Wth) was necessary .

Figure 7b. Test mirror with probes (heat sink partially removed)
Obtaining accurate measurements proved to be a rather

challenging task, especially in a non-controlled environment
and using temporary circuitry. After careful tuning of the
parameters the final results are quite satisfactory. It might be
interesting to note that although in principle, any wide band
signal could be used for excitation, in practice this is not the
case. Troubleshooting of the setup proved rather difficult using
traditional (gaussian) random signals, since only mean square
coherence can be used as an indicator for the quality of data
(Fig 8). Although this is a perfectly rigorous approach, this is of
little help for the experimenter since frequency domain data do
not produce information easily related to experimental
conditions.

Figure 8.Mean Squared coherence - Input : PRBS Output: temperature.

Test mirror

Controller/datalogger

RTD amplifiers

Probes

Heater foil
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Switching to Pseudo Random Binary Sequences (PRBS)
helped (see [5] for an interesting discussion), in so far as the
reproducibility of the test procedure could be quantified, both
statistically and in the time domain. It helped detect and
discriminate external disturbances, the settling time for the
setup, and wiring problems within the electronics.,. Another
benefit of using PRBS is that, by varying the order of the
sequence, it is possible to adjust the duration of the excitation
period, allowing for shorter test times (at the expense of
bandwidth lower frequency).
The final results provided here (Fig. 9) have been obtained

using an 9th order (repetition period: 511), and a clock time of
2s giving a time period of about 1000s.

Figure 9. Experimental thermal FRF - Individual responses.

3.4. Estimation of sensors dynamic response
By comparing figures 6 and 9, we get a direct confirmation that
the numerical procedure adequately predicted the
experimental response, in the low frequency regime. For
shorter time periods, as expected, the measured response is
much lower and has larger delay compared to its numerical
(ideal) counterpart (Fig 10).

Figure 10. FEM vs experimental thermal frequency responses.
From this comparison, we can extract an experimental model
for our sensors, namely, a 1st order system in series with a

delay:
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4. Update of controller performance

After introducing the sensor dynamics into the thermal-
mechanical closed loop without modifying the control
parameters, it becomes unstable. Therefore, it has been
necessary to reduce both the P and I terms by a factor of 2.5.
Obviously, the performance is degraded (Fig. 11), but only by a
small amount so that our control system remains highly viable.
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Figure 11. Thermal mechanical controller final performance

5. Summary and conclusion

In summary, we have built a numerical model to estimate the
performance of a real-time thermal-mechanical controller to be
used for beamline optics in high-power light source radiation
facilities. While the obtained performance could theoretically
be expected to be very high, under real conditions some
practical limits are anticipated, the most obvious being the
dynamic response of the temperature sensors. Secondly, a
validation setup using a high diffusivity material was built,
calculated, and measured, and the sensors dynamic response
was extracted from the comparison between numerical and
experimental results. Thirdly, this sensor model was included
into the realtime controller model, and the updated
performance was estimated.
As a conclusion, it was found that in this experiment, thermal

probes not only induced an additional delay but also some
filtering effect. A further question of general interest would be
to know if those effects primarily stem from the thermal paste
or from the sensors themselves. Such a study will require
systematic investigations, beyond the scope of the present
study. A pragmatic approach for the commissioning of such
systems would be to systematically measure the thermal FRFs,
and tune the control parameters accordingly, so that that
maximal performance and sufficient stability are guaranteed.
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Abstract
We propose a new solution to continuously determine the position of large accelerator components within a 0.03 mm accuracy.
These components are magnet assemblies having a length of approximately twelve meters, a diameter of one meter and a weight of
up to 18 tons and are situated around the experiments. The solution consists in a combination of wire positioning sensors performing
vertical and radial offset measurements, with respect to a stretched wire considered as a straight reference of alignment, and
hydrostatic levelling sensors performing vertical offset measurements with respect to a water surface. Both types of sensors are
based on a capacitive technology, allowing non-contact measurement with a sub-micrometric resolution. The configuration of
alignment sensors and the implementation of the associated measurement networks are introduced, before detailing the concept of
position determination and the associated results obtained.

Large scale metrology, position determination, capacitive sensors

1. Introduction

CERN, the European Laboratory for Particle Physics, is the
world’s largest laboratory to perform research in fundamental
physics. It provides a unique range of particle accelerator
facilities. The Large Hadron Collider (LHC) is its flagship, with a
circumference of almost 27 km. The LHC particle accelerator has
four interaction regions situated around the experimental areas
of the detectors ATLAS, ALICE, CMS and LHCb. The low beta
quadrupoles located in this area are of particular interest for
physics as they squeeze the beams, with their set of focussing
and defocussing magnets, to a beam diameter of 16 µm, and
they bring them into collision in the experiments.

The low beta quadrupoles can be approximated to cylinders
with a length of twelve meters, a diameter of one meter and a
weight of up to 18 tons. These high performance
superconducting quadrupoles are an assembly of the external
vacuum vessel, called cryostat, in which are supported one or
two cold masses. These magnets provide a field gradient of
240 T/m at 1.9 K along the integrated beam pipe in which
circulate the particle beams. The alignment tolerances for this
set of three quadrupole magnets, also called triplet, are tighter
compared to the rest of the LHC and thus their position needs to
be followed continuously.

Stretched wires, hydrostatic levelling systems and their
associated sensors, are used to continuously determine the
position between the low beta quadrupoles situated on the left
and the right side of the experiment, as well as provide the
position information to the experiment itself.

Firstly, the strategy, methods and measurement requirements
are introduced. In the next step, the sensors are presented
together with the remote validation concepts that have been
developed at CERN. Afterwards, the remote alignment process
based on the measurements is explained together with the key
results. Lastly, an outlook on the High Luminosity LHC (HL LHC)
continuous position determination concept will be given.

2. Continuous position determination

For a smooth operation of the LHC, the continuous position
determination of the low beta quadrupoles is required. A
specific configuration of alignment sensors has been put in place
to allow the real-time analysis of movements in six degrees of
freedom. The continuous position determination is required to
provide a relative position of the set of three low beta
quadrupole cryostats that is better than 10 µm, and to provide
around the experiment, from the left to the right side, a position
that is better than 150 µm [1]. As it is not possible to access the
cold mass and the beam pipe once the quadrupoles are installed,
it is the position of the cryostat that is monitored. More
particularly, reference points on the cryostats are determined
during the manufacturing process with respect to the
mechanical aperture of the beam pipe and the magnetic axis of
the magnet. These reference points are later equipped with
alignment sensors and their sensor supports designed for this
dedicated position.

This specific zone of the low beta quadrupoles in the LHC
tunnel, covered by the continuous position determination
system, has a length of approximately 40 m along each side of
the experiment and extends to a total length of 140 m, without
having a direct line of sight in between the two sides. The harsh
radiation environment in this area of the accelerator required
the design of robust systems and sensors in order to minimize
interventions for maintenance on the equipment and thus limit
exposure of personnel to radiation. Based on this constraint, the
sensors were designed with remote electronics and tested in a
thorough process for their radiation tolerance [2, 3].

2.1. Alignment systems configuration
The alignment system installed for radial and vertical

measurements is the Wire Positioning System (WPS), based on
stretched wires that form the straight reference along each set
of low beta quadrupoles, in order to provide the relative position
of the cryostats independently for each side.
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Figure 1. Layout of the LHC continuous position determination system with the hydraulic network and HLS (blue), the WPS with stretched wires and
sensors (black) and the wire to wire measurement system (grey, dashed line).

A third wire is stretched in a parallel gallery to the magnets
and is crossing the experimental cavern. The layout
configuration is shown in figure 1. In addition, the geometry of
one triplet, with respect to the other triplet, is determined by
having three distance measurements between the two wires on
each side, called wire to wire measurement. This measurement
is carried out as a combination of mechanical measurements
using invar rods installed in three boreholes linking the LHC
tunnel to a parallel gallery that is connected to the experimental
cavern together with the WPS sensor measurements [4].

Figure 2. Layout of the LHC continuous position determination system
configuration on one cryostat

Two WPS sensors are installed on the reference points of each
cryostat, as presented in figure 2, providing information on four
degrees of freedom of the cryostat: pitch and yaw rotations as
well as vertical and radial translation. As a second measurement
system, Hydrostatic Levelling Sensors (HLS) provide redundant
measurements determining the vertical translation plus the
pitch and the roll of the cryostats [5, 6]. The height reference is
propagated by an equipotential water surface to which the
sensors are carrying out vertical offset measurements. This
system is, similarly to the WPS system, operated on both sides
of the experiment and linked through the experimental cavern.

To evaluate WPS measurements in the vertical direction, the
wire sag has to be taken into account [4]. The wire shape is
calculated using the parabola as expressed in the equation
hereafter and illustrated in figure 3,

( ) = +
4

( − ) +
ℎ − 4
( − )

where wire sag at a given position x is f(x). The horizontal
distance l and the vertical distance h are the offset from the
reference coordinates X0 and Y0 at one extremity.

The height observations from the HLS are introduced as a
reference in the compensation model to determine the
observed sag f which is defined as the maximum difference
between the straight connection line d between the wire
extremities and the wire. The sag f is defined according to the
following equation.

=
∙ ∙
8

The parameters used are the local gravity g, the linear mass of
the wire q, the horizontal distance of the wire l and then tensile
force T applied to stretch the wire.

The third position determination system implemented
monitors continuously the longitudinal position. The distance
offset measurement sensors (DOMS) carry out relative distance
measurements to the cryostat with respect to their fixation on
the floor. This system is used to follow the relative position
evolution of the cryostats during vacuum cycles, machine cool
down and operation.

Figure 3. Parameters of the wire sag model

2.2. Sensors
The sensors have mandatory remote electronics that are

located separately with respect to the sensor at a distance of
maximum 30 m. They were thus qualified as an inseparable set
of sensor, cable and electronics, to provide the desired
resolution of 10-7 m, together with the required radiation
hardness and magnetic field tolerance [2, 3]. The measurement
range of the sensors is typically of 10 mm.

There is a total number of 229 sensors installed for the triplet
continuous position determination in the LHC. The operating
principle of all sensors is based on capacitive measurements
whereas the sensor’s electrode forms a capacitor together with
the reference surface of the object to be measured. In the case
of the WPS sensors, the stretched wire is the counterpart, in the
same way as it is the water surface for the HLS, and a metallic
surface is used for the DOMS [7].

The sensor functionalities have been enhanced by CERN
compared to the relative calibration of the manufacturer. For all
types of sensors, an absolute calibration concept has been
developed, allowing the calibration of the sensors on automated
benches to be better than 10 µm [7, 8]. The voltage signal output
of the sensor is translated in metric measurement results by
using polynomial functions up to order six. In the case of WPS
sensors, where no reliable reference surface was identified,
isostatic interfaces were introduced [8].

The sensors are installed on the external reference points of
the cryostat using a common support, as presented in figure 4.
This support is also thoroughly calibrated as it is part of the
measurement chain allowing the position determination of the
cryostat. For the determination of the sensor support
parameters, portable coordinate measuring arms or laser
trackers are used.
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Figure 4. Alignment sensors support with HLS, WPS and the key features:
additional fiducials (A), isostatic interface plate (B), HLS reference
surface (C) and position locking (D)

2.3. Remote Alignment
The continuous position determination is completed by a

remote alignment approach, using stepper motors with a
resolution of better than 2 µm and load sensors to follow the
load evolution of the cryostat, in combination with the position
determination sensors. In accordance with each sensor support
position, the motorized jacks are installed under the magnet
assemblies. The motors displace loads of up to 9 t per jack and a
designated position better than 10 µm can be achieved [10].

3. Operational tool for beam physics

The system was initially designed to be used for a remote
positioning of the cryostats when no particle beam is circulating
in the LHC. Correspondingly, alignment outside maintenance
periods is only foreseen in the exceptional case that the use of
beam orbit corrector magnets has limited effect on the
modification of the particle beam trajectory.

Nevertheless, the beam operation team at the CERN control
centre has a permanent display of the WPS sensor readings
relative to the position at the beginning of the yearly LHC
operation. The information is used to trigger a software-based
beam injection interlock, meaning that no particle beam can be
transferred to the LHC, in the event that any sensor is more than
250 µm away from its reference position. The aim is to avoid
injecting a probe beam accidentially into cold masses or
experiments during beam commissioning. As the yearly relative
movements of the cryostats are in general less than 150 µm, this
safety mechanism never got triggered during LHC operation.

However, spontaneous position changes of more than 400 µm
are observed when the internal cryostat pressure or
temperature varies, for example in the case of a beam quench.
This observation is illustrated in figure 5, with the pressure
reading inside the cryostat and the radial WPS sensor reading
showing a strong correlation. In the twelve years of LHC
operation, it has been observed that these events can create
permanent position changes of maximum 100 µm after
returning to the initial state.

Figure 5. Correlation between cryostat pressure and radial WPS position

In October 2016, the triplet on the right side of the CMS
experiment observed radial movements of 200 µm that resulted
in a reduced number of particle collisions in the particle
detector. The remote alignment was carried out successfully
with a probe beam at 450 GeV, bringing back the cryostats to
the initial position. This remote alignment with beams was a
world premiere, using continuous position determination and
remote alignment systems, for a machine repositioning with
circulating beams. In figure 6, the screenshot of the CERN control
centre display shows the misalignment of the triplet, the
movement of the cryostats observed, as well as the realignment
to the nominal position.

This demonstration of the working principle strengthened the
concept of the continuous position determination concept for
HL-LHC and smoothened the way to consider a full remote
alignment system.

Figure 6. Remote alignment of the low-beta triplet with probe beam

4. System consolidation

The continuous position determination system was initially
designed as a relative measurement system [1]. The use of the
system and the according adjustments have been made during
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the concept and installation phase for the sensors and the
systems.

For the HL-LHC era, the accelerator sections around ATLAS and
CMS will be further developed. The machine configuration for
the triplets around ALICE and LHCb will remain the same. Thus,
a consolidation program was established for the LHC
maintenance shutdown in the period from 2018 to 2021. This
consolidation work reflects the experience gained in the last
fifteen years on the continuous position determination sensors,
their mechanical interfaces and the mechanical robustness of
the systems in the LHC environment.

The new type of sensor support, as seen in figure 4, is
composed with the key features of seven additional reference
points, A, that allow the establishment of a local coordinate
system for the sensor support, using retroreflector balls and
laser tracker measurements. These reference points allow the
definition of the WPS sensors’ isostatic interface’s position, B,
and the mechanical interface of the HLS sensors, C. The
reference points can also be used to determine any
deterioration of the position with respect to the cryostat. The
new supports have a supporting system, which mechanically
limits the possible displacement of the support due to external
forces, D. In addition, the sensor calibration is split into
mechanical constants, e.g. to the external interface, and a
sensor reading calibration function as a new calibration
approach for the sensors can be deployed using mobile
calibration benches in the LHC tunnel.

The combined measurement results for the position
determination and the geodetic compensation models are
discussed in the following paragraphs. The a priori accuracy at
one sigma for a measurement is considered to be of 30 µm in
the referential frame of the cryostat. This value is composed of
the sensor calibration contribution known to 10 µm by using the
calibration methods developed at CERN, the laser tracker
measurements for the mechanical determination of the
supports and the chosen geodetic referential system.

The evaluation of one network shows an a posteriori accuracy
for the vertical positions of 31 µm as a combination from the HLS
and WPS measurements. The hydrostatic levelling system linking
from one side to the other side of the experiment is composed
of several networks. The complete network analysis results in an
accuracy, for the point transfer from the left side triplet to the
right side triplet, of 40 µm.

The radial measurement network, based on the wire
measurements, is configured without any redundancy. Thus, the
same determination accuracy as for the vertical measurement is
assumed along one triplet. The evaluation of the wire sag, based
on the equations presented in section 2.1, allows the calculation
of the wire’s shape to an accuracy of 30 µm with an uncertainty
of 49 µm.

In the case of the ATLAS and CMS experiments, the radial link
between the two triplets is established with the additional wire
to wire measurements and the long reference wire running
through the cavern, as illustrated in figure 1. The radial position
around the experiment is determined with an accuracy of
55 µm.

The laser tracker measurements for a single point
determination on a cryostat have been achieved with an
accuracy of 20 µm, combining through a bundle adjustment to a
network accuracy for the laser tracker network of 50 µm for one
triplet.

5. Future applications

The HL LHC installation, foreseen from 2025 onwards, will
require an extension of the continuous position determination
network from 40 m on each side of the experiment to 250 m. To

achieve the required alignment of 500 µm along the 500 m of
accelerator, internal monitoring of the cold masses will be
introduced, as well as extensive improvements in the design of
the HL LHC sensor supports, their calibration and validation
methods for the sensors and systems [11-13]. The internal cold
mass monitoring system will be based on frequency scanning
interferometry [14].

A full remote alignment system will be included to
continuously determine and remotely align the position of the
main, as well as of the intermediate accelerator components,
along this beam line [15]. This concept will become a
fundamental operational tool for HL LHC as it will allow the
remote alignment of these accelerator sections in order to take
into account indentified offsets between the experiment and
the accelerator alignment, and compensate for unforeseen
movements of the tunnel.

References

[1] Mainaud Durand H 2006 Alignment requirements for the LHC
low-beta triplets (Geneva,Switzerland)

[2] Dimovasili E, Herty A, Mainaud Durand H, Marin A and Wijnands T
2006 Radiatio induced effects on the sensors of the hydrostatic
leveling system for the LHC low beta quadrupoles Proc. 8th European
Conference Radiation Effects on Components and Systems (Cap
d’Agde, France)

[3] Dimovasili E, Herty A, Mainaud Durand H, Marin A and Wijnands T
2006 Radiation induced effects on hydrostatic levelling sensors Proc.
9th International Workshop on Accelerator Alignment (Stanford,
USA)

[4] Mainaud H 1996 Une nouvelle approche metrologique:
l’écartométrie biaxiale. Application à l’alignement des accélérateurs
linéaires.

[5] Mainaud Durand H, Coosemans W, Marin A and Quesnel J-P 2002
The alignment of the LHC low beta triplets: review of
instrumentation and methods Proc. 7th International Workshop on
Accelerator Alignment (Geneva, Switzerland)

[6] Mainaud Durand H, Herty A, Marin A, Mathieu A, Renaglia T 2004
Status of the alignment of the LHC low beta quadrupoles Proc. 7th
International Workshop on Accelerator Alignment (Geneva,
Switzerland)

[7] Herty A 2009 Micron precision calibration methods for alignment
sensors in particle accelerators Nottingham Trent University

[8] Touzé T 2011 Proposal of an alignment method for the linear
accelerator CLIC, CERN-THESIS-2011-071

[9] Herty A, Mainaud Durand H, Marin A, Rousseau M and Sosin M 2016
Remote Qualification of HLS and WPS Systems in the LHC Tunnel
Proc. 13th International Workshop on Accelerator Alignment
(Beijing, China)

[10] Acar M, Dwivedi J, Goswami S, Madhumurthy V, Mainaud Durand
H, Marin A and Quesnel J-P 2006 The Motorized Alignment Jacks for
the LHC Low Beta Quadrupoles Proc. 9th International Workshop on
Accelerator Alignment (Stanford, USA)

[11] Apollinari G, Béjar Alonso I, Brüning O, Fessia P, Lamont M, Rossi L
and Tavian L 2017 High-Luminosity Large Hadron Collider (HL-LHC)
Technical design report

[12] Mainaud Durand H, Herty A, Jaros J, Kucel K, Marin A, Rude V, Sosin
M and Zemanek A 2017 HL-LHC Alignment Requirements and
Associated Solutions Proc. 8th Int. Particle Accelerator Conf.
(IPAC'17), Copenhagen, Denmark, May 2017, pp. 1893-1896.

[13] Herty A, Jaros J, Kucel K, Mainaud Durand H, Marin A, Rude V,
Sosin M and Zemanek A 2018 Technical challenges for HL-LHC
alignment and associated solutions Proc. 15th International
Workshop on Accelerator Alignment (Batavia, USA)

[14] Sosin M, Mainaud Durand H, Rude V and Rutkowski J 2019
Frequency sweeping interferometry for robust and reliable distance
measurements in harsh accelerator environment Proc. SPIE. 11102,
Applied Optical Metrology III, San Diego, USA, August 2019.

[15] De Maria R, Fessia P, Gamba D, Giovannozzi M, Hansen J, Herty A,
Lamas Garcia I, Mainaud Durand H and Redaelli S 2019 HL-LHC Full
Remote Alignment Study Proc. 10th Int. Particle Accelerator Conf.
(IPAC'19), Melbourne, Australia, May 2019, pp. 3716-3719.

276



 

          
 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

Reduction of noise bias in 2.5D surface measurements  
 
Maxim Vanrusselt1, Han Haitjema1      
  
1KU Leuven, Dept. of Mechanical Engineering, Celestijnenlaan 300, 3001 Leuven, Belgium   
 
maxim.vanrusselt@kuleuven.be        

  
Abstract 
Surface roughness amplitude parameters tend to be biased towards positive deviations due to the presence of noise in the 
measurement. This is due to the nature of the roughness parameters themselves, e.g. Sq is essentially the standard deviation of the 
measurement. Generally this effect is counteracted by averaging the measurement before calculating the roughness parameter. This 
increases the measurement time, requiring quite a lot of measurements to sufficiently reduce the noise. This paper extends an earlier 
developed method for noise bias reduction of profile measurements to 2.5D measurements. The noise bias effect is reduced by 
calculating the limit value of the Sq parameter. A noise reduced topography is reconstructed by considering the decomposition of 
the measurement into Legendre polynomials, using the unbiased estimation of Sq as a limiting value for the Sq of the surface. Due 
to the orthogonality of the Legendre polynomials, the Legendre coefficients are reduced in a similar way as the Sq parameter.  This 
method is applied to both simulated and experimental data. The experimental data are obtained by 2.5D areal measurements using 
focus variation microscope. The method proved to be well suited for noise reduction of flat surfaces, e.g. for measuring flatness 
deviation, but could have its value for other applications with relatively smooth shapes. 
 
 
Keywords: Dimensional Metrology, Noise, Roughness, Microscopy, Focus Variation  

 

1. Introduction  

In surface measurements the reported surface parameters are 
essentially deviations of the measured surface. The presence of 
noise in these measurements causes a systematic error where 
the reported parameter is positively biased. This paper focusses 
mainly on the RMS roughness parameter, Sq, as defined in ISO 
25178 [1], which is the standard deviation of the measurement 
(1). 

𝑆𝑞 =  √
1

𝐴
∬ 𝑧2(𝑥, 𝑦) 𝑑𝑥 𝑑𝑦

𝐴

                                 (1) 

Generally the influence of noise in the measurement is 
reduced by averaging multiple measurements. Arithmetic 
averaging does not completely remove the bias however. 
Haitjema [2] proposed a method for estimating an unbiased 
roughness and roundness parameter for 1.5D profile 
measurements which is based on a paper by Wyant and Creath 
[3]. The reduction of the bias is also proposed by Davies and 
Levinson [4] for RMS flatness. 

Since noise added to the measurement is in theory 
independent of the measurement itself, the Sq parameter 
contains contributions of both the measured object and the 
noise: 

𝑆𝑞𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
2 =  𝑆𝑞𝑜𝑏𝑗𝑒𝑐𝑡

2 + 𝑆𝑞𝑛𝑜𝑖𝑠𝑒
2                       (2) 

 
 By considering the mean of a number of measurements N, the 

noise component is reduced and the mean is given by: 

𝑆𝑞𝑚𝑒𝑎𝑛
2 =  𝑆𝑞𝑜𝑏𝑗𝑒𝑐𝑡

2 + 
𝑆𝑞𝑛𝑜𝑖𝑠𝑒

2

𝑁
                           (3)  

As the number of measurements increases, the influence of 
the noise diminishes. Note that for an increasing amount of 

measurements, 𝑆𝑞𝑚𝑒𝑎𝑛
2  approaches 𝑆𝑞𝑜𝑏𝑗𝑒𝑐𝑡

2 . 

Combining (2) and (3) gives an unbiased estimate for the Sq 
parameter of the object.  

𝑆𝑞𝑜𝑏𝑗𝑒𝑐𝑡
2 =  

𝑁 ∗ 𝑆𝑞𝑚𝑒𝑎𝑛
2 − 𝑆𝑞𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠

2

𝑁 − 1
                 (4) 

Where 𝑆𝑞𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠
2  is the mean of the Sq² of the individual 

measurements. Similarly, the Sq of the noise can be calculated 
by eliminating Sqobject from (2) and (3): 

𝑆𝑞𝑛𝑜𝑖𝑠𝑒
2 =  

𝑆𝑞𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠
2 − 𝑆𝑞𝑚𝑒𝑎𝑛

2

1 − 𝑁−1
                   (5) 

 

 
Figure 1. Sq² of a roughened optical flat as a function of the number of 
measurements taken for arithmetic averaging. The extrapolated value 
corresponding to an infinite amount of measurements is the unbiased 
estimate as obtained by (4). 

Using a Fourier decomposition, Haitjema [2] reconstructs a 
bias reduced topography with Sq equal to the value obtained by 
(4). This method used on 2 profile measurements is reported to 
obtain an even better results than arithmetic averaging of 16 
measurements. 
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In this paper the Fourier decomposition method is extended 
to 2.5D areal surface measurements. However since elementary 
forms such as sphericity and torque and edge effects in surface 
measurements challenge the independence of Fourier terms, 
the surface is decomposed in Legendre polynomials.  

Legendre polynomials 𝑃(𝑥) are solutions to the Legendre 
differential equation, which are normalised so that 𝑃(1) = 1. 
Any 2D function can be written as an infinite series of Legendre 
polynomials, also called a generalised Fourier series: 

𝑓(𝑥, 𝑦) =  ∑ ∑ 𝑎𝑘𝑚

∞

𝑚=0

𝑃𝑘𝑚(𝑥, 𝑦)

∞

𝑘=0

                          (6) 

Where 𝑃𝑘𝑚 are the two dimensional Legendre polynomials 
and 𝑎𝑘𝑚 are the corresponding Legendre coefficients. 

Legendre polynomials are defined as an orthogonal system, 
with the corresponding orthogonality relation: 

∫ ∫ 𝑃𝑘𝑙(𝑥, 𝑦)
1

−1

1

−1

𝑃𝑛𝑚(𝑥, 𝑦)𝑑𝑥𝑑𝑦 =
𝛿𝑛𝑚

𝑚 + 0.5

𝛿𝑘𝑙

𝑘 + 0.5
         (7) 

Where 𝛿𝑛𝑚 is the Kronecker delta symbol. 
The orthogonality of Legendre polynomials is important, 

because due to the orthogonality the Legendre coefficients are 
linear independent. Therefore 𝑆𝑞

2 ~ 𝑎𝑛𝑚
2 :  

   𝑆𝑞
2 =

1

4
∫ ∫ 𝑓2(𝑥, 𝑦) 𝑑𝑥 𝑑𝑦

1

−1

1

−1

= ∑ ∑
𝑎𝑘𝑚

2

(𝑘 +
1
2

) (𝑚 +
1
2

)

∞

𝑚=0

∞

𝑘=0

 

This allows the coefficients to be reduced similar to (3): 

𝑎𝑛𝑚,𝑜𝑏𝑗𝑒𝑐𝑡
2 =  

𝑁 ∗ 𝑎𝑛𝑚,𝑚𝑒𝑎𝑛
2 − 𝑎𝑛𝑚,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠

2

𝑁 − 1
              (9) 

Where N is the number of measurements. The surface is 
reconstructed based on the reduced Legendre coefficients given 
by (9). 

This paper aims to compare arithmetic averaging (3), to the 
method which uses a Legendre polynomial decomposition (9). In 
the next section, the methodology for the noise bias reduction 
method and the experiments performed are discussed in more 
detail. In section 3, both methods are compared on simulated 
data. Finally, the algorithms are applied to real measurement 
data. 

2. Methodology  

Noise reduction algorithms are implemented in Matlab®, and 
are applied on both simulated and experimental data.  

For arithmetic averaging, the point clouds of N measurements 
are first levelled subtracting the least-squares plane (this 
effectively zeros the a00, a10 and a01 components), after which 
the point clouds are averaged pointwise. The rms roughness 
parameter Sq is calculated according to (1). 

The Sq of the average profile, 𝑆𝑞𝑚𝑒𝑎𝑛
2 , is also used in the 

averaging noise bias reduction method, along with the Sq 
parameters of each of the individual measurements. All 
measurements are first levelled by subtracting the least-squares 
plane, then the Sq is calculated according to (1), and their 

average is calculated to obtain 𝑆𝑞𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠
2 . Now, the 

unbiased estimation is calculated using (4). 
The Legendre method first approximates the averaged profile, 

calculating the coefficients of the mean profile, 𝑎𝑘𝑚,𝑚𝑒𝑎𝑛
2 . Then, 

similar to the averaging method, the decomposition of each 
individual measurement is calculated. The corresponding 

coefficients are averaged to obtain 𝑎𝑘𝑚,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠
2 . Now, the 

noise reduced components can be calculated using (9). However 
during this calculation the sign of the coefficients is lost and 

should be restored, which is done based on the signs of 
𝑎𝑘𝑚,𝑚𝑒𝑎𝑛: 

𝑎𝑘𝑚,𝑜𝑏𝑗𝑒𝑐𝑡 = 𝑠𝑖𝑔𝑛(𝑎𝑘𝑚,𝑚𝑒𝑎𝑛)√𝑎𝑘𝑚,𝑜𝑏𝑗𝑒𝑐𝑡
2                   (10) 

The profile is then reconstructed using (6). It is important to 
note that due to numerical instability of higher-order 
polynomials, as well as calculation time constraints, only a 
limited order of polynomials can be calculated. As a result, high 
frequency components (K,M > 20) of the measurement cannot 
be approximated by the Legendre method. A residual 
component, 𝑔(𝑥, 𝑦), remains: 

𝑓(𝑥, 𝑦) =  ∑ ∑ 𝑎𝑘𝑚

𝑀

𝑚=0

𝑃𝑘𝑚(𝑥, 𝑦)

𝐾

𝑘=0

+ 𝑔(𝑥, 𝑦)          (11) 

Where K = M is the highest order polynomial which is still 
stable. 

This residual component of the surface is again reduced in a 
similar way as the averaging noise reduction method. 
Introducing this reduction in (11), the profile is approximated as: 

𝑓(𝑥, 𝑦) =  ∑ ∑ 𝑎𝑘𝑚

𝑀

𝑚=0

𝑃𝑘𝑚(𝑥, 𝑦)

𝐾

𝑘=0

                                          (12) 

 +√
𝑁 ∗ 𝑆𝑞2(𝑔𝑚𝑒𝑎𝑛) − 𝑆𝑞²(𝑔𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡)

(𝑁 − 1) 𝑆𝑞2(𝑔𝑚𝑒𝑎𝑛)
𝑔(𝑥, 𝑦) 

Where g(x,y) is scaled such that (4) holds. Finally, from this 

noise reduced profile, Sq is calculated according to (1). 

2.1 Simulated data 

The function 𝑧 =  (3𝑥2 − 5𝑥5 + 4 sin 𝑥 + 5 cos 7𝑥)(−2𝑦2 −
3𝑦4 + 4 sin 2𝑦 − 2 cos 5𝑦) is evaluated on a 200 x 200 pixel 
grid. The Sq of this surface is about 15.34 µm. Gaussian random 
noise is added to the surface with an Sq of about 19.43 µm to 
obtain simulated measurements.  

 
Figure 2. a) Simulated topography, Sq = 15.34 µm. b) Simulated 
topography with added noise, Sq = 24.76 µm. 

2.2 Experimental data 
In order to evaluate the noise reduction algorithms on real 

measurements, both a roughened optical flat and a realistic 
roughness sample are measured using a Sensofar Neox® in focus 
variation mode. Because the focus variation method needs 
some roughness in order to operate, necessarily a somewhat 
roughened flat surface must be used to evaluate the 
instruments flatness deviation. To average out the remaining 
roughness the roughened optical flat sample was measured at 8 
random positions on the surface. The roughness sample is 
measured 8 times at the same location. The specification of the 
objective and measurement conditions are shown in Table 1. 
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For the optical flat measurements, a Mitutoyo type 158-118 
roughened optical flat with a reported flatness deviation of < 
0.1 µm was used. The realistic roughness sample used is a 
Rubert Microsurf 315 with a reported Ra of 0.4 µm when filtered 
using a Gaussian filter with λs= 2.5 µm and λc=0.25 mm.  

 
Table 1. Optical parameters for the microscope objective 
 

Optical parameter Value 

Magnification 20x 

NA 0.45 

FoV / µm 877 x 660 

Pixel size / µm 0.69 x 0.69 

3. Results and discussion      

Figure 3 shows the topographies obtained by the noise 
reduction methods on simulated data. From Fig. 3 (a) and 
Fig. 3 (b) it is obvious that the noise added to the measurement 
is reduced when arithmetically averaging 3 and 8 simulated 
topographies respectively. However when compared to Fig. 2 (a) 
it is obvious that some of the noise remains even after averaging 
8 topographies. Fig. 3 (c) shows the noise reduced topography 
obtained by the Legendre decomposition method, which is very 
similar to the original simulated profile. This shows that 
Legendre polynomials can be used to reconstruct a noise bias 
reduced topography. 

 
Figure 3. Noise reduction algorithms applied to simulated topographies. 
a) Arithmetic averaging of 3 topographies as per ISO standard 
requirements [5]. b) Arithmetic averaging of 8 topographies. c) Legendre 
noise bias reduction of 3 topographies.  

Table 2 shows the Sq values corresponding to the noise 
reduction methods applied on simulated topographies. When 
comparing the Sq parameter of the arithmetic averaging 
method, it is clear there are diminishing returns for increasing 
the number of measurements. When calculating the unbiased 
estimate using (4), it is clear that increasing the number of 
topographies does not influence the unbiased estimate of Sq. 
However it can he expected that the actual topography is 
approximeted better with multiple measurement. From these 
simulations it is also clear that the Sq obtained by arithmetic 
averaging follow the expected trend similar to Figure 1, but in 

order to approach the unbiased estimate, a lot of measurements 
are required. 

 
Table 2. Sq parameter of simulated topographies 
 

Noise reduction method Sq/µm 

Arithmetic averaging (3x) 19.03 

Arithmetic averaging (8x) 16.77 

Arithmetic averaging (16x) 16.10 

Legendre noise reduction (3x) 15.33 

Legendre noise reduction (8x) 15.29 

Original topography 15.34 

 
Noise reduction algorithms find their practical use when 

assessing metrological characteristics such as flatness deviation, 
a systematic error introduced due to instrument limitations. The 
flatness deviation can be assessed by measuring an optical flat 
in at least 3 different locations on its surface [5]. When 
calculating the average topography of these measurements, the 
error introduced by the optical flat is reduced, better estimating 
the actual flatness deviation. When considering Legendre 
Polynomials it must be mentioned that the cylindricity 
components a20 and a02 and the torque a11 are not reduced by 
shifting the optical flat however the effect of the torque of the 
optical flat can be reduced by rotating the flat as well. 

 
Figure 4. Roughened Mitutoyo optical flat measured at 8 random 
locations. a) Arithmetic averaging of 3 measurements as per ISO 
standard requirements [5]. b) Arithmetic averaging of 8 measurements. 
c) Legendre noise reduction on 3 measurements. 

Figure 4 shows the noise reduced topographies obtained by 
such a measurement. Fig. 4 (a) is the topography obtained by 
arithmetic averaging of 3 measurements, which is the minimum 
as mentioned in ISO ISO/CD 25178-700:2019 [5]. Just like in the 
simulations, the noise influence of the optical flat decreases 
when more measurements are averaged.  

However since the instrument flatness deviation, which is 
related to the curvature of the focal plane, has a smooth shape, 
Legendre polynomials are well suited for approximating this 
flatness deviation. Fig. 4 (c) shows the corresponding noise 
reduced topography, which is in accordance with the expected 
smooth shape. 
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Since the expected instrument flatness deviation has an 
expected smooth shape, ‘noise’ from both the instrument and 
the residual surface roughness is expected to have a large 
influence on the measured Sq. This is apparent when comparing 
the arithmetic averaging of 3 and 8 measurements with the 
noise reduction methods. The noise reduction compared to a 
single measurement can also be calculated using (5). The Sq of 
the noise is 0.28 µm, which is high when compared to the 
measured Sq. This method may reduce the need of taking many 
data, e.g. the 232 and even 2035 measurements reported in the 
literature [6].  

 
Table 3. Sq parameter of roughened Mitutoyo optical flat measured at 8 
different locations on the surface. 
 

Noise reduction method Sq/µm 

Arithmetic averaging (3x) 0.173 

Arithmetic averaging (8x) 0.129 

Legendre noise reduction (3x) 0.039 

Legendre noise reduction (8x) 0.037 

Noise 0.282 

 
When applying the noise bias reduction method to an actual 

realistic roughness sample,  it appears that there is limited 
improvement due to the noise reduction algorithm. However 
when Sqnoise is considered, it is apparent that the noise already 
is quite low, so only minor improvements are expected. The 
lower noise Sqnoise of the roughness sample compared to  the 
roughened optical flat is most likely due to the lower reflectivity 
of the roughnened optical flat and the randomization of its 
roughness 

Note that the measurements are not filtered. Considering the 
limited presence of noise in the realistic measurements, the 
Legendre method still performs quite well in reconstructing the 
surface. 

4. Conclusion      

In this paper, an earlier developed method for noise reduction 
and reconstruction of a noise bias reduced topography is 
extended from 1.5D profile measurements to 2.5D surface 
measurements. In order to avoid challenges with the original 
Fourier decomposition method due to sphericity, cylindricity 
and torque components in 2.5D measurements, a Legendre 
polynomial approach was used. This noise reduction approach is 
compared to the commonly used method for noise reduction, 
where multiple measurements are arithmetically averaged in 
order to reduce the influence of noise. 

The methodology was developed and tested on a relatively 
smooth topography, to which Gaussian distributed noise is 
added artificially to simulate a realistic measurement. The 
results obtained by arithmetic averaging follow the expected 
trend. The unbiased estimate is well obtained using only 3 
simulations, and the original surface is reconstructed quite well 
using Legendre polynomials.  

In order to test the methodology on realistic measurements, 
two use cases were examined. First, the method is applied to 
flatness deviation measurements, where an optical flat is 
measured on 8 random locations on its surface. The Legendre 
method proves very effective here in reconstructing a noise 
reduced topography, even though the measurement noise was 
quite high in these measurements,  due to the low reflectivity of 
the measured optical flat and the randomization of the surface 
roughness.  Secondly, a roughness standard was measured. 
Since the noise was already quite limited in this case, the 
reduction was not as apparent as in the previously mentioned 
example. 

 
Figure 5. Roughness sample measurements. a) Arithmetic averaging of 3 
measurements. b) Arithmetic averaging of 8 measurements. c) Legendre 
noise reduction on 3 measurements. 

Table 4. Sq parameter of Rubert roughness sample 
 

Noise reduction method Sq/µm 

Arithmetic averaging (3x) 1.526 

Arithmetic averaging (8x) 1.529 

Legendre noise reduction (3x) 1.517 

Legendre noise reduction (8x) 1.515 

Noise  0.139 

 
However, the algorithm was still able to reconstruct the 

surface quite well. 
The methodology proved to be most useful in situations where 

the measured topography is quite smooth without steep 
transitions. 

Due to the nature of Legendre polynomials, it is well suited for 
measuring many kinds of form measurements, of which an 
example was given for flatness deviation. 
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Abstract 

X-ray computed tomography (CT) is becoming increasingly popular in dimensional metrology [1]. Therefore, research projects are 

being carried out to put CT measurements on a solid metrological foundation, i.e. mitigate error sources and establish 

traceability [2,3]. Furthermore, we developed a high-resolution CT system, called METAS-CT, to meet the requirements of precision 

engineering [4]. Here, we present the developed METAS-CT system and report on measures that were implemented to improve the 

precision of unidirectional CT measurements to the sub-micrometre level. The instrument is capable of measuring parts smaller than 

4 mm with a resolution of about 1 µm. A key element of METAS-CT is an interferometric measurement system that enables the 

machine geometry to be monitored and compensated online with the goal to generate accurate and traceable dimensional CT 

measurements. Furthermore, cooling systems have been implemented to absorb the heat generated by the different components 

and keep the system stable for scan times of more than 10 hours. In conclusion, a microtechnology use case will be presented. 
 

Industrial X-ray computed tomography, dimensional metrology, high-resolution, microtechnology, micro-parts, additive manufacturing 

 

1. Introduction 

X-ray computed tomography's (CT) unique ability to penetrate 

through materials and visualise internal structures, renders it a 

powerful tool for combined dimensional and defect analysis. It 

is thus becoming increasingly popular and accepted in 

dimensional metrology. However, establishing metrological 

traceability is still very challenging due to a large number of error 

sources. Thus, a simple, straightforward approach for task-

specific measurement uncertainty is still lacking [1,5]. The 

principle of CT for verification of geometric dimensioning and 

tolerancing (GD&T) is depicted in figure 1: Radiographs of the 

workpiece are recorded from different angles, usually by 

rotating the workpiece. A 3D representation is reconstructed 

from those radiographs, whereafter the object surface is 

determined by a segmentation step. Finally, dimensional 

measurements can be taken by fitting geometric primitives to a 

subset of surface points.  

Our high-resolution CT machine, called METAS-CT, was built to 

contribute to metrological CT research and provide a CT machine 

tailored for small parts, few millimetres in size [4]. It is 

comprehensively characterised, enabling us to quantify different 

error sources. Currently, research projects that investigate 

questions concerning metrological traceability [2] and explore 

applications, e.g. for additive manufacturing [3], are being 

performed. The challenge that high-resolution CT poses is that 

scan times scale non-linearly with the desired structural 

resolution. For example doubling the resolution, theoretically 

increases CT scan times 16 fold, e.g. from 30 min to 8 h. This 

poses high demands on CT machine stability and/or requires 

appropriate compensation algorithms. 

In this paper, we discuss the high-resolution metrological CT, 

METAS-CT, in detail, including measures taken to improve the 

performance, and conclude the paper with a use case in 

microtechnology. 

 
Figure 1. Principle of X-ray computed tomography (CT) for verification of 

geometric dimensioning and tolerancing (GD&T): Radiographs of the 

workpiece are recorded from different angles and reconstructed into 3D 

volume data that is used for dimensional measurements. 

2. METAS-CT: A high-resolution metrology CT 

2.1. CT system overview 

METAS-CT is tailored for dimensional measurement of 

workpieces a few millimetres in size (figure 2). It consists of a 

high-resolution X-ray tube and flat-panel detector (see 

reference [4] for details). An accurate and stable positioning 

system based on air-bearing linear and rotary axes ensures small 

guideway errors [6]. All heat sources within the radiation-

shielded cabin are managed by METAS-CT's temperature control 

system to ensure long-term stability. It comprises air 

conditioning, three individual water cooling circuits and 30 

calibrated temperature sensors. The sensor signals are used for 

monitoring as well as to numerically compensate for thermal 

expansion. 
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Figure 2. METAS-CT, a high-resolution metrology CT system tailored for 

dimensional measurements for precision engineering: The X-ray tube is 

visible on the left, the rotary stage for the workpiece in the middle, and 

the flat-panel detector on the right. The L-shape metrology frame, to 

which sensors of the CT geometry measurement system are attached, is 

mounted close to the X-ray tube. 

 

2.2. CT geometry measurement system 

Knowing the geometrical arrangement of the CT machine, i.e. 

the relative position of the X-ray source spot, the axis of rotation 

and the detector plane, is critical in order to obtain accurate CT 

data. A static CT geometry can be parametrised using seven 

degrees of freedom (DoF) [7]. However, when assuming a 

dynamic CT geometry, e.g. due to drift, nine DoF are 

required [8]: Three translational DoF for the X-ray source and 

three translational and three rotational DoF for the X-ray 

detector. This under the assumption that the X-ray source, i.e. 

the focal spot, is a point and the detector has a planar active 

surface with isotropic pixels. The former can be complied by 

operating the X-ray tube at appropriate parameters to keep the 

focal spot size below the voxel size. The latter did not hold and 

was corrected separately as described in reference [9].  

To measure the CT machine geometry, a system consisting of 

eight interferometers, five optical straightness sensors, three 

optical position sensors, and the rotary axis encoder is 

employed. As shown in figure 3, all measurements are taken 

relative to a metrology frame. Besides the source - rotary axis 

distance (SRD) and the rotary axis - detector distance (RDD), 

which determine the magnification, all straightness and angular 

deviations of the detector and the rotary axis are measured as 

well. The system measures 25 DoF in total that are condensed 

into the CT system's 15 DoF in the machine coordinate system; 

3 DoF for the X-ray source, 6 DoF for the rotation axis and 6 DoF 

for the flat-panel detector. By transformation into a CT 

coordinate system, with the origin defined by either the rotary 

axis or the detector, this reduces to 9 DoF. In order to establish 

the positions of the components relative to each other, a 

radiographic calibration, employing a calibrated multi-sphere 

standard, is required [8]. This procedure is limiting the accuracy 

of the whole CT geometry measurement and is still being 

improved at this time. Finally, the measured deviation from the 

ideal CT geometry for each radiograph is then provided to the 

reconstruction algorithm to compensate for it.  

 

 2.3. Reference measurements 

Multi-sphere standards are common reference objects for 

performance evaluation of dimensional CT systems. Since the 

unidirectional measurement between sphere centres is very 

robust towards common CT artefacts, such as beam hardening, 

they are ideal to assess the geometrical accuracy of the CT, i.e. 

drift and scaling errors. They, however, are not suited to assess 

task-specific measurement uncertainties, because they 

represent a best-case scenario [10]. To determine the maximum 

achievable accuracy, two multi-sphere standards, one with 21 

ruby spheres arranged in a cylindrical volume of Ø 4 mm x 

1.8 mm (METROTOM Check nano [11]) and one with 17 steel 

spheres in a volume of Ø 25 mm x 20 mm (METAS-MSS-Alu [8]), 

were employed. CT scans with voxel sizes of, respectively, 1 µm 

and 7 µm for the Ø 4 mm and the Ø 25 mm standards were 

recorded. The sphere centres were determined by fitting 

spherical primitives to the CT data. Subsequently, the 

unidirectional sphere centre-to-centre distances were 

calculated, globally scale-corrected and compared to high-

accuracy tactile reference data from the METAS µCMM [12] 

(�µCMM,��� = 0.14 µm). As shown in figure 4, the scale-

corrected deviations were within ±(0.3 µm +  2 ∙ 10���), 

where � is the measured length. 

 

 
Figure 3. Oversimplified representation of the METAS-CT measurement 

system: The positions of the X-ray source, the rotary axis, and the flat-

panel detector are measured relative to a metrology frame using 

interferometers and optical position sensors. Thereof, the source - 

rotary axis distance (SRD) and rotary axis - detector distance (RDD) can 

be derived. 

 

 
 
Figure 4. Unidirectional sphere centre-to-centre distances measured on 

the metrology computed tomograph METAS-CT (scale corrected data). 
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3. Microtechnology use case 

3.1. Glass test workpiece 

The test workpiece (figure 5), kindly provided by the 

Association Suisse pour la Recherche Horlogère (ASRH), was 

microfabricated from glass using the FEMTOPRINT® technology. 

Its total length is about 15 mm, its width 6.6 mm, and its 

thickness 0.2 mm. Its fragile nature makes tactile calibration 

challenging or even impossible for certain features. Therefore, it 

is an excellent example for the application of dimensional CT. 

 

   
Figure 5. CAD of the glass test workpiece: a microfabricated test 

workpiece (length: 15 mm); the features analysed in this paper are 

indicated in the drawing on the right. 

 

3.2. CT measurement uncertainty 

To asses a task-specific measurement uncertainty for 

dimensional CT is challenging due to the large number of error 

sources, which non-intuitively influence the final measurement 

results. The measurement uncertainty estimation approaches 

can be split into two major groups: simulation based and 

reference object based. Simulations can either be based on 

physical [13,14] or ray-tracing models [7]. The reference object 

based approach, either relies on calibrated workpieces very 

similar to the measured ones, termed substitution method 

[15,16], or on machine specifications [17–19]. Whereas 

employing simplified numerical models or machine 

specifications is very straightforward and quick, they tend to 

over- or underestimate the measurement uncertainty, because 

certain sources of error are neglected. Methods that cover all 

influences, such as physical models or the substitution method, 

are complex and very time consuming; either because many 

simulation iterations or measurement repetitions are required. 

Therefore, as a pragmatic solution, we suggest a hybrid 

approach that relies on measurements of a calibrated reference 

object and a single simulation of the workpiece under 

investigation, based on physical models. Whereas CT scans of 

reference objects cover the intrinsic accuracy, limited by the 

geometry and stability of the CT machine, the simulation covers 

influences by X-ray - material interactions, e.g. beam hardening, 

and the measurement and analysis process. The reference 

object measurement was performed as described in section 2.3, 

whereby the uncertainty of the tactile calibration ���� and the 

deviations of the unidirectional measurements, representing 

the process uncertainty ��, were considered. The simulation 

was performed in aRTist 2 [20] and yields systematic 

deviations � between the nominal CAD value and the one from 

the simulation for each feature. Since the simulation employs a 

polychromatic X-ray spectrum, it accounts for beam hardening 

effects and flat-panel detector efficiency. Furthmore, systematic 

deviations from the reconstruction, surface determination and 

analysis algorithms are also considered. Finally, the workpiece's 

thermal expansion � ,! and fit point standard deviation from the 

measured feature � ,", affected by surface roughness, form 

deviation and noise in the data, is also taken into account. 

The measured features are located on the larger disk of the 

test workpiece to enable tactile reference calibration. They 

include the outer diameter of the disk and the groove radius and 

width (see figure 5). Their CT measurement uncertainty budgets 

are shown in table 1 and were calculated according to [21]: 

�#$,��� = %&����� + ��� + � ,!� + � ,"� + ��. 
For the circular features, the fit point deviation � ," is the 

dominant measurement uncertainty contribution. In contrast, 

the groove's uncertainty is mainly determined by the process 

uncertainty �� and the systematic deviation �. Whereas the 

workpiece influence � ," cannot be altered, we expect to reduce 

�� further in the future; it is emphasised that for this 

measurement only a static CT geometry compensation was 

performed due to the stage of development of the CT machine. 

As expected for such short measurement lengths, the influence 

of the thermal expansion � ,! is negligible. The systematic 

deviations �, determined by simulations, might be reduced in 

the future by X-ray beam filtering, beam hardening corrections 

and software optimisation. They, however, were rather low in 

this specific case due to the light material and small object size. 

In less ideal conditions, such as larger, denser and/or multi-

material workpieces, they can become the dominant 

measurement uncertainty contribution. 
 

Table 1. CT measurement uncertainty budget for measured features on 

the test workpiece. 

Uncertainty 

contribution  

Outer Ø 

6 mm 

Inner radius 

1 mm 

Groove 

width 1 mm 

����  (µm) 0.07 0.07 0.07 

��  (µm) 0.58 0.58 0.58 

� ,!  (µm) 0.02 0.00 0.00 

� ,"  (µm) 1.88 1.00 0.40 

� (µm) 0.35 0.46 0.59 

�#$,��� (µm) 4.00 2.49 1.84 

 

3.3. CT measurement and results 

The test workpiece was CT scanned on METAS-CT employing a 

helical scan trajectory with a voxel size of 1.8 µm. The data were 

reconstructed in Siemens CERA and analysed using VG Studio 

MAX. The workpiece surface was determined using the local 

gradient method, i.e. the advanced surface determination. 1000 

fit points were evenly distributed along the geometric primitives 

using the smart expand algorithm in VG; points lying further 

away than 3 ' were removed. 

A representation of the CT data of the test workpiece is shown 

in figure 6. Figure 7 shows the comparison between the µCMM 

and METAS-CT results, with the µCMM as the reference. All 

results agree within their task-specific measurement 

uncertainties. All other features on the test workpiece were also 

characterised. However, they lack a tactile reference 

measurement, due to the fragile nature of the beam connecting 

the two disks. 

 

 
Figure 6. CT data of the glass test workpiece. The used fit points of the 

three measured features are colour coded according to the deviation 

scale. 
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Figure 7. Deviation between METAS-CT and the µCMM (reference) for 

the measured features on the glass test workpiece. 

4. Conclusions 

We presented a high-resolution metrology CT, METAS-CT, and 

evaluated its performance. With the discussed improvements, 

task-specific measurement uncertainties of about 1 µm will 

come within reach for small workpieces. In comparison, state-

of-the-art CT measurement uncertainties usually range from a 

few up to tens of micrometres [13,16,18]. 

Future work on the instrument will include additional 

improvements of the calibration procedure of the CT geometry 

measurement system and X-ray energy dependent corrections 

[22]. Furthermore, there is plenty of room for improvement 

concerning the correction of CT artefacts, such as beam 

hardening, and quantify their influence on dimensional 

measurements. A simulation-based Monte-Carlo measurement 

uncertainty estimation will be developed within the framework 

of the EMPIR research project AdvanCT [2]. In addition, quality 

assurance of additive manufacturing (AM) processes using CT is 

gaining in importance. This includes AM powder 

characterisation (size, morphology, air inclusions), workpiece 

porosity and surface roughness analyses, and dimensional 

measurements [3].  
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Abstract 
 
The accuracy of roundness measurement is limited by the repeatability of measurement machines. For commercial roundness 
measurement machines, this limitation can be reduced by means of complex solutions to control the parameters’ influence and 
thus limit the non-repeatable effects. The LNE-CNAM developed a cylindricity measuring machine with a particular architecture to 
overcome the repeatability limitation. The working principle consists in comparing the form of the measured part with a reference 
form. This architecture offers the possibility of eliminating the spindle defects and consequently getting rid of the non-repeatable 
and random spindle error motion. The present work is about the development of a new error separation technique based on the 
particular architecture of the new cylindricity measurement machine. In this case the separation technique consists in separating 
the roundness errors of the reference form from that of the measured part. Furthermore, the developed method is also concerned 
with the optimisation of operations and the number of sensors necessary for a complete and stable errors separation.  Moreover, 
to avoid harmonics suppression during the separation, a systematic guideline for optimal choice of shifting angles is introduced. 
The effectiveness of the introduced method for a sub-nanometer error separation is proved by simulation. 
 
Keywords – Error separation technique, spindle metrology, Fourier-based methods, harmonic distortion.    
  

 

1. Introduction   

The accuracy and the reliability of commercial roundness 
measuring machines are generally constrained by spindle 
imperfections. This is mainly due to their working principle 
which consists in comparing the form of the part to measure 
with a spindle motion. When it comes to cylinder  
measurements, there is an addition of errors contributors due 
to higher complexity introduced by the combination of axes 
(rotation and translation). The NMI of France LNE-CNAM has 
developed a new high precision machine for cylinder 
measurements that cope with these limitations by means of 
original design concepts [1-3].   

One important concept of the machine developed by the LNE 
is the separation of the metrological loop and the structural 
loop. This concept is applied to avoid random error effects on 
the measurements. It leads to a particular working principle 
which consists in comparing the form of the measured artefact 
with a reference form (Figure 1). Hence, one can overcome the 
effects of spindle error motion and especially non-repeatable 
spindle error motion. Therefore, the challenge is only in 
separating the form of the artefact from that of the reference. 
This working principle opens new doors to the enhancement of 
the accuracy of roundness and cylindrical form measurements. 
Studies must accordingly be conducted to investigate new error 
separation techniques suitable for this new working principle. A 
number of such error separation techniques have been 
previously developed [3-4].  

With a focus on roundness measurement issues, the present 
study introduces a new error separation technique that 

provides a great flexibility in terms of sensors arrangement and 
artefact positioning. The objective is to develop an error 
separation technique for roudness measurement, that takes 
advantage of the current sensors arrangement on the machine. 
Furthermore, the developed method should also address the 
optimisation of the number of acquisitions.   

 

 
Figure 1. Partial schematic of the LNE machine’s architecture 
 

The next sections of this paper first introduce the new error 
separation technique theoretical development. Then an 
investigation into the harmonics suppression phenomenon will 
lead to the definition of systematic guidelines for an optimal 
choice of angular shifting. Finally, the effectiveness of the 
method will be highlighted through simulations.  
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 2. The new error separation technique      

2.1. Theoretical development     
 
As depicted in Figure 2, the introduced method consists in 

performing a set of 𝑁 + 1 ≥ 2 measurements with an angular 
shifting of 𝜑𝑖 between the artefact and the reference for the 
measurement 𝑖. In the following, the reference is not moved 
during the whole process. The initial angular shifting 𝜑0 is set 
to zero.   

During the measurements, sensors record the reference and 
artefact’s form but also radial spindle error motion (repeatable 
and non-repeatable), thermal drift, their own non-linearity and 
measurement noise from the acquisition system. The thermal 

drift can be considerably reduced by controlling the 
temperature in the working volume but also by choosing the 
appropriate material for the reference. It is advantageous to 
choose materials with a sufficiently low expansion coefficient 
both for the artefact and the reference. In practice, an 
alternative approach is to choose for the reference, a cost-
effective material with the same coefficient of expansion as the 
artefact so as to have the same dilatation for both the artefact 
and the reference in a controlled environment [3][5]. Sensors’ 
non-linearities can be significantly reduced by an appropriate 
calibration [3][6]. To deal with noise from the acquisition 
system, an efficient solution is to use a convenient setting 
(cutoff filters, cables type and lengths). 

 
Figure 2. Schematic of the new error separation method 

 
In the following, it is assummed that the conditions are met 

to neglect thermal drift, measurement noise and non-linearity 
errors. The remaining information in sensors’ recordings are 
repeatable and non-repeatable radial spindle error motion and 
the form of measured parts (artefact and reference). In the 
context of the LNE’s new machine’s architecture, the reference 
and the artefact are mounted on the same spindle. Therefore, 
the artefact and reference sensors (respectively 𝑆𝑝 and 𝑆𝑅) 

aligned along the same axis with the same orientation measure 
the same spindle error motion (figure 2). Thus, for the initial 
test 0, we have:  
 

{
𝑚0
𝑃(𝜃) = 𝑃(𝜃) + 𝐵𝑟𝑋𝑆(𝜃) + 𝐵𝑟𝑋𝐴𝑆

0 (𝜃)

𝑚0
𝑅(𝜃) = 𝑅(𝜃) + 𝐵𝑟𝑋𝑆(𝜃) + 𝐵𝑟𝑋𝐴𝑆

0 (𝜃)
                                (1) 

 
Where :  

{
 
 

 
 𝑃 = 𝑎𝑟𝑡𝑒𝑓𝑎𝑐𝑡

′𝑠 𝑓𝑜𝑟𝑚                                                                         
𝑅 = 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑓𝑜𝑟𝑚                                                                           
𝐵𝑟𝑋𝑆 = 𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑙𝑒 𝑠𝑝𝑖𝑛𝑑𝑙𝑒 𝑒𝑟𝑟𝑜𝑟 𝑚𝑜𝑡𝑖𝑜𝑛 𝑎𝑙𝑜𝑛𝑔 𝑎𝑥𝑖𝑠 𝑋          

𝐵𝑟𝑋𝐴𝑆
0 = 𝑛𝑜𝑛 𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑙𝑒 𝑠𝑝𝑖𝑛𝑑𝑙𝑒 𝑒𝑟𝑟𝑜𝑟 𝑚𝑜𝑡𝑖𝑜𝑛 𝑎𝑙𝑜𝑛𝑔 𝑎𝑥𝑖𝑠 𝑋

   

 
For any other measurement 𝑖 (1 ≤ 𝑖 ≤ 𝑁), the artefact form 

measured by the artefact sensor is 𝜑𝑖 phase shifted. For the 
reference sensor, only the non-repeatable spindle error motion 
varies :  

 

{
𝑚𝑖
𝑃(𝜃) = 𝑃(𝜃 − 𝜑𝑖) + 𝐵𝑟𝑋𝑆(𝜃) + 𝐵𝑟𝑋𝐴𝑆

𝑖 (𝜃)

𝑚𝑖
𝑅(𝜃) = 𝑅(𝜃) + 𝐵𝑟𝑋𝑆(𝜃) + 𝐵𝑟𝑋𝐴𝑆

𝑖 (𝜃)         
                      (2) 

 
Spindle error motion (repeatable and non-repeatable) is 

overcome through a difference between the recordings of the 

artefact’s sensor 𝑚𝑖
𝑃  and the reference sensor 𝑚𝑖

𝑅  as follows:  
 

𝛥𝑖(𝜃) = 𝑚𝑖
𝑃(𝜃) − 𝑚𝑖

𝑅(𝜃) = 𝑃(𝜃 − 𝜑𝑖) − 𝑅(𝜃)                       (3) 
 
An appropriate linear combination of the differences Δ𝑖 of 

the N+1 tests, helps isolating the artefacts form. This means 

finding a N+1 tuple (𝑎0, … , 𝑎𝑁) ∈  ℜ
(𝑁+1)∗ verifying the 

following equation :  

∑𝑎𝑖

𝑁

𝑖=0

= 0                                (4) 

In this condition (Eq.4.), we get : 

𝑆(𝜃) =∑𝑎𝑖Δ𝑖 =  ∑𝑎𝑖𝑃(𝜃 − 𝜑𝑖)

𝑁

𝑖=0

             (5)

𝑁

𝑖=0

 

 
With 𝜑0 = 0.  
In order to extract the artefact’s form, the combined signal 

𝑆(𝜃) is transformed from spatial domain to the harmonic 
domain. This can be accurately performed with a discrete 
Fourier transformation (DFT) since inter-harmonics 
represented by non-repeatable spindle errors are cancelled 
from the signal in Eq.3. Therefore, the DFT 𝑺(𝒌) and 𝑷(𝒌) of 
respectively 𝑆(𝜃) and 𝑃(𝜃) can be defined as follows:  

 

{
 
 

 
 𝑺(𝒌) =

1

𝑀
∑ 𝑆(𝑚)𝑒

2𝑗𝜋𝑚𝒌
𝑀

𝑀−1

𝑚=0

𝑷(𝒌) =
1

𝑀
∑ 𝑃(𝑚)𝑒

2𝑗𝜋𝑚𝒌
𝑀

𝑀−1

𝑚=0

                            (6) 

 
Where 𝑀 is the number of collected points during one 

circular profile measurement (number of samples).  
It therefore comes from Eq. 5 and 6 that:  

𝑺(𝒌) = (∑𝑎𝑖

𝑁

𝑖=0

𝑒−𝑗𝒌𝜑𝑖)𝑷(𝒌)                     (7) 

 

If we define 𝑾(𝒌) = (∑ 𝑎𝑖
𝑁
𝑖=0 𝑒−𝑗𝒌𝜑𝑖), it comes that:  

 
𝑺(𝒌) = 𝑾(𝒌) 𝑷(𝒌)                                  (8) 

 
In the frequency domain, 𝑷 is obtained from Eq. 8 and the 

artefact’s form 𝑃 in the time domain come by the inverse 
discrete Fourier transformation of 𝑷. Furthermore, knowing 
the artefact’s form, the reference form 𝑅 is deduced from the 
initial acquisition as follows :  

 
𝑅(𝜃) = 𝑃(𝜃) − 𝛥0(𝜃)                                        (9) 
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When only two measurements are performed (𝑁 = 1), the 
method comes down to a reversal method since the artefact is 
moved only once. This offers the possibility to perform a 
complete and stable separation with only two sets of 
measurements. Furthermore, it opens new perspectives in 
reversal error separation with a high flexibility on the value of 
the angular shifting. For high precision designers, this means a 
great suppleness in sensors arrangement. In practice, such 
reversal method can be applied either by a one-step 
measurement with two sets of sensors or two measurements 
with a single set of two sensors.   
 

The complex function 𝑾 can be considered as the transfer 
function from 𝑷 to 𝑺. It determines the accuracy of the error 
separation. There are some values of the frequency variable 𝒌 
depending on the angular position 𝜑𝑖 which leads to a zero 
transfer function. This results in the suppression of the 
corresponding harmonics. This problem, also encountered in 
classic multiprobe methods is therefore closely linked to the 
values of the angles 𝜑𝑖 chosen. 
Consequently, the next step is about choosing the optimal 
values of the angles 𝜑𝑖 to avoid harmonic suppression.  
 
2.2. Choice of optimum angles    

 
As in classic multiprobe methods, the harmonic suppression 

phenomenon is highly dependent on the values of the angular 
positions 𝜑𝑖. Several studies aiming at determining the optimal 
angular positions have been conducted in the case of classic 
multiprobe method. Zhang et al. [7], proposes an approach 
based on a non-linear optimisation problem. With minor 
modifications this method will be widely used in the form of 
complex non-linear optimisation [7-8]. However, this approach 
does not lead to a single optimal solution. In fact, the problem 
leads to several local optimums. The solution domain is 
therefore represented by a fractal. Nevertheless, this approach 
highlights the non-optimal character of a regular angular 
position (e.g. 120° and 240°) [9]. Chen [10] later introduced a 
multi-objective matrix approach which additionally takes into 
account the effects of software calculation and approximation 
errors. More recently a direct calculation method was 
proposed by Baek [11]. If this new method does not take into 
account the effects of software-related errors, it leads to the 
determination of several optimal values of angular positions. 

  
In the case of the present method, harmonic suppression 

occurs at frequency 𝒌𝝋 where the magnitude of the transfer 

function 𝑾 is zero (Eq. 10). In practice, depending on the 
accuracy of the calculator used, this phenomenon may also 

occur when |𝑾(𝒌𝝋)| is very close to zero.  

 

|𝑾(𝒌𝝋)| = 0                                       (10) 

 
Similarly to the classical multiprobe, the first coefficient of the 
N+1 tuple (𝑎0, … , 𝑎𝑁) can be set to 1 (𝑎0 = 1). This is to reduce 
the number of coefficients 𝑎𝑖 to determine. Thus, Eq.10 gives: 
  

|1 + ∑𝑎𝑖

𝑁

𝑖=1

𝑒−𝑗𝒌𝜑𝑖| = 0 ⇔

{
 
 

 
 
1 +∑𝑎𝑖𝑐𝑜𝑠𝒌𝝋𝜑𝑖 = 0

𝑁

𝑖=1

∑𝑎𝑖𝑠𝑖𝑛𝒌𝝋𝜑𝑖 = 0

𝑁

𝑖=1

  (11) 

 
Knowing Eq. 4, the positive solution domain 𝕂ℎ  of Eq.11 is In 
the following form:  

 

𝕂ℎ =⋂{
2𝜋𝑘𝜑𝑖
𝜑𝑖

, 𝑘𝜑𝑖 ∈  ℕ
∗}

𝑁

𝑖=1

           (12) 

 
For correct separation, the sampling must be performed 

exactly at a regular angular sampling interval Δ =
2𝜋

𝑀
 so that:  

 

𝑁𝜑𝑖 =
𝜑𝑖
Δ
                         (13) 

 
Therefore, 𝕂ℎ  can be reformulated in an irreducible fraction as 
follows:  
 

𝕂ℎ =⋂

{
 

 

𝑘𝜑𝑖 .

(
𝑀

𝑀 ∧ 𝑁𝜑𝑖
)

(
𝑁𝜑𝑖

𝑀 ∧ 𝑁𝜑𝑖
)

= 𝑛𝜑𝑖 , 𝑘𝜑𝑖 ∈  ℕ
∗

}
 

 𝑁

𝑖=1

           (14) 

 
Where 𝑀 ∧ 𝑁𝜑𝑖stands for the Highest Common Factor (HCF) of 

 𝑀 𝑎𝑛𝑑 𝑁𝜑𝑖 =  𝐻𝐶𝐹 (𝑀,𝑁𝜑𝑖). 

 
Eq. 14 predicts the harmonics suppressed during the 
separation. To satisfy Eq.14, 𝑛𝜑𝑖  as well as 𝑘𝜑𝑖 are integers. 

Therefore, any 𝑘𝜑 ∈  𝕂ℎ  is a multiple of 𝑁𝜑𝑖/(𝑀 ∧ 𝑁𝜑𝑖). Thus, 

to accurately perform the separation throughout the frequency 
region of interest, it is convenient to maximise 𝑁𝜑𝑖/(𝑀 ∧ 𝑁𝜑𝑖). 

To do this, it is advantageous to always minimise 𝑀 ∧ 𝑁𝜑𝑖.  

For a correct error separation without harmonic suppression, 
the following steps can be taken to keep the minimum 
harmonic suppressed out of the harmonics region of interest.  

From the number of samples per revolution 𝑀, the sampling 
rate 𝑓𝑟, and the consistent revolute speed 𝜔 = 2𝜋𝑓𝑟/𝑀, 
compute the angular sampling interval Δ = 𝑓𝑟/𝜔. For each 
measurement 𝑖, choose 𝑁𝜑𝑖  greater than the maximum value 

of interest of the harmonics. 𝑁𝜑𝑖  should also be chosen in 

order to minimise 𝑀 ∧ 𝑁𝜑𝑖. Compute the corresponding angle 

𝜑𝑖. Use simulated data to validate the suitability of the angles 
𝜑𝑖. Repeat the previous steps until the simulated residuals of 
the separation is satisfying.  

3. Simulations            

In order to validate the introduced method, a case study is 
conducted on simulated data. The simulation is performed in 
the case of a minimum number of measures (two measures 
with one angular shifting of the artefact).  

The simulated artefact’s form 𝑃(𝜃) contains harmonics with 
amplitudes between 8 and 10 nm and a number of undulations 
per revolution (upr) between 5 and 35 upr. For the reference 
form 𝑅(𝜃) the harmonic amplitudes vary between 1 to 4 nm 
and a number of upr between 5 and 58 upr. The amplitudes of 
the repeatable spindle error motion represented by the 

synchronous error motion 𝐵𝑟𝑋𝑠
𝑖 vary between 2 and 20 nm with 

less than 21 upr. For the non-repeatable or asynchronous error 

motion 𝐵𝑟𝑋𝐴𝑆
𝑖  (ISO 230-7:2015), a white noise generator with a 

maximum amplitude of 5nm is used.  
The optimal angle is calculated using the previous guidelines. 

The number of samples per revolution is fixed to 𝑀 =
5050000. The sample rate 𝑓𝑟  is set to 505 𝐻𝑧. The maximum 
frequency of interest is 58upr. As depicted in the summarising 
Table 1, the obtained optimal angle is 𝜑1 = 74°39′43". 𝑁𝜑1is 

chosen as a prime number in order to form with 𝑀 a set of 
coprime numbers. This ensures a minimal value of the 
𝐻𝐶𝐹(𝑀,𝑁𝜑1).  
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Table 1. Optimal angle evaluation  

𝝋𝟏 74°39'43" 

Parameters 𝑘𝑚𝑎𝑥𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡(𝑢𝑝𝑟) 58 

𝑀 5050000 

𝑓𝑟(𝐻𝑧) 505 

Δ(µdegree) 71 

𝑁𝜑1 1047341 

𝑀 ∧ 𝑁𝜑1 1 

The next Figure 3 shows the results of the simulation. The 
simulated and the recalculated artefact and reference form are 
presented respectively in figure 3 (a)-(b) and (d)-(e). The 
residuals of both the recalculated artefact and reference form 
are within the order of 10−4 nm. This discrepancy is mainly due 
to software approximation errors during the DFT computation. 
This can be ameliorated by enhancing the accuracy of the DFT 
operator. 

 
Figure 3. Simulation results: (a) & (b) artefact form; (d) & (e) reference form; (c) artefact residuals; (f) reference residuals 
 

4. Conclusion      

The purpose of the current study was to introduce a new 
error separation technique based on the architecture of a 
cylindricity measuring machine based on a dissociated 
metrological structure. The method has been detailed in a 
general point of view. The new design perspectives given by 
the introduced method in terms of sensors arrangement have 
been pointed out. A mathematical analysis leads to the 
introduction of a systematic approach for the choice of optimal 
shifting angles to avoid the harmonics suppression 
phenomenon during the separation. 

The method has been applied by simulation in the particular 
case of a minimal number of two measures. The results prove 
the effectiveness of the separation method with a sub-
nanometer discrepancy less than 10−4 nm.  
Further investigations on the robustness of the introduced 
method with respect to error sources (such as sensors and 
artefact positioning and alignment errors) through Monte 
Carlos simulations will lead to an uncertainty budget 
estimation. Future work will also focus on experimental 
investigations of the introduced method. This will lead to a 
detailed comparison with the other methods previously 
developed in the context of machines with a dissociated 
metrological structure. 
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Abstract 
Quality inspection of gears is a standardized process, but it is based on only a few random surface points. In order to perform a more 
comprehensive quality inspection, precise optical measurement systems are being developed to acquire the complete geometrical 
data with high speed. The resulting point clouds are in particular convenient for the estimation of unknown gear parameters, but 
require a partitioning prior to the evaluation of geometrical features. However, the standard procedure will only lead to reliable 
results if the evaluation range is well defined. In case of unknown gear parameters, it is not able to automatically partition the integral 
geometric elements. 
In order to automate and optimize the assessment of geometric gear parameters, e. g., for the estimation of unknown geometric 
gear parameters, a holistic approximation is presented, which combines the partitioning and the approximation of geometrical 
features in a single optimization routine. The holistic approximation is extended by a root point iteration that allows the calculation 
of the orthogonal distance of the measurement point to the surface of the geometric model for any object geometry, e. g. involutes 
modified by crownings. Simulations and experiments demonstrate that the holistic approximation is capable of precisely determining 
the geometric parameters with an implicit optimal partitioning of the measurement points. 
 
Automation; Gear; Geometric modelling; Measurement 

 

1. Introduction 

Gear metrology is challenging due to the narrow tolerances 
and the boundary conditions of dimensional data acquisition. 
Often, the golden rule of metrology is not fulfilled. Instead of a 
measurement uncertainty of less than 10 % of the tolerance, 
only 20-30 % are reached [1]. Both the data acquisition and 
evaluation contribute to the total measurement uncertainty. 

The standard data processing is tailored to the evaluation of 
line- and pointwise data to calculate deviations to the nominal, 
non-modified involute. Actual gear software does not provide 
area-oriented evaluation of dimensional data, but there are 
approaches to calculate areal deviation parameters [2, 3, 4]. 
Anyway, neither the standard evaluation nor other approaches 
offer a partitioning capability and are able to automatically 
estimate unknown gear parameters. Therefore, this article 
analyses the potential of gear data evaluation by applying a 
model-based holistic approximation in combination with an 
automated partitioning method. This method was validated for 
different applications already [5, 6]. Extended by a root point 
iteration [7], it now offers the potential for a precise evaluation 
of gear measurements for modified profiles. 

2. Method 

The standard inspection of involute gears consists of 
evaluating two lines on both flanks of 4 teeth (profile and slope 
deviations) and a single point on each flank (pitch and runout 
deviations). In the following, the methods and analysis are 
limited to the evaluation of the profile slope deviation fHα as an 
exemplary quality parameter. Here, after approximating the 
nominal, non-modified involute to the measuring points, the 
residual distances of the measurement points to the nominal 
involute are evaluated in a second step by a regression [8]. If the 

involute is designed with a crowning, the approximation with an 
ideal involute will induce errors in the calculation of the 
orthogonal distances, as non-correct root points were used. 
 

 

Figure 1: Involute flank with modifications (the red lines indicate the 

non-modified involute geometry): a) crowning (Cα) in profile direction; 

b) tip relief (Cαa) starting at radius rCa. 

The holistic approximation (HA) is a model-based 
approximation, which minimizes the least squares sum 

       min
𝒂𝑝,𝒂𝑔

[∑ 𝑑𝑖(𝒂𝑝, 𝒂𝑔)
2𝑁𝑖

𝑖=1 + ∑ 𝑑𝑘(𝒂𝑝, 𝒂𝑔)
2𝑁𝑟

𝑘=1 ] (1) 

of the orthogonal distances di, dk of the N = Ni+Nr measuring 
points to the approximating elements. These elements are a 
crowned involute with shape parameters base circle radius rb,i 
and crowning Cα (cf. Error! Reference source not found. a) and 
the tip relief described by the its base circle radius rb,r. The shape 
parameters are summarized by the vector ag = [rb,i, Cα, rb,r], and 
the position parameter vector ap = [ϕb, rCa] contains only the 
rotation angle ϕb around the z-axis and the start radius of the tip 
relief rCa (see Error! Reference source not found. b), because the 
origin of the workpiece coordinates system (WCS) is known from 
the measurement already. In addition, the HA is capable of 
partitioning the measurement data into integral geometric 
elements by optimizing the associations between the measuring 
points and the approximating elements. Therefore, the point 
numbers Ni and Nk are varying during the iteration. Whereas the 
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orthogonal distances of the measuring points to the tip relief dk 
can be directly calculated [2], a root point iteration [7] enables 
the calculation of the orthogonal point distances di between the 
measurement data and the crowned involute. 

3. Results 

The HA was verified by Monte-Carlo simulations. 100 
repetitions with simulated data with uniformly distributed noise 
in normal direction of the involute within the range [-0.75 ... 
+0.75] µm, for example, resulted in a standard error of 0.13 µm 
for the base circle radius and a mean deviation of 0.03 µm to the 
given value of a crowned involute with tip relief. 

 
3.1. Validation with experimental data 

For validating the HA, profile lines on a helical gear (number of 
teeth z = 40, module mn = 2 mm, helix angle β = -30.75°, 
crowning Cα = 5 µm) were measured as reference on a 
coordinate measuring machine (CMM) with ruby balls of 1.0 mm 
diameter. The acquired data points were evaluated with the 
CMM software as reference and with the HA within the same 
boundary conditions (automatic partitioning disabled). The 
results are presented in Table 1. The differences to the reference 
values are 0.2 µm and 0.1 µm, respectively. As these differences 
are a fraction of the probing error PMPE = 0.9 µm, the HA 
algorithm is validated. 

Table 1: Validation results for the involute form parameters rb and Cα of 
tooth #1. 

 Reference HA 

Base circle radius rb in mm 43.5337 43.5339 

Crowning Cα in µm 5.0 5.1 

 
3.2.Reduction of point density 

The standard evaluation of a modified profile does not use the 
correct root point for calculating the orthogonal distance. It is 
analysed whether the root point iteration of the HA might lead 
to more precise results. For this analysis, real measurement 
points are evaluated with both methods in the same evaluation 
range, and the point density was stepwise reduced by a factor fr. 
The results are presented in Figure 2. A reduction of the point 
density by a factor of 8 leads to deviations of the base circle 
radius up to 13 µm for the HA. The more accurate distance 
calculation within the HA requires additional degrees of 
freedom, and this multidimensional optimization is more 
sensitive to a reduced signal to noise ratio (SNR) than the 
standard evaluation. 
 

 

Figure 2: Influence of a reduced point density on the deviation of the 
base circle radius with respect to the standard evaluation and HA. The 
dataset without point reduction (fr = 1) contains 111 measuring points. 

3.3. Automated partitioning 
The calculation of gear deviation parameters is sensitive to the 

evaluation boundaries. Figure 3 a)Error! Reference source not 
found. shows that varying the evaluation range only fractions of 
a millimeter causes deviations in the calculated parameters. The 
first line is the reference evaluation of the right flank of tooth 1. 

Rows 2-4 of Figure 3 a) contain variations of the evaluation 
range (dCf – dFa) in an order of less than a millimeter leading to 
differences of almost 2 µm for the profile slope deviation, which 
corresponds to more than 5 µm difference for the base circle 
radius. Note that the tolerance for the profile slope deviation is 
±4.9 µm for gears in this dimension. The Cα values of the 
crowning vary within a range of 0.7 µm. 

 

 

Figure 3: Partitioning of involute data: a) influence of the evaluation 

borders dCf, dFa on the deviation parameters calculated for the right 
flank of tooth #1; b) residual distances of measuring points to 
approximating involute, the red crosses are defined by the model-based 
partitioning to points belonging to the tip relief. 

The HA provides an automated partitioning. One result is 
exemplary shown in Figure 3 b). The associations of the 
measuring points to both the involute and the tip relief are 
automatically selected in an optimal way based on the least 
squares sum according to Equation (1). Thus, the HA delivers 
reproducible results in cases where the evaluation ranges are 
not specified or the gear parameters are completely unknown. 

4. Summary and conclusion 

The extension of the HA by a root point iteration is validated 
for the application of gear inspection. A comparison between 
the standard two step approximation and the approximation of 
the measuring points directly by a crowned involute revealed 
that the two step approximation is more robust against a 
decreasing point density of noisy data. However, the implicit 
optimal partitioning of the HA enables automated evaluations 
and delivers robust results for an unspecified evaluation range. 
Small variations of the evaluation borders lead to significant 
differences in the calculated parameters for the standard 
evaluation. Here, the HA delivers repeatable results based on an 
optimal evaluation range due to the automatic partitioning. 
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Abstract 
At CERN, the high accuracy alignment of components installed in a hermetically sealed steel container (called vacuum vessel), can 
quickly become a challenge as normally the equipment inside the vacuum vessel has to undergo thermal cycles from room 
temperature to cryogenic temperature (down to 2 K). For the high luminosity Large Hadron Collider (HL-LHC) project, a measurement 
method, based on multi-target Frequency Scanning Interferometry (MT-FSI), consisting of redundant absolute distance measurement 
between the vacuum vessel and the internal component, solves this issue. The vacuum vessel is equipped with feedthroughs inserting 
and positioning the optical ferrule inside the vessel, while measurement targets (glass sphere with an aluminium coating) are installed 
on the internal component. In this paper, the concept of measurement is introduced and applied on one example: a vacuum vessel 
housing a magnet cold mass. 
 
Large scale metrology, frequency scanning interferometry, internal monitoring, cryogenic temperature, collider 

 

Introduction 

To increase by more than 10 times the luminosity reach w.r.t 
the first 10 years of the LHC lifetime, the HL-LHC project will 
replace nearly 1.2 km of the accelerator during the long 
shutdown scheduled in 2024 [1]. Such a challenging project 
requires the development of new technologies among which the 
internal position monitoring of key components. It is required to 
measure continuously the position of components inside a 
sealed container, under vacuum, at cryogenic temperature (2 K), 
within ± a 0.1 mm uncertainty of measurement with respect to 
external targets located on the sealed container. Several 
possibilities to perform such measurements were investigated, 
based on optical or RF solutions [2][3]. A solution based on multi-
target Frequency Scanning Interferometry (MT-FSI), developed 
by CERN, was retained and will be implemented on the HL-LHC 
project. This paper introduces this concept of measurement and 
illustrates its application on one HL-LHC component needing 
internal monitoring: the magnet cold mass of specific 
quadrupoles located just before the collision point to focus the 
particle beam. 

1. Multi-Target Frequency Scanning Inteferometry   

MT-FSI performs absolute distance measurements between 
the extremity of an optical fiber ferrule and the reflecting targets 
within an uncertainty of measurement of a few micrometers 
over distances below the meter [4]. The interference signal 
between the reflected beam from the ferrule tip (acting as a 
mirror) and the target is analysed, and more specifically its beat 
frequency. The beat frequency is proportional to the distance 
between the ferrule tip and the target : if the laser sweeping 
speed is constant, the distance can be deduced using a Fourier 
transform technique. 

To implement such a technique for internal monitoring, the 
fiber tip ferrule is inserted in a feedthrough which is a leaktight 
interface between the vacuum vessel (at the technical vacuum 

of 10-6 mbar) and the accelerator tunnel (at atmospheric 
pressure) where the component is installed.  

The position of the fiber tip ferrule is measured during a 
calibration process w.r.t. external targets installed on the 
external part of the feedthrough and defining a measurable 
referential frame. Once the feedthroughs have been installed on 
the vacuum vessel, the targets of the external part of the 
feedthroughs are measured with a laser tracker. The position of 
the fiber tip ferrules (defining the startup of the distance) are 
then determined in the coordinate system of the vacuum vessel 
[5], [6]. See Figure 1 

 
Figure 1. Configuration of FSI distance measurement 

 
The chosen reflector is a 0.5’’ diameter glass sphere, with a 

micrometric sphericity and a small coating of aluminium to be 
detected by other instruments as the AT960 Laser Tracker (from 
Hexagon Metrology). The spheres are installed on the internal 
component and their position w.r.t. the mechanical axis of the 
component is measured before their installation in the vacuum 
vessel. Their position is later measured again once the 
component has been inserted inside its vessel, through the 
openings foreseen for the feedthrough, by laser tracker 
measurements, in order to control the position of the inner 
component inside the vacuum vessel [6]. See Figure 1. 
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2. Internal position determination of the cold mass  

Four low beta quadrupoles located on each side of two LHC 
collision points will be equipped with the MT-FSI technology to 
determine continuously the position of their magnet cold mass 
with respect to the external vessel, to have an accurate 
determination of the position of each cold mass (and as a 
consequence of their mechanical and magnetic centre that are 
relevant for the beam steering). The magnet cold mass can be 
approximated to a cylinder with a diameter of 0.80 m and a 
length of 10 m. The vacuum vessel can be approximated as a 
cylinder of a diameter of 0.94 m and a length of 11 m. The 
magnet cold mass is supported inside its vessel by 3 feet. The 
central foot is fixed while the two others allow a longitudinal 
translation of the cold mass for the thermal contraction. The 
thermal contraction is determined by a scale factor in the 
similitude (see chapter 2.2.). 

The vacuum vessel will remain at a temperature of 300 K while 
the cold mass will reach 2 K with a contraction of more than 
15 mm on both extremities.  

   
2.1. Validation setup description    
To validate our solution, we used a similar component, as the 
low beta quadrupoles are still under manufacturing: an LHC 
dipole, a bit longer and installed in a vaccum vessel not originally 
forseen to host the MT-FSI and therefore not assembled with the 
same cleaniness specification that will be adopted in future. Its 
cold mass was equipped with glass spheres installed on an 
insulated support to avoid cryo-condensation [7] along 2 
sections (closed to the 2 extremities called IN and OUT), with 4 
glass spheres per section, allowing to reconstruct with 
redundancy the position of its internal cold mass. See Figure 2. 

 
Figure 2. Dipole layout 

 
2.2. Results obtained      

Three thermal cycles, ranging from 300 K to 4 K were 
performed over 2 months, see Figure 3. The two first ones were 
quite short (duration of a few days), while the last one was 
longer (3 weeks) to see long-term impact of cold measurements 
on the MT-FSI system. At each warm / cold state, the position of 
feedthroughs in the vessel frame was redetermined. No 
significant deformation (less than 40 µm) of the vacuum vessel 
has been observed between the different states (measurement 
done with laser tracker).  

Such a configuration allows the determination of 6 unknowns: 
3 translations, 1 scale factor, the pitch and yaw motions ( the roll 
was constrainted with an uncertainty of 100 µrad) from 8 
observations. The residuals obtained after a least square 
adjustment on the 8 distance measurements are all below 
40 µm. Figure 3 presents the vertical coordinate of the center of 
cold mass (OUT section) calculated for each state. At the 
beginning, the vacuum vessel was at ambient pressure. The 
vacuum vessel was then placed under vacuum. No displacement 
of the inner component w.r.t. the vessel has been observed 
during the vacuum pumping (less than 30 µm). Three thermal 
cycles  (300K / 4K) were carried out. A repeatability of less than 
50 µm of the position determination of the IN and OUT centers 
of the inner component w.r.t. the vacuum vessel between the 

3 thermal cycles (300 K / 4 K) was obtained. At the end of the 
test, a return to atmospheric pressure was completed showing 
no significant displacement. 

 
Figure 3. Results of the 3 thernal cycles (OUT section) 

 

Table 1 presents the accuracy associated in the 3 directions far 
below the initial requirements. The third thermal cycle at 4 K 
lasted more than 3 weeks. During this period, no cryo-
condensation impact on the targets was observed. 
 

Table 1. Accuracy of section determination 

Direction Accuracy (mm) 

X : Radial 0.060 

Y . Longitudinal 0.085 

Z : Vertical 0.030 

 
5. Conclusion   
    
CERN will use MT-FSI to determine the internal position of cold 

masses inside their vacuum vessel during the operation of LHC 
collider. The final configuration of the system has been qualified 
on a similar component, with glass sphere targets installed on an 
insulated support and the FSI ferrule tip inserted in a simple 
feedthrough. No cryo-condensation was observed during the 
thermal cycles at 4 K and a very good repeatability in the 
determination of the coordinates of the centre of the two 
sections was demonstrated. 
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Abstract 
Calibration is crucial for hexapods with high-accuracy positioning capability. Many of these calibration procedures require 
measurement of hexapod’s platform pose (position and orientation) at constant temperature. Consequently, thermal deflection of 
the hexapod’s platform during pose measurements impacts the accuracy of calibrated parameters. This paper presents a method to 
eliminate the impact of thermal deflection of hexapods on their pose measurement. In this method, a reference pose is measured 
before each measurement of any particular pose. The measurements of reference pose are used to estimate thermal deflection of 
hexapod’s legs. This is in turn used to estimate and correct the resulting pose error at the particular pose to be measured. The 
advantage of using the proposed method is demonstrated experimentally by means of pose measurements of a high-precision 
hexapod using a CMM.  
 
Keywords: pose measurement, accuracy, thermal error, hexapod, positioning system   

 

1. Introduction  

Hexapods are increasingly being used for high-accuracy 6-DOF 
positioning applications. Different types of calibrations 
(geometric, elastostatic, etc.) are performed to achieve their 
high-acccuracy positioning capability. These calibrations are 
sensitive to the accuracy of platform pose measurements. Many 
of these calibration procedures require the hexapod to be at a 
constant temperature during pose measurements using the 
conventional method. When this condition is violated, the 
accuracy of calibrated parameters is affected. 

This paper presents a method to solve the aforementioned 
problem. The presented method eliminates the effects of 
thermal deflection of the hexapod on platform pose 
measurement. The advantage of the presented method has 
been experimentally demonstrated by means of pose 
measurements of a high-precision hexapod performed using a 
CMM. This paper is organised as follows: section 2 outlines the 
conventional pose measurement method and its drawback. 
Section 3 presents the thermal deflection decoupled pose 
measurement method for hexapods. Section 4 presents the 
experimental study followed by conclusions in section 5. 

2. Conventional pose measurement method and its drawback      

Pose measurements are always made by measuring points 
using a measurement system which has a coordinate frame 𝑀 
attached to it. All the points are measured with respect to this 
coordinate frame. The requirement is to measure the coordinate 
frame fixed to the platform (platform frame), 𝑆𝑖, when the 

hexapod is in any 𝑖𝑡ℎ arbitrary configuration with respect to 
another coordinate frame 𝑂. The frame 𝑂 is defined at some 
geometric landmark on the hexapod. 

The conventional method to measure the 6-DOF pose vector 
of the platform frame of an arbitrary pose 𝑆1 with respect to 

frame 𝑂 is illustrated in figure 1. The frame 𝑂 is measured with 
respect to 𝑀 first. This coordinate frame is measured with the 
legs having a temperature set 𝑡1 = [𝑡11, 𝑡12, . . , 𝑡16], where  𝑡1𝑖 is 

the temperature of the 𝑖𝑡ℎ leg during this measurement. Let this 
measured frame be called 𝑂𝑡1. Any coordinate frame can be 
measured with respect to 𝑀 using different methods and 
depends on the measurement setup available [1-4]. After 
measuring 𝑂𝑡1, the platform frame 𝑆1 is measured. This 
measurement happens with the legs having a temperature set 

𝑡2 = [𝑡21, 𝑡22, . . , 𝑡26]. Let this coordinate frame be called 𝑆1
𝑡2. 

The transformation between the coordinate frames 𝑂𝑡1 and 𝑆1
𝑡2, 

written as 𝑇(𝑂𝑡1 , 𝑆1
𝑡2), is then computed. Consequently, the 

corresponding 6-DOF pose vector 𝑋
𝑆1

𝑡2
𝑂𝑡1

 is obtained. 

From the description presented above, it can be easily seen 
that the measured transformation would have been different if 
the hexapod’s legs would have had the temperature set 𝑡1. The 

platform frame in this case (𝑆1
𝑡1) would have a different pose 

vector 𝑋
𝑆1

𝑡1
𝑂𝑡1

. This is due to the thermal deflection of the legs of 

the hexapod with the change in their temperatures from set 𝑡1 
to set 𝑡2. Temperature change also affects other dimensions of 
the hexapod. However, for most hexapods, the thermal 
deflection of legs is much higher than that of the other parts 
because: (a) the legs generally have larger dimensions (length) 
as compared to the other parts, and (b) driving motors are 
mounted on/near the legs which heat the legs more than the 
other parts. 

To understand the problem with the conventional pose 
measurement method, consider the case of geometric 
calibration. When the conventional pose measurement method 
is used in geometric calibration, different platform poses are 
measured with the legs at different temperatures. This can 
happen due to heating supplied by motors or the surrounding 
air. Consequently, different measured poses have the influence 
of different magnitudes of thermal deflections of legs. This 

293

http://www.euspen.eu/


  

situation is problematic for geometric calibration.  This is 
because, in geometric calibration, the difference between 
measured and commanded poses of the platform are 
considered to be a consequence of errors in known geometric 
parameters only [5]. Hence, the accuracy of calibrated 
geometric parameters is adversely affected when the 
conventional pose measurement method is used. The same 
problem can also impact accuracy of identified stiffness 
parameters in hexapod elastostatic calibration [6]. 

 

 
 
Figure 1. Illustration of the conventional pose measurement method to 
measure the coordinate frame of an arbitrary pose 𝑆1 with respect to a 
coordinate frame 𝑂  

 

3. Thermal deflection decoupled pose measurement method      

Figure 2 illustrates the proposed method to measure the 6-
DOF pose vector of the platform frame of an arbitrary pose 𝑆1 
with respect to frame 𝑂. In this, frame 𝑂𝑡1 is measured first (with 
the legs having temperature set 𝑡1). Immediately after this, the 
platform is moved to a reference pose 𝑅. This pose is measured 
quickly such that the measurement happens with the legs having 
the temperature set 𝑡1. Let this measured frame be called 𝑅𝑡1. 
The platform can then be moved to any arbitrary pose (frame 
𝑆1) and the platform frame can be measured with the legs having 

a temperature set 𝑡2. This measured frame is 𝑆1
𝑡2. An additional 

measurement of the frame 𝑅 must be performed quickly  

before/after measuring 𝑆1
𝑡2 . This measurement must be carried 

out with the hexapod’s legs having the temperature set 𝑡2 
(measured coordinate frame: 𝑅𝑡2). 
 

 
 
Figure 2. Illustration of the thermal deflection decoupled pose 
measurement method to measure the coordinate frame of an arbitrary 
pose 𝑆1 with respect to a coordinate frame 𝑂  

 

 
 
Figure 3. Flowchart of procedure to post-process the measured data to 
obtain the required pose vector in the thermal deflection decoupled 
pose measurement method 

 
Figure 3 illustrates the method to obtain the necessary pose 

vector 𝑋
𝑆1

𝑡1
𝑂𝑡1

 using the measurement data obtained from the 

measurements outlined above. The measurement procedure 
described can be used to obtain three transformations: 

𝑇(𝑂𝑡1 , 𝑅𝑡1), 𝑇(𝑂𝑡1 , 𝑅𝑡2) and 𝑇(𝑂𝑡1 , 𝑆1
𝑡2). Consequently,  the 

corresponding 6-DOF pose vectors, 𝑋𝑅𝑡1
𝑂𝑡1

, 𝑋𝑅𝑡2
𝑂𝑡1

 and 𝑋
𝑆1

𝑡2
𝑂𝑡1

, can be 

obtained. These pose vectors can be used to get the 
corresponding leg lengths of the hexapod by using the inverse 
geometric model (𝐼𝐺𝑀) of the hexapod [7]. 𝑞𝑅𝑡1 , 𝑞𝑅𝑡2  and 𝑞

𝑆1
𝑡2  

are the arrays containing the leg lengths of the hexapod 

corresponding to pose vectors  𝑋𝑅𝑡1
𝑂𝑡1

, 𝑋𝑅𝑡2
𝑂𝑡1

 and 𝑋
𝑆1

𝑡2
𝑂𝑡1

, 

respectively. 𝑞𝑅𝑡1  and 𝑞𝑅𝑡2  can then be used to compute the 
thermal deflection the hexapod’s legs corresponding to 
temperature change from set 𝑡1 to set 𝑡2, with the platform at 
pose 𝑅. Let the array containing these leg deflections be called  

Δ𝑞𝑅𝑡1−𝑅𝑡2  and let Δ𝑞𝑅𝑡1−𝑅𝑡2
𝑖  be the deflection of the 𝑖𝑡ℎ leg. The 

thermal deflection due to temperature change of legs from set 

𝑡1 to set 𝑡2 of the 𝑖𝑡ℎ leg of the hexapod at the arbitrary pose 𝑆1, 

Δ𝑞
𝑆1

𝑡1−𝑆1
𝑡2

𝑖 , can then be estimated easily. The task here is to find 

the thermal deflection of the legs with lengths 𝑞
𝑆1

𝑡2 , 

corresponding to temperature change of legs from set 𝑡1 to set 
𝑡2, when the thermal deflection of the same legs with lengths 
𝑞𝑅𝑡1  are known. The method to perform this computation must 
respect the dimensions and material properties of the 
components of the leg assembly. Δ𝑞

𝑆1
𝑡1−𝑆1

𝑡2  can then be 
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subtracted from 𝑞
𝑆1

𝑡2  to obtain 𝑞
𝑆1

𝑡1 .  𝑞
𝑆1

𝑡1  is the array containing 

the leg lengths when the platform is at the arbitrary pose 𝑆1  and 
the legs have temperature set 𝑡1. Finally, the necessary pose 

vector 𝑋
𝑆1

𝑡1
𝑂𝑡1

 can be obtained by using forward geometric model 

(𝐹𝐺𝑀) of the hexapod [7] corresponding to  𝑞
𝑆1

𝑡1 . When multiple 

platform poses shall be measured using this method while leg 
temperatures change, the measured poses will not have the 
influence of different magnitudes of thermal deflections of legs. 
Hence, the drawback of the conventional method can be 
overcome using this method. 

4. Experiments and results      

This section presents the details of an experimental study 
performed to compare the conventional and proposed 
methods. The legs of the hexapod were heated during this 
experiment to control and slightly exaggerate heating in legs. 
This was done to clearly show the advantage of the proposed 
pose measurement method over the conventional method. 
Figure 4 shows the test setup used for this experimental study. 
A high-precision positioning hexapod from Symétrie [8] was 
used for this study and this has a repeatability of ±0.5µm in 
translations and ±2.5µrad in rotations. A flexible electric heating 
mat was fixed to each leg to facilitate heating. Thermocouples 
were used to measure the temperature of each leg and the 
surrounding air. Precision balls were fixed to the hexapod’s 
platform which were used for measuring the coordinate frame 
fixed to the platform. The measurements were performed using 
a LK-METRIS CMM equipped with a RENISHAW SP25 touch 
probe. The uncertainty of points measured using this CMM, 
quantified using the MPEP value [9], is about ±2 µm. 

 

 
 
Figure 4. Test setup 

 
Poses of the platform of the hexapod used in this study are 

defined by a coordinate frame fixed to the platform at its center. 
The position and orientation of this platform frame is pre-
defined using holes and planes which are precisely machined on 
the platform in the manufacturing phase. The coordinate frame 
with respect to which any pose of the platform is defined (𝑂) is 
the platform frame with the hexapod in a certain configuration. 
In this configuration, the hexapod’s actuators/legs are locked at 
a certain length and all the legs have the same length. This pose 
will be referred to as zero pose. The pose vector of the platform 
pose is written such that the first three elements represent the 

translations and last three represent rotations, along and about 
the X, Y and Z axes of 𝑂, respectively. The hexapod’s platform 
has the pose vector [0 𝑚𝑚 0 𝑚𝑚 0 𝑚𝑚 0° 0° 0°] when the 
platform is in zero pose (figure 5). 

 

 
 
Figure 5. Hexapod with platform in [0𝑚𝑚 0𝑚𝑚 0𝑚𝑚 0° 0° 0°] pose 
(top view) 

 
In order to perform platform pose measurements, the 

platform frames must be measured with respect to the 
coordinate frame of the CMM. In order to do this, the platform 
frame is first measured by measuring the holes and planes 
precisely machined on the platform, with the hexapod in any 
configuration. Quickly after this, the centers of the three 
precision balls are identified by measuring several points on the 
surface of each ball. Consequently, the position and orientation 
of the platform frame is known with respect to the three balls. 
Note that this relationship is fixed since the balls and the 
platform frame are fixed to the platform. Now, to measure the 
platform frame with the platform in any pose, just the centers of 
the three balls need to be measured. The corresponding 
platform frame can then be identified using the relationship 
known between the platform frame and the centers of balls. 

In this experimental study, the pose to be measured (refered 
to as measurement pose from here), called 𝑆1in sections 2 and 
3, was the zero pose. This pose was chosen to be measured in 
order to facilitate the ease of understanding results as the 
hexapod is symmetrical in this configuration (see figure 5). The 
reference pose 𝑅 to be used in the proposed pose measurement 
method had the pose vector [0 𝑚𝑚 0 𝑚𝑚 − 40 𝑚𝑚 0° 0° 0°]. 
The necessary measurements were made to perform the pose 
measurement as per the proposed method (see section 3). Note 
that (a part of) these measurements can also be used for 
performing pose measurements as per the conventional 
method. 10 trials of measurements were performed and the 
hexapod’s legs were heated during this using the electric heating 
mats. The measurements were then post-processed as per the 
conventional and proposed methods. 

In the proposed pose measurement method, the thermal 
expansion of the legs with the platform in measurement pose 
had to be predicted. This had to be done using the measured 
thermal expansions of the legs at the reference pose (see figure 
3). The following logic was used for this: the legs of the hexapod 
used in this study could be divided length-wise into an 
Aluminium part of fixed length and a Steel part of variable 
length. When the platform is moved from one pose to another, 
the Steel parts of legs change their lengths to achieve the new 
required lengths. When the thermal expansion of legs at the 
reference pose were measured, the corresponding thermal 
expansions of the Aluminium and the Steel parts could be 
determined. This could be done because the lengths and the 
thermal expansion coefficients of the two parts were known. 
The length of each leg and the corresponding length of the Steel 
part, with the hexapod in the measurement pose, were also 
known. The thermal expansion of the Steel part of each leg 

295



  

measured in reference pose was then appropriately scaled to 
estimate the thermal expansion of the Steel part of each leg in 
measurement pose. The thermal expansion of the Aluminium 
part was same for the reference and measurement poses as this 
part does not change its length. The total thermal expansion of 
each leg at the measurement pose was then obtained by adding 
the corresponding thermal expansions of the Steel and 
Aluminium parts. 

Figure 6 shows the pose parameters of the measurement pose 
measured by using the conventional and proposed methods. 
𝑇𝑥𝑚𝑒𝑠, 𝑇𝑦𝑚𝑒𝑠 and 𝑇𝑧𝑚𝑒𝑠 are the components of measured pose 
vector corresponding to translations along X, Y and Z axes of the 
hexapod, respectively. 𝑅𝑥𝑚𝑒𝑠, 𝑅𝑦𝑚𝑒𝑠 and 𝑅𝑧𝑚𝑒𝑠 are the 
components of measured pose vector corresponding to 
rotations about X, Y and Z axes of the hexapod, respectively. 
Figure 7 shows the temperatures measured at different 
locations during this test. 
 

 
 
Figure 6. Measured pose parameters using conventional and proposed 
methods with the platform in zero pose 
 

 
 
Figure 7. Measured temperatures 

 
Figure 6 shows that the measured pose parameters obtained 

using the conventional method deviates significantly with every 
trial. These observed deviations can be correlated with the 
change in temperature between trials. The trend of deviation of 
𝑇𝑧𝑚𝑒𝑠 using the conventional method is similar to the trend of 
the change in temperature of all legs. This behaviour is logical 
given the orientation of all legs in the considered measurement 
pose. Also, deviation seen in 𝑇𝑥𝑚𝑒𝑠 using conventional method 
increases with every consecutive trial until the end. This can be 

explained by the temperatures measured in legs 2, 3, 4 and 5. 
The temperatures of legs 2 and 5 are higher than those of legs 3 
and 4 during the test and this difference increases with every 
consecutive trial until the end. Consequently, legs 2 and 5 push 
the platform more in positive X-direction as compared to legs 3 
and 4 pushing it in the opposite direction. Furthermore, 
deviation seen in 𝑅𝑥𝑚𝑒𝑠 using conventional method also 
increases with every consecutive trial until the end. This can be 
explained by the difference in temperatures of legs 3 and 5 (with 
leg 5 heating more than leg 3) which follows a similar trend. 
Consequently, leg 5 pushes the platform more about the X-axis 
as compared to leg 3 and results in a positive rotational 
deviation about the X-axis with every consecutive trial. The pose 
parameters measured using the proposed method do not 
deviate with change in temperature of hexapod’s legs, unlike the 
ones measured using conventional method. It is, therefore, clear 
that the proposed method is effective in eliminating the 
influence of thermal deflection of the hexapod on the measured 
pose parameters. 

5. Conclusion 

This paper presented a method to eliminate the influence of 
thermal deflection of a hexapod on the measured 6-DOF pose of 
its platform. The presented method is validated experimentally 
by means of pose measurements of a high-precision hexapod 
using a CMM. Results of this experimental study confirm the 
efficacy of the proposed method. In future work, the use of 
measured temperature data to eliminate the influence of 
hexapod’s thermal deflection on the measured 6-DOF pose of its 
platform will be developed. 
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Abstract 

Lonsdaleite (hexagonal diamond) was discovered from the meteorite and has been synthesized from graphite or diamond (cubic 
diamond). Recently, it was reported by the authors that lonsdaleite in the <0001> direction was harder than diamond in the <111> 
direction by 63 % and lonsdaleite was tougher than diamond by 32 % based on molecular dynamics analysis of nano-indentation and 
three-point bending, respectively. However, the wear resistance and mechanism have not been fully understood. 

In this paper, to clarify the fundamental wear mechanism of lonsdaleite, molecular dynamics (MD) simulations of grinding silicon 
carbide by an abrasive grain of lonsdaleite were carried out and compared with that of diamond. The model used in the simulations 
consisted of a hexagonal or a cubic diamond and a silicon carbide. In general, hexagonal structures have lower friction and wear than 
cubic structures. To understand the effect of crystal structure on the wear resistance, especially hexagonal structure of lonsdaleite, 
grinding silicon carbide by lonsdaleite and diamond abrasive grains were performed. 

The results showed that the wear mechanism of lonsdaleite was the abrasion subsequent to the graphitization. This was the same 
wear mechanism as that of diamond. However, the volumetric wear of lonsdaleite was smaller than that of diamond by 34 % at the 
grinding speed of 200 m/s because of higher resistance for graphitization of lonsdaleite. Furthermore, wear resistance of lonsdaleite 
was also higher than that of diamond at the higher grinding speed of 400 m/s. As a result, the molecular dynamics simulations clarified 
the superiority of hexagonal diamonds to cubic diamonds in the wear resistance, as well as high resistance at the higher temperature. 
These results suggest that lonsdaleite has high potential for use as ultraprecision cutting tools. 
 
Lonsdaleite, Diamond, Wear, Molecular dynamics simulation 

 

1. Introduction 

Diamond (cubic diamond) has excellent mechanical properties 
such as the highest known hardness. On the other hand, 
lonsdaleite (hexagonal diamond) was discovered from the 
meteorite and has been synthesized from graphite or diamond 
(cubic diamond) in a small quantity [1]. Therefore, pcactical 
application and experiment using lonsdaleite are not yet feasible. 
However, recently, it was reported by the authors that the 
maximum contact pressure of lonsdaleite in the <0001> 
direction was superior to that of diamond in the <111> direction 
by 63 % and the maximum tensile stress of lonsdaleite in the 
<0001> direction superior to that of diamond in the <111> 
direction by 32 % based on molecular dynamics analysis of nano-
indentation and three-point bending, respectively [2,3]. 
However, the wear resistance and mechanism have not been 
fully understood. 

In this paper, to clarify the fundamental wear mechanism of 
lonsdaleite, MD simulations of grinding silicon carbide by an 
abrasive grain of lonsdaleite were carried out and compared 
with that of diamond. 

In section 2, simulation methods of MD are described. In 
section 3, simulation results and discussions are described. 
Finally in section 4, conclusions of this paper are presented. 

2. Molecular dynamics simulations 

In general, hexagonal structures have lower friction and wear 
than cubic structures. To understand the effect of the crystal 
structure on the wear resistance of lonsdaleite, MD simulations 

of grinding silicon carbrbide by lonsdaleite (hexagonal) and 
diamond (cubic) abrasive grains were carried out. The edge 
radius of the abrasive grain was 4.0 nm with the rake and 

clearance angle of -45° and 45°, respectively, as shown in Figure 
1. The loading and grinding directions of lonsdaleite were 
<0001> and <1120> and those of diamond  were <111> and 
<112>, respectively. 

 
 
 
 
 
 
 
 
 

                           (a)                                                               (b)  
Figure 1. Crystal orientation of grains (a) Lonsdalite (b) Diamond 
 

The model used in the simulations consisted of a hexagonal or 
a cubic diamond grain and a silicon carbide workpiece, as shown 
in Figure 2. The both of diamonds abrasive grains and silicon 
carbide workpiece consisted of Newtonian, thermostat and 
fixed boundary atoms. The workpiece had the dimensions 17.3 
nm × 3.0 nm × 5.4 nm. The Tersoff potential [4] was used to 
express the diamond structure of lonsdaleite, diamond and 
silicon carbide, while the Morse potential was employed to 
express the interaction between both diamonds and silicon 
carbide. Periodic boundary conditions were applied in the y 
direction. For the conversion of the kinetic energy of atoms into 

Grinding 
direction 

<111> 

<110> 

<112> 

<0001> 

<1120> 
<1100> 

Edge radius: 4.0nm 
x y

 

z 

Loading 
direction 

297

http://www.euspen.eu/


  

an equivalent temperature, the thermal energy derived from the 
equation of specific heat proposed by Einstein and Debye were 
used for both diamonds and silicon carbide, respectively. In the 
thermostat layers which absorb the heat outwards in the model, 
the kinetic energy of atoms was adjusted for every 
computational time step so as to maintain the equivalent 
average temperature at 293 K. The grinding speeds (Vc) were 
200 m/s and 400 m/s in the x direction with the loading speed of 
10 m/s in the z direction.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Initial model for grinding of silicon carbide by lonsdaleite or 
diamond grain 

3. Simulation results 

Figure 3 shows the difference in amount of material removal 
between lonsdaleite and diamond. High wear resistance of 
lonsdaleite resulted in large amount of material removal.  

 
 
 
 
 
 

                          (a)                                                               (b) 
Figure 3. Effect of wear of grain on chip removal at a grinding distance 
of 50 nm (a) Lonsdaleite (b) Diamond 
 

The results showed that the wear mechanism of lonsdaleite 
was the abrasion subsequent to the graphitization, as shown in 
Figure 4. This was the same wear mechanism as that of diamond. 
However, the volumetric wear of lonsdaleite was smaller than 
that of diamond by 34 % at the grinding speed of 200 m/s 
because of higher resistance for graphitization of lonsdaleite, as 
shown in Figure 5. Step-like graphitizations of lonsdaleite grain 
showed higher resistance for graphitization. On the other hand, 
gradual graphitizations of diamond grain showed lower 
resistance for graphitization. 

 
 
 
 
 
 

                (a)                                      (b)                                        (c) 
Figure 4. Wear mechanism of lonsdaleite at a grinding distance of (a) 
22.5 nm (b) 23.5 nm (c) 26.0 nm 

 
Furthermore, wear resistance of lonsdaleite was also higher 

than that of diamond at the higher grinding speed of 400 m/s, as 
shown in Figure 5. The grinding speeds became the higher, the 
higher temperature were observed at the interface between 
grain and workpiece, as shown in Figure 6. It showed the 
excellent wear resistance at the higher temperature. 

As a result, the MD simulations clarified the superiority of 
lonsdaleite to diamond in the wear resistance, as well as high 

resistance at the higher temperature. These results suggest that 
lonsdaleite has high potential for use as ultraprecision cutting 
tools. 

 
 
 
 
 
 
 
 
 
 

 
Figure 5. Comparison of number of graphitization atoms between 
lonsdaleite and diamond at the grinding speed of 200 m/s and 400 m/s 

 

 

 

 

 

 
                           (a)                                                               (b) 

 

 

 

 

 

 
                           (c)                                                               (d) 
Figure 6. Temperature distribution at a grinding distance of 50 nm (a) 
Lonsdalite, Vc=200 m/s (b) Lonsdaleite, Vc=400 m/s (c) Diamod, Vc=200 
m/s (d) Diamond, Vc=400 m/s 

4. Conclusions 

The results showed that the wear mechanism of lonsdaleite 
was the abrasion subsequent to the graphitization. This was the 
same wear mechanism as that of diamond. However, the 
volumetric wear of lonsdaleite was smaller than that of diamond 
by 34 % at the grinding speed of 200 m/s because of higher 
resistance for graphitization of lonsdaleite. Furthermore, wear 
resistance of lonsdaleite was also higher than that of diamond 
at the higher grinding speed of 400 m/s. As a result, the MD 
simulations clarified the superiority of lonsdaleite to diamond in 
the wear resistance, as well as high resistance at the higher 
temperature. These results suggest that lonsdaleite has high 
potential for use as ultraprecision cutting tools. Future work will 
be forcused on the effect of crystal orientations on the wear 
resistance of lonsdaleite and compared with that of diamond. 
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One critical issue when surveying large structures like telescopes outdoors is the compensation of the refractivity-induced beam 
bending in levelling. For this, the temperature gradients in the plane along the line of sight need to be determined. We are currently 
developing a dispersive optical thermometer. It will be realized by an absolute interferometer with two different colours (532 nm, 
1064 nm). We target a compact optical interferometer design. Therefore, we implement a 2f/3f detection scheme for phase 
detection: the laser frequency of the light source is sinusoidally modulated, and the interferometric phase derived from the harmonic 
signals. In our contribution, we discuss the measurement scheme, approach-included challenges and present first verification 
experiments over a range of 20 m. 
 

2f/3f detection, laser modulation          

 

1. Introduction   

A key problem in large-scale dimensional metrology is to deal 
with the local inhomogeneity of the index of refraction. 
Temperature gradients, e.g., are a substantial source of error 
when determining the position of the reference points of large 
telescopes as used for Very Long Baseline Interferometry (VLBI) 
– a key quantity to improve the accuracy of the Global Geodetic 
Observation System (GGOS) [1]. Capturing these 
inhomogeneities with classical sensors requires dense and 
impractical sensor networks. Alternative integrating sensor 
designs based on spectroscopy [2], sound wave propagation [3] 
or electromagnetic dispersion [4] seem promising. In the last 
years, our group successfully demonstrated dispersion-based 
absolute interferometer schemes based on heterodyne 
interferometry [5,6]. But these suffer from a high degree of 
complexity. Since for the use at space observatories such a 
thermometer must operate on open fields. Therefore, a simple 
construction is important in terms of handling, robustness and 
sensitivity. 

Modulation-based signal detection – often referred to as 1f/2f 
or 2f/3f interferometry- is an alternative to enable 
multiwavelength interferometry [7]. Its basic optical design is a 
simple Michelson Interferometer set up (Figure 1). By frequency 
modulation of the laser source a phase modulation of the 
interference signal is created. The amplitude of the consecutive 
harmonics (1f, 2f, 3f) are proportional to the sine or cosine of 
the phase values, to the amplitude of the respective order Bessel 
functions and the arm length difference. To increase the 
attainable precision and accuracy of the quadrature detector 
system the amplitude of two consecutive harmonics are 
adjusted to be equal [8]. The quality of modulation-based 
detection interferometry data depends on an optimization of 
the modulation depth to the path length difference. For an 
application on large structures, this can only be achieved to a 

certain degree, in particular, if their position is not fixed. In this 
study, we realize a simple modulation-based single colour 
interferometer and perform measurements over macroscopic 
distances to explore the applicability of this scheme to large-
scale metrology. 

2. Experimental Setup     

Our 1f/2f or 2f/3f signal detection is based on a Michelson 
Interferometer fed by a Nd:YAG laser (Coherent Prometheus, 

Figure 1. Experimental setup including a Beamsplitter (BS), 
Photodetector (PD). 
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see Figure 1). Here, we realize a counting interferometer with a 
moveable mirror on a linear stage (PI LS-180) and a Nd:YAG laser 
source (λ= 532.27 nm). The difference between the 
measurement arm and the reference arm can be varied for short 
range (1 m) and long range (20 m) experiments. A sinusoidal 
modulation of the laser frequency of 47.1 MHz is induced by a 
sinusoidal variation of the laser cavity length via a piezo 
controller with frequency of 9kHz and a peak-to-peak amplitude 
of 23.55 V. The resulting interference signal of the 
photodetector is split to one of the two lock-in detectors 
(Stanford SR850 DSP). The sine (1f or 3f) and cosine (2f) signal 
are detected individually. The reference signal needed by the 
lock-ins is provided by an external signal generator which also 
modulates the laser source. An encoder converts the sine and 
cosine signal into TTL format. This limits the measurement 
accuracy to 𝜆/4. A HeNe based commercial interferometer (SIOS 
MI5000) is placed opposite to our set up. The lock-in signals are 
recorded by an encoder (PCIe-6361). Synchronization of 
reference and measurement signal are ensured by an external 
created trigger. 

 3. Measurement Results 

Figure (2a) shows the exemplary cosine (2f) and sine (3f) signal 
by the lock-in detectors when moving the stage 350 µm with a 
velocity of 0.05 mm/s and an arm length difference of 2.30 m. 
Nevertheless, the signal is clear and stable over the entire 
movement range of 300 mm also for extended arm length 
differences. The amplitude of the sine and cosine signal changes 
individually depending on the arm length difference. Therefore, 
we performed two different experiments. Firstly, we changed 
the arm length difference and analysed the modulation 
amplitude. In the short-range experimental data shown in Figure 
(2b) the modulation amplitude is adjusted every 15 mm (arm 
length difference from 1.30 m to 1.60 m) so that both 
amplitudes of the 1f/2f (2f/3f) signal are equal. In theory, this 

modulation amplitude can be calculated by  =
∆𝜃𝑐

4𝜋𝑠
.  is here 

defined as the phase for which the consecutive Bessel functions 
first coincide (Δ𝜃1𝑓/2𝑓 = 2.63, Δ𝜃2𝑓/3𝑓 = 3.76), and s 

represents the arm length difference and c the speed of light. As 
can be seen in Figure (2b), the slope of theoretical and 
experimental curves is nearly the same. A possible explanation 
for the offset of about 10 MHz is an imperfectly balanced 
amplification scheme of the cosine and sine amplitudes in the 
detection scheme. Our experiments hence show that a dynamic 
change of the modulation amplitude in a movement range of 
300 mm is unnecessary. By increasing the difference in arm 
length over a larger range, however, the signal decreases more 
substantially. Then, the modulation amplitude must be adjusted. 
For an arm length difference from 2 m to 20 m, e.g., the 
optimum modulation amplitude decreases by 29.1 MHz for our 
experimental configuration (Figure (2c)).  

Secondly, the short-range experiment is also instructive to 
study a sensible choice of the modulation signal for the sine 
information. For this, we measure a 300 mm (arm length 
difference 2.80 m to 2.83) distance consecutively with the 1f/2f 
and 2f/3f interferometer under very similar environmental 
conditions. As reference, the HeNe Interferometer is used. The 
deviation of the length measurements is shown in Figure (2d). 
The observed magnitude of the observation can be explained by 
a misalignment of the two opposing beams. For a travel length 
of 300 mm the cosine error for the given configuration can be 
estimated to be in the order of up to 3 µm. This is in good 
agreement with the observed deviation magnitude. In details, a 
similar trend of the deviation of the 1f/2f and 2f/3f can be 
recognized. Nevertheless, the deviation significantly decreases 

for the 2f/3f signal. In principle, the 1f/2f signal provides a higher 
signal power. But the signal is superposed by the fundamental 
intensity modulation. This explains the higher deviation of the 
corresponding measurement data. Based on these results we 
will focus on 2f/3f signals for future setups.  

4. Conclusions 

We have realized a basic interferometer based on modulation 
interferometry and performed measurements over macroscopic 
distances of 300 mm up to 20 m with a special emphasis on the 

modulation amplitude. The optimum modulation amplitude  
changes insignificantly for the shorter moving range. A dynamic 
adaption of the modulation amplitude seems less critical for a 
millimetric distance variation. We confirm that the 2f/3f signal 
shows a significantly smaller deviation than the 1f/2f signal from 
the reference. If the signal power is sufficient, the 2f/3f signal 
seems preferable. In principle, robust modulation-based phase 
signals for arm length differences up to 20 m have been 
demonstrated. This shows the applicability of this demodulation 
scheme for long-range applications. 
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Abstract 
This paper presents an unambiguous method to obtain the measurement error model of a laser line scanner, comprising both the 
systematic error and the random error of a measurement with this type of optical probing system. A ring gauge is used as artefact 
for the acquisition of the data required for determining the measurement error model. The model expresses the systematic and 
random error as a function of the measurement track settings. The considered settings are the distance, the in-plane angle and the 
out-of-plane angle of the laser line scanner relative to the measurand’s surface. The model enables the compensation of systematic 
errors after calibration in order to improve the accuracy of the measuring system. Furthermore it allows to simulate the propagation 
of errors on a measurement in order to determine the task-specific measurement uncertainty using a Monte Carlo method. The 
validation of the measurement error model consists of the evaluation of multiple compensated measurements on ring gauges with 
varying diameters and similar surface properties as the acquisition artefact. 
 
Keywords: Coordinate measuring machine (CMM), Metrology, Measurement, Uncertainty  

 

1. Introduction   

The ongoing trend in the manufacturing metrology requires 
measurement systems that can achieve 100% quality assurance. 
Due to measurement uncertainty, conformity to the imposed 
specifications can however not be warranted for measurement 
results close to the tolerance limits. If the measurement 
uncertainty is unknown, it is impossible to prove conformance 
according to ISO 14253-1 [1]. This is why the Guide to the 
Expression of Uncertainty in Measurement (GUM) [2,3] requires 
every measurement result to be accompanied by a 
measurement uncertainty. The complete quality inspection of 
all products is unrealistic with conventional and time consuming 
contact measurement methods. Optical probes, such as laser 
line scanners (LLSs), form an appealing alternative for tactile 
probes, because of their non-contact character, the high 
measuring speed of up to 70 000 points per second and the 
creation of high density point clouds [4,5]. Despite the 
considerable improved accuracy over the last decades, the LLS 
still lacks accuracy compared to tactile measurements [6,7]. 
Today no robust method exists to determine the uncertainty 
model of a LLS, which is obviously problematic for a 
measurement device. The ISO 15530 standard discusses the 
accuracy verification of contact and non-contact probing 
systems used on a coordinate measurement machine (CMM), 
but does not describe a protocol to obtain an uncertainty model. 
Despite ample research, investigating the effect of individual 
influence factors on the LLS accuracy, an encompassing task-
specific uncertainty determination solution has not yet been 
developed [8-13]. Therefore to overcome this lack in 
standardization this paper introduces a method to obtain the 
measurement error model for a LLS in function of the 
measurement track settings. The role for this error model is 
twofold. On the one hand the model expresses a systematic 
error, which can be compensated in order to improve the 
accuracy. On the other hand the measurement uncertainty 
model expresses the random error. It can be used to express the 

task-specific measurement uncertainty according to ISO GUM 
[2,14] or to prove conformance according to ISO 14253-1 [1]. 
This paper provides the experimental results for the validation 
of the measurement error model.  

2. Error components of a laser line scanner      

An LLS projects one or more planes of laser light onto the 
measurand’s surface and tracks the intersection with the 
object’s surface with a camera, thus allowing the determination 
of surface coordinates by triangulation. The LLS’s performance 
is dependent on multiple parameters, including surface 
properties (material, surface roughness, color, reflection, etc.) 
as well as measurement track settings: the distance between the 
inspected surface and the laser source, also referred to as scan 
depth, the in-plane angle and out-of-plane angle between the 
laser line scanner and the surface (Figure 1) [15-17]. The 
measurement track settings are controlled by the CMM. The 
measurement error of laser line scanning data has two direction 
components: the axial and radial direction. The axial direction is 
from the scanned point towards the CCD sensor of the LLS. The 
radial direction is perpendicular to the axial direction and is 
neglectable compared to the axial error. The axial error consists 
of a systematic error compared with calibrated data and a 
random error. Both errors are related to the measurement track 
settings. The measurement error model for the axial error is set 
up in function of the measurement track settings, assuming the 
other error contributors are stable. The model is thus only valid 
for materials with similar surface properties. 

 

 
Figure 1. The in-plane angle and out-of-plane angle of a LLS. 
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3. Obtaining the measurement error model      

The proposed method to obtain the model requires an artifact 
with uniform surface properties, in order to exclude the 
influence of different error components as those mentioned 
earlier. The collection of data is unambiguous: points on the 
artifact are measured with a LLS and a measurement method 
that is at least one order of magnitude more accurate, i.e. tactile 
probing, as a reference. Data is collected from multiple scan 
paths by manipulating the position of the LLS relative to the 
artefact (Figure 2). In order to maximize the covered surface, the 
scan trajectory is chosen perpendicular to the field of view. 
However the orientation of the scanner is kept constant in order 
to exclude the additional uncertainty due to the CMM 
articulating probing system. Due to the fixed orientation a 
curved surface, i.e. a cylinder or a sphere, is preferable to a flat 
surface in order to maximize the variation of the envisioned 
parameters: scan depth, in-plane angle and out-of-plane angle. 
The artefact should also be suitable for tactile measurements. 
Therefore the chosen artifact is a ring gauge. 

Knowing the orientation and path of the LLS and the reference 
position of the feature, the distance between the scanned point 
and the LLS, the out-of-plane and in-plane angle and error can 
be determined for each obtained point. Also the measurement 
error is calculated locally. A graphical interpretation for the 
following mathematical calculation is given in Figure 3. Point 𝑋𝑠 
is a scanned point of the data obtained by a scan from the scan 
path of the laser source with start, 𝑆, and end point, 𝐸. The 
mathematical expression of the scan path is: 

𝑆𝐸⃗⃗⃗⃗  ⃗ + {

𝑆𝑥

𝑆𝑦

𝑆𝑧

} = 0   (1) 

A plane Ω can be expressed as set of points Ψ where 𝑆𝐸⃗⃗⃗⃗  ⃗ is a 
normal vector to the plane. Since the scan trajectory is 
perpendicular to the field of view and 𝑋𝑠 is a point on the plane: 

{Ψ|(Ψ − {

Xs,x

Xs,y

Xs,z

}) ∙ 𝑆𝐸⃗⃗⃗⃗  ⃗ = 0}                        (2) 

 The position of the laser source, 𝑋0, can be found along the 
scan path, with 𝑑 a scalar: 

{

𝑋0,𝑥

𝑋0,𝑦

𝑋0,𝑧

} = 𝑑 ∙ 𝑆𝐸⃗⃗⃗⃗  ⃗ + {

𝑆𝑥

𝑆𝑦

𝑆𝑧

}                          (3) 

Since 𝑋0 is the intersection of plane Ω and 𝑆𝐸⃗⃗⃗⃗  ⃗, 𝑑 can be found 
by substituting equation (3) into equation (2): 

(𝑑𝑆𝐸⃗⃗⃗⃗  ⃗ + {

𝑆𝑥

𝑆𝑦

𝑆𝑧

} − {

Xs,x

Xs,y

Xs,z

}) ∙ 𝑆𝐸⃗⃗⃗⃗  ⃗ = 0 

⟺ 𝑑 =

({

Xs,x

Xs,y

Xs,z

}−{

𝑆𝑥
𝑆𝑦

𝑆𝑧

})∙𝑆𝐸⃗⃗⃗⃗  ⃗

𝑆𝐸⃗⃗⃗⃗  ⃗2
                            (4) 

The orientation of the laser beam, 𝑣 , goes from the laser 
source, 𝑋0, towards the scanned point, 𝑋𝑠. Based on the 
reference information a cylinder is created with center point, 𝐶, 
and central axis, 𝑎 . The calibrated point, 𝑋𝑐, can be found as the 
intersection of the laser beam and the reference cylinder. The 
distances between 𝑋0 and 𝑋𝑠 and between 𝑋0 and 𝑋𝑐 are 
respectively: 

𝑑(𝑋0, 𝑋𝑠) = √(𝑋0,𝑥 − Xs,x)
2
+ (𝑋0,𝑦 − Xs,y)

2
+ (𝑋0,𝑧 − Xs,z)

2
 (5) 

𝑑(𝑋0, 𝑋𝑐) = √(𝑋0,𝑥 − Xc,x)
2
+ (𝑋0,𝑦 − Xc,y)

2
+ (𝑋0,𝑧 − Xc,z)

2
 (6) 

The scan depth is expressed by equation (6) and the 
measurement error, 𝜀, is the difference between equation (5) 
and (6): 

𝜀 =  𝑑(𝑋0, 𝑋𝑠) − 𝑑(𝑋0, 𝑋𝑐)                            (7) 

Notice that calculating the distance between 𝑋𝑠 and 𝑋𝑐 as a 
measurement error will result in only positive values, while in 
reality the measurement error can also be negative.  

For the calculation of the remaining track settings, namely the 
in-plane angle and out-of-plane angle, the normal, �⃗� , on the 
reference surface in 𝑋𝑐 needs to be known. The normal is 
perpendicular to the axis of the cylinder, therefore:  

𝑎 ∙ �⃗� = 0                                            (8) 
Assume that 𝑇 is the intersection of the normal and the central 

axis. Then the normal can be written as vector from 𝑋𝑐  to 𝑇: 
�⃗� = 𝑇 − 𝑋𝑐                                          (9) 

Since 𝑇 lies on the central axis, the following equation with 𝑡 a 
scalar applies: 

{

𝑇𝑥

𝑇𝑦

𝑇𝑧

} = 𝑡 ∙ 𝑎 + {

𝐶𝑥

𝐶𝑦

𝐶𝑧

}                              (10) 

Substitution of (9) in (8) gives: 

𝑎 ∙ ({

𝑇𝑥

𝑇𝑦

𝑇𝑧

} − {

Xc,x

Xc,y

Xc,z

}) = 0                           (11) 

and substitution of (10) in (11) gives: 

𝑎 ∙ (𝑡𝑎 + {

𝐶𝑥

𝐶𝑦

𝐶𝑧

} − {

Xc,x

Xc,y

Xc,z

}) = 0 

⇔ 𝑡 =

�⃗� ∙({

Xc,x

Xc,y

Xc,z

}−{

𝐶𝑥
𝐶𝑦

𝐶𝑧

})

�⃗� 2
                               (12) 

The normal can be found by the substitution of equation (11) 
and (10) in equation (9):  

�⃗� =

�⃗� ∙({

Xc,x

Xc,y

Xc,z

}−{

𝐶𝑥
𝐶𝑦

𝐶𝑧

})

�⃗� 2
𝑎 + {

𝐶𝑥

𝐶𝑦

𝐶𝑧

} − {

Xc,x

Xc,y

Xc,z

}                (13) 

The angle between the normal on the surface and the laser 
beam consists out of two components: the in-plane angle, 𝛼𝑖𝑛, 
and out-of-plane angle, 𝛼𝑜𝑢𝑡. To calculate both angles, the 
normal is split in two vectors: 𝑣𝑖𝑛⃗⃗ ⃗⃗  ⃗, the projection of the normal 
on the field of view and 𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , the projection on the plane 
perpendicular to the field of view: 

𝑣𝑖𝑛⃗⃗ ⃗⃗  ⃗ =  �⃗� −
�⃗� ∙𝑆𝐸⃗⃗⃗⃗  ⃗

‖�⃗� ‖2
𝑆𝐸⃗⃗⃗⃗  ⃗                                 (14) 

𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  �⃗� −
�⃗� ∙(𝑆𝐸⃗⃗⃗⃗  ⃗×�⃗� )

‖�⃗� ‖2
(𝑆𝐸⃗⃗⃗⃗  ⃗ × 𝑣 )                     (15) 

The in-plane and out-of-plane angle for each point on the 
surface can be calculated as follows: 

𝛼𝑖𝑛 = {
𝑖𝑓 arccos(

𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗∙𝑆𝐸⃗⃗⃗⃗  ⃗

‖𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗‖‖𝑆𝐸⃗⃗⃗⃗  ⃗‖
) ≥ 90°:−arccos (

𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗∙𝐸𝑆⃗⃗⃗⃗  ⃗

‖𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗‖‖𝐸𝑆⃗⃗⃗⃗  ⃗‖
)

𝑖𝑓 arccos (
𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗∙(𝑆𝐸⃗⃗⃗⃗  ⃗×�⃗� )

‖𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗‖‖𝑆𝐸⃗⃗⃗⃗  ⃗‖
) < 90°: arccos(

𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗∙𝐸𝑆⃗⃗⃗⃗  ⃗

‖𝑣𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗‖‖𝐸𝑆⃗⃗⃗⃗  ⃗‖
)

 (16) 

𝛼𝑜𝑢𝑡 = {
𝑖𝑓 arccos (

𝑣𝑖𝑛⃗⃗ ⃗⃗ ⃗⃗ ∙(𝑆𝐸⃗⃗⃗⃗  ⃗×�⃗� )

‖𝑣𝑖𝑛⃗⃗ ⃗⃗ ⃗⃗ ‖‖𝑆𝐸⃗⃗⃗⃗  ⃗×�⃗� ‖
) ≥ 90°:−𝑎rccos (

𝑣𝑖𝑛⃗⃗ ⃗⃗ ⃗⃗ ∙𝐸𝑆⃗⃗⃗⃗  ⃗

‖𝑣𝑖𝑛⃗⃗ ⃗⃗ ⃗⃗ ‖‖𝐸𝑆⃗⃗⃗⃗  ⃗‖
)

𝑖𝑓 arccos (
𝑣𝑖𝑛⃗⃗ ⃗⃗ ⃗⃗ ∙(𝑆𝐸⃗⃗⃗⃗  ⃗×�⃗� )

‖𝑣𝑖𝑛⃗⃗ ⃗⃗ ⃗⃗ ‖‖𝑆𝐸⃗⃗⃗⃗  ⃗×�⃗� ‖
) < 90°: arccos (

𝑣𝑖𝑛⃗⃗ ⃗⃗ ⃗⃗ ∙𝐸𝑆⃗⃗⃗⃗  ⃗

‖𝑣𝑖𝑛⃗⃗ ⃗⃗ ⃗⃗ ‖‖𝐸𝑆⃗⃗⃗⃗  ⃗‖
)

 (17) 

For all the obtained data these three parameters (scan depth, 
in-plane angle and out-of-plane angle) accompanied with their 
corresponding measurement error are calculated. A least-
squares best fit, with the scan depth, the in-plane and the out-
of-plane angle as independent variables and the measurement 
error as dependent variable is created to characterize the 
systematic error. The characterization of the systematic error is 
based on a second degree polynomial function. The 
measurement  noise is normally distributed, in which case the 
standard deviation is a good expression for the random error 
according to ISO GUM. Based on the variation of the data 
compared to the function of the systematic error, a second 
degree polynomial function to express the random error is 
determined. This model includes the uncertainty of the LLS and 
the Cartesian movement of the CMM.  
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Figure 2. The procedure for the data acquisition for determination of the 
measurement error model. 
 

 
 
Figure 3. Graphical interpretation for the calculation of the 
measurement error and the corresponding track settings. 

4. Validation of measurement error model      

In this section the robustness of the measurement error model 
is scrutinized. Firstly, the compensation of the measured data is 
investigated, in order to improve the accuracy of the measured 
diameter of ring gauges of several diameters. An improvement 
of the accuracy on the different artifacts with similar surface 
properties proves the correctness of the systematic error model. 
Secondly, the measurement uncertainty is determined based on 
a Monte Carlo method. Simulations obtained with both the 
systematic error model and the random error model are used in 
this method. Resemblances between simulations and multiple 
measurements are an indication of the validity of the model.  

 

 
 
Figure 4. Set of ring gauges used for the experiments. The diameters are 
from left to right 50 mm, 70 mm, 90 mm and 125 mm respectively. 

 
4.1. Evaluation of the systematic error model 

In order to validate the compensation of the systematic errors 
of the laser scanned data, a reference measurement on the ring 
gauges is performed. The tactile measurement is one order of 
magnitude more accurate than laser scanning and will serve as 
a reference for the location and the orientation. Based on the 
tactile data the position and orientation of the least squares 
fitted cylinder is determined. The calibrated diameter of the ring 
gauges is obtained from its specifications. As explained in  
section 3, the distance between the LLS and the reference 

surface, the in-plane angle and the out-of-plane angle for each 
measured point are determined. These three parameters are 
the input of the polynomial function, which models the 
systematic error. The scanned data is projected along the 
direction of the laser beam with the corresponding output of this 
polynomial function. The outcome is a new point cloud which 
compensates the systematic error on each point. Then the 
relevant parameters are determined from the least squares 
fitting cylinder through the compensated point cloud.  

The validation experiment consists of five repeated 
measurements with the same scan trajectory per ring gauge. 
There are four ring gauges with a varying diameter of 50 mm, 
70 mm, 90 mm and 125 mm. Measurements are performed with 
a Nikon Metrology LC60Dx LLS mounted on an LK Altera 15.7.6 
CMM. For each individual measurement point the systematic 
error is compensated. The diameter of the least squares fitting 
cylinder is determined for the original data and for the 
compensated data. The error on the diameter is the difference 
in diameter of the measured or compensated data and the 
reference diameter. The error is caused by the variation of the 
systematic error: the systematic error increases with an 
increasing out-of-plane angle. Through this the cylinder segment 
will appear more curved, which results in a smaller diameter of 
the least squares fitted cylinder. Figure 5 shows the comparison 
of the error on the diameters of both the compensated and the 
original measurement. This result clearly indicates that 
compensation based on the systematic error model improves 
the accuracy of the measurement, independent of the diameter 
of the ring gauge. It has to be mentioned that cylinders are rarely 
measured from only one side in practice, so in practice errors of 
this magnitude are rarely met. The 95% confidence interval, 
expressed by the error bars in Figure 5, are determined by the 
Monte Carlo simulations, as explained in section 4.2. Fifty 
simulations are preformed to calculate the measurement 
uncertainty based on the random error model.  
 

 
 
Figure 5. The error and the 95% confidence interval of the diameters of 
the least squared fitted cylinders. 

 
4.2. Evaluation of the random error model 

In order to experimentally determine the measurement 
uncertainty, fifty repeated measurements are executed with the 
same scan trajectory on a ring gauge with a diameter of 125 mm. 
Figure 6 illustrates the variation of the least squares diameter 
calculated from the original and compensated data. Figure 6 
shows that the compensation has no influence on the 
repeatability of the outcome. These measurements are the 
reference in the comparison with the diameters of the simulated 
point clouds. In order to determine the measurement 
uncertainty the Monte Carlo method is used; virtual 
measurements are simulated based on the systematic error 
model and the random error model.  

The procedure tracks the following steps. The position of each 
point on the least squares fitting cylinder of the compensated 
data is determined during the compensation of the systematic 
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error. Also the three parameters related to the measurement 
approach are calculated for each point. This allows to determine 
the systematic and random error with the measurement error 
model. Since the simulations are compared to real data, external 
uncertainty contributors need to be taken into account. These 
contributors cause deviations in the systematic error model. The 
deviation is simulated by multiplying the systematic error model 
with a factor, 𝐾. This factor is randomly determined out of a 
normal distribution. The 95% confidence interval of the fifty 
repeated measurements is determined and the corresponding 
variance is 0.01:  

𝐾~𝒩(1; 0.01) (18) 
The influence of the external uncertainty contributors on the 

random error model is marginal in a simulation and is neglected. 
The position of each point is projected along its opposite view 
direction with the combined distance of the systematic and 
random error. The least squares cylinder is fitted on this 
simulated point cloud. Based on multiple simulations the task 
specific measurement uncertainty can be determined.  

Figure 7 shows the measurement uncertainty determination 
for one of the fifty reference measurements. Fifty simulations 
are used to determine the variation of the diameters on both the 
original data and the compensated data caused by the 
uncertainty contributors. A comparison between the reference 
measurements and the simulations shows a similar standard 
deviation, which confirms the validity of the uncertainty 
determination method.  
 

 
 
Figure 6. The measurement repeatability of fifty measurements on a ring 
gauge with diameter of 125 mm before and after the systematic error 
compensation. 
 

 
 
Figure 7. The measurement uncertainty on the diameter of ring gauge 
with a diameter of 125 mm determined by the Monte Carlo principle 
based on one of the repeated measurements (before and after 
compensation).  

5. Conclusion      

This paper presents a method to obtain a model to express the 
systematic error and random error of a measurement with a LLS. 
The mathematical background is given to determine both 
models based on multiple measurement with different scan 
trajectories on a calibrated artefact. The used artefact in this 
paper is a ring gauge, however the method allows any curved 

artefact for the data acquisition. Based on this model the 
systematic error of a measurement on varying objects with 
similar surface properties can be compensated. The systematic 
error model is validated on four ring gauges with different 
diameters. The validation shows that the compensation 
improves the accuracy of the measured diameter of a cylinder. 
The systematic and random error model allowed to determine 
the measurement uncertainty on the diameter using the Monte 
Carlo principle. Within this paper the predicted confidence 
interval is validated by comparing it with the data of fifty 
repetitive measurements. Overall these measurement error 
models allow to improve the accuracy of a state-of-the-art 
measurement and the models provide an uncertainty budget 
according to the ISO GUM. 

The procedure to compensate the systematic error on laser 
scanned data relies on a tactile measurement of the radius, 
orientation and center point of the cylinder. The necessity to 
fully measure the cylinder tactily makes the laser scanning 
obsolete. Therefore a method to find the parameters of the 
cylinder and compensate the systematic error solely based on 
laser scanned data still needs to be introduced. 

References      

[1] ISO 14253-1:2011, GPS – Inspection by measurement of workpieces 
and measuring equipment – Part 2: Guide to the estimation of 
uncertainty in GPS measurement, in calibration of measuring 
equipment and in product verification 

[2] JCGM 100:2008, Guide to the Expression of Uncertainty in 
Measurement (GUM):  Evaluation of measurement data – 
Guide to the expression of uncertainty in measurement 

[3] Haitjema H. 2011 Task specific uncertainty estimation in 
dimensional metrology Int. J. Prec. Technol. 2 226–245 

[4] Son S., Park H. and Lee K. H. 2002 Automated laser scanning system 
for reverse engineering and inspection Int. J. Mach. Tools Manuf. 42 
889-897 

[5] Boeckmans B., Zhang M., Welkenhuyzen F. and Kruth J.-P. 2014 
Comparison of aspect ratio, accuracy and repeatability of a laser line 
scanning probe and a tactile probe LMPMI 11 65-70 

[6] Van Gestel N., Cuypers S., Bleys P. and Kruth J.-P. 2009 A 
performance evaluation test for laser line scanners on CMMs Opt. 
Lasers Eng. 47 336-342 

[7] Boeckmans B., Probst G., Zhang M., Dewulf W., Kruth J.-P. 2016 ISO 
10360 verification tests applied to CMMs equipped with a laser line 
scanner Proceedings SPIE Commercial + Scientific Sensing and 
Imaging 9868, art.nr. 9868-05 

[8] Genta G., Minetola P. and Barbate G. 2016 Calibration procedure for 
a laser triangulation scanner with uncertainty evaluation Opt. Lasers 
Eng. 86 11-19 

[9] Tian Q., Yang Y., Zhang X. and Ge B. 2014 An experimental 
evaluation method for the performance of a laser line scanning 
system with multiple sensors Opt. Lasers Eng. 52 241-249 

[10] Wang Q., Zissler N. and Holden R. 2013 Evaluate error sources and 
uncertainty in large scale measurement systems Robot. Comput. 
Integr. Manuf. 29 1-11 

[11] Feng H.-Y., Liu Y. and Xi F. 2001 Analysis of digitizing errors of a laser 
scanning system  Prec. Eng. 25 185-191 

[12] Bešić I., Van Gestel N., Kruth J.-P., Bleys P. and Hodolič J. 2011 
Accuracy improvement of laser line scanning for feature 
measurements on CMM Opt. Lasers Eng. 49 1274-1280 

[13] Isa M. A. and Lazoglu I. 2017 Design and analysis of a 3D laser 
scanner Meas. 111 122-133 

[14] JCGM 101:2008, Evaluation of measurement data – Supplement 1 
to the “Guide to the expression of uncertainty in measurement” – 
Propagation of distributions using a Monte Carlo method 

[15] Boeckmans B., Tan Y., Welkenhuyzen F., Guo Y.S. Dewulf W. and 
Kruth J._P. 2015 Roughness offset differences between contact and 
non-contact measurements Proc. Int. Conf. EUSPEN 15 189-190 

[16] Boehler W., Vcent M. B. and Marbs A. 2003 Investigating laser 
scanner accuracy Proc. CIPA XIXth Int. Sym. 34 

[17] Wilhelm R.G., Hocken R. and Schwenke H. 2001 Task specific 
uncertainty in coordinate measurement CIRP Annals 50 553-563 

304



 

          
 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

Conceptional design of a positioning device with subatomic resolution and 
reproducibility 
 
Roman Hebenstreit1, René Theska1, Karin Wedrich2, Steffen Strehle2 
  
1Technische Universität Ilmenau, Department of Mechanical Engineering, Institute for Design and Precision Engineering, Precision Engineering Group 
2Technische Universität Ilmenau, Department of Mechanical Engineering, Institute of Micro- and Nanotechnologies, Microsystems Technology Group 
 
roman.hebenstreit@tu-ilmenau.de 

  
Abstract 
In order to satisfy upcoming demands to probe or manipulate objects at subatomic level within a wide addressable range of up to 
1 × 1 mm², a novel class of devices needs to be developed from bottom up. In various scientific and technical research fields there is 
an interest in reproducable subatomic level measurement methods. Potential applications could be in cell biology, nanoscale surface 
or quantum object research, to name just a few examples. Among others, a positioning stage with subatomic resolution will be an 
essential functional unit. As a first proof-of-concept, a positioning stage for a linear motion was chosen. Drive, transmission, guidance 
and position sensing functions are designed in form of a monolithic structure based on MEMS technology. Actuation and 
measurement strategies were evaluated comprising for instance comb structures to actuate and measure linear motion. Compliant 
mechanisms are deployed for linear guiding and as a transmission element to achieve highly reproducible motion. 
 
subatomic positioning, compliant mechanism, MEMS  

1. Introduction 

Regarding the rapid progress and the growing relevance of 
nanotechnologies in technical, scientific and medical fields, 
nanopositioning and nanomeasuring machines assist in making 
smallest objects, surfaces and processes observable. The limit of 
subatomic resolution combined with a large positioning volume 
up to the mm-range has not yet been exceeded within 
multidimensional positioning technology. In comparison 
nanopositioning and measuring machines like the NMM-1 or 
NPMM-200 developed at TU Ilmenau, provide a spatial 
resolution of 0.1 nm [1]. In this paper, a novel setup is 
introduced, which is intended to enable surface measurements 
at relatively flat objects with a reproducibility below 100 pm and 
a planar resolution down to the low femtometer range. A planar 
range of motion of up to 1 × 1 mm² is targeted. A first approach 
is here presented, which is based on MEMS structures 
manufactured from monocrystalline silicon.  

2. Principle for positioning with subatomic resolution 

The elaborated setup is inspired by the Abbe comparator 
principle and is accordingly based on the assumption that 
minimal measuring errors for a planar measuring task occur if a 
planar scale is aligned with the virtual probing plane of a test 
specimen (see figure 1). The resolution of interferometer based 
length measuring systems is heavily dependent on the 
wavelength of the laser light. A further reduction of the 
wavelength or a higher sampling rate encounters physical-
technical limits. Typical wavelengths here are in the range of 
several hundred nanometers and resolutions down to the low 
pm range are achieved under optimal conditions [2].  
In the approach presented here, the optical reference signal is 
to be substituted by a mechanical scale in order to aim for 
positioning resolutions in the low femtometer range. The scale 
is defined by the atomic lattice of a substrate attached to the 
stage. 

A multi-tip scanning probe system determines a position change 
of the scale in six DOF metrologically traceable to the atomic 
lattice constant. Tip-based measuring systems such as atomic 
force microscopes (AFM) or scanning tunneling microscopes 
(STM) are intended to scan the atomic lattice scale as they 
achieve highest lateral resolution at negligibly loads.  
The scale and the specimen are placed on a rigid positioning 
table. For subatomic resolving motion of the table an actuator 
works in closed-loop control with the position measuring 
system. Each component of the metrological loop is subject to 
disturbing influences such as temperature fluctuations. 
Consequently, the whole setup must be operated in a 
appropriate climate and vibration controlled environment to 
minimize external disturbances. However, assuming a 
longitudinal table size up to a few millimeter and a temperature 
stability within the operation space of ±0.01 K, thermal 
expansion is still in the same order of magnitude as the targeted 
reproducibility. Hence, structures need to be designed to be 
insensitive even to minute temperature changes. Self 
compensating methods need to be deployed. 
 

 
Figure 1. sketch of principle setup 
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3. First approach for a positioning stage 

For the proof of concept, a reduced set of requirements is 
considered:  

 1 DOF-motion mode  

 limited positioning range of ±2 µm  

 absolute resolution of less than 100 pm  

 reproducibility in the low pm-range. 
This enables a back and forward counting of single atoms of the 
atomic lattice as a first approach of subatomic resolved 
positioning. 
Therefor the design is drafted according to the following criteria:  

 contactless transmission of drive forces 
 implementation of capacitive comb actuator 

 minimized friction 
 application of a flexure hinge guiding mechanism 

 reduced absolute thermal sensitivity 
 decreased size of metrological relevant parts 
 self compensating methods 

 highly predictable thermal behavior  
 structure as simple and symmetrical as possible 

 approaching quasi-ideal elastic material properties 
 using monocrystalline silicon as basic material 

Furthermore, MEMS structures are suitable for an initial study, 
as they are relatively cost-effective and well studied in terms of 
miniaturization and the required process technology.  
 
3.1. Proof of concept design 

Guiding is based on flexure hinge mechanism of a double 
parallel spring guide mirrored at the actuation axis of the 
endeffector (see figure 2). Silicon-on-insulator (SOI) wafers serve 
as the base material. The flexure hinges are designed to act as a 
concentrated compliance. This reduces relevant deviations of 
shape caused by the etching processes to a small part of the 
whole mechanism compared to extended leaf spring hinges. 
Additionally, the behaviour of the overall mechanism can be 
influenced in a specific manner by varying the hinge contour [3]. 
Due to the possibility of etching structures on both sides of the 
chip, the actuator, the guiding and a position sensor can be 
integrated as a single monolithic body. As the actuator, a 
capacitive comb drive is applied to generate contactless drive 
force while causing relatively low heat during operation. All 
components of the mechanism are part of the the device layer 
of the chip. This layer has a height of about 100 µm. Assuming 
an aspect ration of 1:10, the electrodes of the actuator are 
placed in a minimal trench distance of 10 µm. A connected high 
resolution power supply (Act PSU) provides a working voltage of 
up to 100 V with a step resolution of 5 mV. The chosen lateral 
operating mode of the actuator determines a theoretical linear 
resolution in the operating range of 3 fm to 100 pm [4]. 

 
3.2. Measurement setup 

To validate the characteristics of the actuated stage, two 
variants of measuring systems are considered. The first variant 
comprises a comb structure similar to the actuator, but it serves 
as a capacitive linear distance sensor. A 24-bit capacitance to 
digital converter (C2D sens) is mounted close to the chip on the 
adjacent printed circuit board. A resolution of approx. 40 pm can 
be achieved by scaling the number of sensor combs to 600. 
The second variant is implemented by attaching an optical 
grating as a first approach but aiming for the use of 
monocrystalline substrate of a known atomic lattice. Scanning of 
such a substrate by using an STM allows metrological traceability 
to the lattice constant. The lateral resolution of the STM for the 
first approach is assumed with less than 10 pm using a tip probe 
which is individually actuated by an internal piezo drive to 

enable work in constant height mode. A camera microscope 
should be implicated for the alignment of the probe and the 
scale. 

Figure 2. Scheme of the testing setup for actuator and guiding 

4. Conclusion and Outlook 

Due to the challenging requirements of subatomic resolved 
and reproducible planar positioning, an iterative approach is 
chosen. This enables short feedback loops and consequently a 
continously improving progress. As a first iteration step a MEMS-
based linear guiding flexure hinge mechanism is presented using 
capacitive comb actuation with a resolution down to fm-range. 
The resolution is scalable by the number of combs. Two different 
but simultaneously acting position measurement systems 
should validate the reproducibility of the stage and the 
characteristics of the actuator independently from each other. A 
next step would be a stage moved in 2 DOF with an enlarged 
addressable range. A possible approach could be a two-stage 
design, as shown in [5]. The presented stage design in figure 2 
could act as the second stage for highly resolved positioning. But 
it should be mentioned, that a serial kinematic arrangement 
potentially decreases the reproducibility. Since the thermal 
behaviour of silicon is considered as a disadvantage, the 
positioning reproducibility could be further increased by the use 
of thermaly unsusceptible materials as ultra-low-expansion 
(ULE) glasses or other materials. 
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Abstract 
 
Accurate bidirectional measurements are performed at PTB using UV- microscopy. For this purpose, edge detection algorithms based 
on the rigorous calculation of the optical imaging problem are employed. Hence, all the parameters of the imaging system and the 
object must be considered due to their specific impact on the image formation. In order to further improve the model-based edge 
detection the small but inevitable optical aberrations of the imaging optics must be included into the simulations. 
 
For the determination of the aberrations, microscopic images of state-of-the-art line gratings (shapes verified by AFM) are measured 
in the focus and several afocal planes of the microscope. This procedure is similar to a phase retrieval method with the only difference 
that usually idealized pinholes are measured there. A particle swarm optimisation (PSO) method is developed to determine the 
aberration of the used microscope in terms of Zernike polynomials. Therefore, the particles of the PSO are evenly spread over the 
parameter space that has been expanded by the Zernike polynomials. The optimisation problem consists of the minimization of the 
difference between the microscopic images in different focal planes and their respective simulated microscopic images. Because the 
illumination, imaging, and object parameters of the measured and the simulated microscopic images are identical, only a change of 
the Zernike polynomials is responsible for a minimization during an iteration of the PSO. First results show, that when convergence 
is achieved, the difference between the images is very small. The particle responsible for the minimum then holds the Zernike 
polynomials, which characterize the aberrations of the used microscope. 
 
Keywords: microscopy, optical bidirectional measurements, particle swarm optimisation, rigorous simulations, physical edge detection 

 

1. Introduction   

In optical microscopy based dimensional metrology, the 
knowledge about the aberrations of the applied measurement 
system is crucial. While misalignments occurring over time are 
the obivious answer to why it is important to have an impression 
of the aberrant system, the consideration of the quantified 
optical aberrations in simulations is at least equally important. 
Especially, when closed housings prevent any further 
mechanical correction measures, an estimate of the 
unavoidable remaining aberrations is valueable.  

For example, bidirectional measurements on micro- and 
nanostructures at PTB always involve supplementary 
simulations of the measurements to be able to obtain small 
measurement uncertainties [1]. In addition certain uncertainty 
contributions, like the uncertainty of the numerical aperture are 
determined using simulations. Hence, it is most crucial to be 
aware of the characteristics of the applied measuring system, 
since all the illumination, object and imaging parameters of the 
measurement need to be taken into account in the 
simulationsn[2]. Here, the optical aberrations are a part of the 
imaging parameters.  

The optical aberrations of a measurement system can be 
derived experimentally or by phase retrieval techniques. Shack- 
Hartmann wavefront sensors and Tywmann-Green 
interferometers are also commonly applied methods for the 
measurements of optical aberrations [3]. However, they are 
usually used to investigate single optical components and have 

certain measurement demands concerning coherence or a plane 
wave incidence. Phase retrieval methods like the Gerchberg 
Saxton algorithm [4] only require a moveable camera along the 
optical axis to obtain the lateral intensity distributions for 
several planes. Through the application of a focus criterion, the 
the focal plane and the adjacent afocal planes are identified. The 
phase information of the light, and therefore the knowledge 
about the optical aberration, is embedded in the variation of the 
intensities of the neighboring focus planes. The derivation of the 
phase from the stack of intensity images is usually conducted by 
an iterative approach. Simplified, the algorithm compares the 
measured focus planes to numericaly calculated intensity 
distributions in corresponding focus planes. In each iteration, 
adjustments to the calculations are performed to achieve a 
better agreement with the measured intensities. Idealy, the 
simulated and measured profiles agree perfectly and yield the 
phase information after the execution of all iterations. Thereby, 
the optical aberrations are determined. Usually, very small and 
circular pinholes are positioned in the object plane during the 
measurements. This means that the acquired images in the 
respective focus planes are convolutions of the point spread 
function of the aberrant measuring system with the 
microscopical pinhole. A deconvolution for each measured 
image is necessary, since the algorithm requires the point spread 
function of the measurement system as an input value for its 
calculation. Therefore, the knowledge of the shape of the 
pinhole is most crucial for the success of the method [5]. 

 Unfortunately, the fabrication of the desired microscopical 
pinholes in the regime of diameters below the diffraction limit is 
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not satisfying. Occuring issues are that the pinholes are not 
perfectly circular, polluted during the fabrication or affected by 
unintentional light transmission in the proximity of the pinhole 
opening as a consequence of the limited absorption of the thin 
material layers due to limitations of the fabrication process. 

In this contribution, we propose a new approach based on very 
well studied binary line gratings and supplementing rigorous 
calculations in a particle swarm optimization (PSO). The 
geometry of the chrome on glas grating, and thereby the 
fabrication process, is verified by measuring techniques like 
atomic force microscopy (AFM). This enables an accurate 
consideration of the object in the numerical calculations which 
in theory leads to a more resilient result. In section 2 the PSO 
approach is presented and first results are shown in section 3. 
The paper is then concluded in section 4. 

2. Principle of the PSO approach 

In PSO, the particles represent individual solutions to a cost 
function based on their respective position in a common 
parameter space. The particles also have the information about 
their own personal best solution for the optimization problem 
and the global best solution of all the particles. Depending on 
these information, the particles move inside the parameter 
space to obtain a better solution for the optimization problem 
during the next iteration [6].  

The cost function at hand compares the previously performed 
measurements to rigorously calculated image profiles. Here, the 
images are calculated by the rigorous coupled wave analysis 
(RCWA) which takes the illumination and imaging parameters of 
the microscope as well as the geometrical and optical properties 
of the grating into account and solves the Maxwell equations 
exact for the specific diffraction problem [7]. The parameter 
space for the particles is here extended by the coefficients of the 
first 36 Zernike polynomials. The polynomials are a set of 
orthogonal polynomials above circular pupils which are widely 
used to describe the aberrations of optical systemsn[8]. It is 
assumed that all the other parameters are very well known and 
maintained over the course of the PSO. In the cost function, the 
simulated intensity profiles are fitted to the measured profiles 
by a least-squared algorithm for each of the particles. It is the 
goal of the PSO to minimize the result of the least squared 
algorithm since then the difference between the simulated and 
the measured profiles is minimized, too. Then, the particle with 
the global best solution holds the Zernike polynomials which 
describe the optical aberrations of the measuring system.  

3. Optimization results   

In figure 1, the course of the optimization is indicated for 50 
particles and 150 iterations. Here, convergence for the result of 
the PSO is achieved after roughly 140 iterations.  The overlap 
between the measured and the simulated profiles at the point 
of convergence is shown in figure 2. The difference between the 
two profiles for the 10 µm period of the investigated grating is 
visualized as well and it showcases the good agreement. A 

maximum deviation of 6 % is observed between the profiles. A 
linewidth determination of the grating at hand differs by a few 
nanometers (6 nm) depending on the inclusion or the neglect of 
the aberration. The measurement is performed by a 
transmission UV- microscope with an objective NA of 0.9 and in 
Köhler illumination. Figure 3 illustrates the Zernike polynomials 
which are determined for the aberrations of the optical system. 
Here, the assignment of the single polynomials corresponds to 
[8]. The 18th Zernike polynomial which represents the fourfold 
astigmatism is according to the PSO approach the most 
prominent aberration with a coefficient of 0.4270. 

4. Conclusion   

The presented approach yields the aberration of an optical 
system through a PSO and previously performed measurements 
on well manufactured gratings. The advantages of this approach 
are that like in common phase retrival methods, it only requires 
measurements along the optical axis while it avoids the 
difficulties of not perfectly manufactured pinholes by relying on 
gratings, too. At this point, the PSO only considers the image in 
the focal plane but it is planed to consider afocal planes in the 
future since the effects of the aberration are more prominent 
there. However, this requires a very good knowledge of the 
distances in between the images to ensure a comparison with 
the correct simulated image. Furthermore, comparisons with 
other techniques for the determination of optical aberrations 
should be pursuit. 
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0 50 100 150
0,1

1

in
te

n
si

ty
 d

if
fe

re
n

ce
 a

.u
.

iterations

Figure 3. Optical aberration results in terms of Zernike polynomials 

5 10 15 20 25 30 35
-0,5

0,0

0,5

co
ef

fi
ci

en
t

Zernike polynomial

-5 0 5

0,0

0,2

0,4

0,6

0,8

1,0

1,2

n
o

rm
al

iz
ed

 in
te

n
si

ty
 a

.u
.

X in µm

 measurement

 simulation

 difference

Figure 2. Comparison between the measured and simulated images  

308



 

          
 

 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

In-situ displacement measurement for use in LHC collimators  
     
Tom Furness1, James Williamson1, Simon Fletcher1, Ali Iqbal1, Andrew Bell1, Andrew Henning1, Haydn 
Martin1, Xiangqian Jiang1, Alessandro Bertarelli2, Federico Carra2, Michele Pasquali2, Stefano Radaelli2 

 
1The Univeristy of Huddersfield, Queensgate, Huddersfield, HD1 3DH, United Kingdom 
2CERN, Espl. des Particules 1, 1211 Meyrin, Switzerland     
 
T.furness@hud.ac.uk, J.f.williamson@hud.ac.uk     

  
Abstract 
 
The Adaptive Collimation System (ACS) is a closed-loop control system that can monitor and correct collimator jaw straightness 
deviations. Key to the operation of the ACS is a fibre-based interferometric strain measurement system mounted in the jaws that can 
detect straightness deviations. This system utilises spectral interferometry to interrogate multiple strain sensitive intrinsic Fabry-
Perot interferometer (IFPI) cavities that can detect localised thermal and vibratory deformations within the jaw structure and allow 
for their correction. This paper outlines the operation of the fibre-based measurement system, construction and integration 
challenges, both environmental and mechanical. Finally, preliminary experimental results are described which indicate the system is 
sufficiently sensitive to observe a second order response from a 1.5 µm first order displacement (bend) of the jaw. 
 
Keywords: Collimator, LHC, Strain measurement, Interferometry 
          

 

1. Introduction  
 

1.1  The Role of Collimation in the LHC 
Currently each beam in the LHC (Large Hadron Collider) has 
362MJ of stored energy. At these energy levels, even a small 
loss can quench a superconductive magnet, or damage more 
sensitive areas of the accelerator complex [1]. After the HL-
LHC upgrade (High Luminosity LHC upgrade), these energy 
levels are set to more than double, increasing to over 700MJ 
[2]. To ensure machine protection the LHC employs a multi-
stage collimation system designed to clean the beam tails, 
and dispose of outlying particles in a controlled manner.  
Whilst the overall collimation system consists of multiple 
individual collimators of differing design and function, the 
design architecture in general remains the same. The basic 
design of a single collimator consists of two jaws that straddle 
the beam, enclosed in a vacuum tank, connected to a drive 
system that can move the jaws in respect to the beam line. A 
cross section of a secondary collimator is shown in figure 1. 
The main component of these jaws is the absorption areas. 
These areas are located closest to the beam in order to 
intercept the beam halo.  

 
1.2 Losses and induced deformation 

Critical to the operation of the collimator is jaw straightness. 
For the collimator jaws used in this study the maximum 
allowable straightness deviation is ±100µm. Transverse 
deformations in the jaw structure can significantly affect the 
interaction of the jaw with the beam concerning cleaning 
efficiency, impedance on the beam, and deposited thermal 
loads [3]. Flatness of the absorption blocks, angular 
misalignment, mechanical tolerances, and thermal 
deformation can all contribute to transverse deformation of 
the jaws.  

 
Figure 1. Cross Section of TCSPM Secondary Collimator 

Most of the factors listed above can be mitigated using 
conventional methods. Jaw block flatness and mechanical 
tolerance can be limited in the assembly process and angular 
misalignment can be corrected to a certain degree by the 
collimator’s drive system. However, thermal transverse 
deformations caused by energy depositions are much harder 
to detect and correct.  
Whilst the collimator is performing its primary operation 
these thermal transverse deformations are inherent due to 
energy being deposited in the jaw from beam losses. To 
balance the thermodynamics of the system, the collimator 
jaws have a dedicated water fed cooling system. This cooling 
system is designed to evacuate the induced high heat loads 
whilst minimizing temperature gradients across the jaw [4].  
For this design of collimator, a TCSPM secondary collimator, 
under steady-state operation the mechanical design of the 
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jaw and integrated cooling system can ensure that the 
thermal transverse deformations do not exceed the 100µm 
tolerance limit. However, several potential operational 
scenarios that can induce much larger deformations have 
been identified [5] [6]. High-energy quasi-static losses in the 
tens of kW range can cause elastic deformations with circa 0.5 
mm magnitudes, whilst so-called “dynamic losses”, such as 
injection errors or asynchronous beam dumps, can induce 
flexural vibratory responses with millimetre amplitudes, and 
result in plastic deformation. 
 

1.3  Adaptive collimation  
In an effort to resolve these thermally induced deformations, 
we have devised the Adaptive Collimation System (ACS). The 
ACS is a closed loop control system designed to monitor 
transverse deformations and where possible, correct for 
them ensuring that the front face of the collimator jaw 
remains within its straightness tolerance limit. Integrated into 
the design of a secondary TCSPM collimator, the ACS consists 
of a fibre based spectral interferometer to monitor the 
deformations, and a series of high-powered ceramic piezo-
electric actuators to manipulate the jaw structure, in order to 
maintain its straightness. The scope of this paper will be 
focused on the aspects of the fibre based measurement 
system.     
   
2. Spectral Interferometry for fibre strain measurement 

 
At the inception of this project, it was envisaged that jaw 
monitoring would be performed by a custom designed slotted 
photo-microsensor based sensor. The original design of these 
sensors had a linear measurement range of 20 µm, with a 
resolution of 21 nm [7]. However, it was soon determined 
that these sensors would be unsuitable for this application 
due to lack of radiation tolerance. Twenty-eight of these 
sensors were exposed to a Cobalt 60 source for eight hours 
with a dose equivalent of 7439.3 mSv. After exposure, each 
sensor was tested for functionality, with only 12 of the 
original 27 operational. Given that LHC collimators are some 
of the more heavily irradiated components of the LHC a 
suitable alternative was needed.  
With respect to this, a new strain measurement system using 
fibre optics and spectral interferometry has been designed 
and implemented, as commercially available systems do not 
meet the challenges of this application. It must be robust to 
electromagnetic radiation sources, as well as resistant to fibre 
darkening caused by ionising radiation. A long gauge length is 
desirable to achieve high strain resolution (<100 nε) and to 
achieve full spatial coverage of the collimator jaws (multiple 
strain sensors to measure first and second order shapes). A 
high measurement rate (>2000 Hz) is necessary to measure 
and quantify transient events while a low cost (<£10,000) is 
desirable to limit costs if this solution is accepted and scaled 
up to instrument future collimator designs.  
 

2.1 Experimental Setup 
Error! Reference source not found. shows a schematic of the 
optical setup. Light from a broadband (𝜆𝐶 = 850 𝑛𝑚, 𝛥𝜆 =50 
nm) superluminescent diode (SLED) enters a 2x2 fibre optic 
coupler (FOC) and then a 1x8 fibre switch (LightBend LBSW-
1128120333) which allows selection of the active fibre strain 
gauge and hence time division multiplexing (TDM) of the 
strain signal. From the fibre switch, the source light travels 
along 5m lengths of single mode fibre (780 HP), through an 
8x8 FC/APC vacuum port (not shown) into the collimator 

vacuum tank and along the collimator jaws to the fibre strain 
gauges (1 shown).  

 
Figure 2. Schematic showing the optical layout of the strain sensitive 
intrinsic Fabry-Perot interferometer (IFPI) and remote interrogation 

interferometer. 

Each of these strain sensitive regions comprises a cavity 
(intrinsic Fabry-Perot interferometer (IFPI)) formed by two 
reflective surfaces within the fibre, M1 and M2, separated by 
the gauge distance, d. Further details of the IFPI construction, 
operation and testing are included in section Error! Reference 
source not found.. Reflections from M1 and M2 respectively 
form the measurement and reference beams of the IFPI and 
follow a common-mode path back through the fibre switch 
and FOC to the interrogation interferometer.  
Within the interrogation interferometer, the light from the 
strain gauge is collimated into free space and split into the 
two arms of an unbalanced Michelson interferometer. The 
mismatched Michelson interferometer arms of length a1 and 
a2 serve to bring the light from M1 and M2 back into 
coherence by reflection from M3 and M4. The shorter path 
length in the interferometer arm (a2) accounts for the longer 
distance travelled by the light reflected from mirror M2 and 
the short coherence of the source light. The phase difference 
per unit length, f{k}, for light of wavenumber k can be   
described as follows: 
 

𝜃{𝑘} = 2𝑘𝑎1 − 2(𝑘𝑎2 + 𝑓{𝑘}𝑑)     (1) 
               

Light reflected from M3 and M4 is then recombined at the 
beam splitter (BS) before being spectrally decomposed by a 
spectrometer comprising a reflective grating (G3), a spherical 
mirror (SM) and a CMOS linear array (D)(Basler Racer 
raL8192). This provides measurement of strain at a single 
channel rate of 6 kHz, limited by the detector. The resulting 
spectral interferogram, I{k}, can be described as follows: 
 

𝐼{𝑘} = 𝐵{𝑘} + 𝐴{𝑘}𝑐𝑜𝑠(𝜃{𝑘}) 
 

(2) 

Where 𝐵{𝑘} is a non-interfering D.C. component from non-
coherent light paths and 𝐴{𝑘} is the amplitude of the 
sinusoidal interferogram, an example of which is illustrated as 
the grey plot in figure 4. 
As strain is applied to the fibre strain gauge length, d, the 
small change in optical path length, δd, results in a shift in 
the interferogram frequency. The path length change and 
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hence strain is obtained by calculating the phase slope of the 
unwrapped instantaneous phase of the interferogram [8]. In 
previous bench test work (unpublished), we have 
demonstrated a strain resolution of 0.1 µε and a range of 80 
µε. 
 

2.2 Fibre probes 
The strain sensitive IFPI cavities are assembled by bonding 
160 mm of 780HP single-mode fibre into an LC/PC ferrule. 
After polishing of the LC/PC ferrule, the assembly is inserted 
into a jig and the bare fibre end cleaved to provide an IFPI of 
length 150 mm ± 10 µm. Next, a titanium oxide/silicon dioxide 
(Ti3O5/Sio2) coating is applied to each end of the IFPI cavity 
with a 30% reflection coating on the LC/PC ferrule end and a 
100% coating on the bare fibre end. This serves to increase 
the power of the reflected light hence increasing the 
robustness of the system to fibre darkening and allowing an 
increase of the measuring rate. The sinusoidal signal from the 
IFPI cavities before (grey) and after coating (orange) is shown 
in figure 3.  

  
Figure 3. Signal response from IFPI cavity before (grey) and after 

coating (orange) 

The blue trace illustrates the effect of polarisation adjustment 
on eth amplitude. Adjustment is built into the fibre routing to 
maximum amplitude for all fibres. As can be seen the 
resultant signal intensity has increased by nearly 400%. Lastly, 
the LC/PC ferrule is mechanically mated with a bare fibre 
patch cable using a split ceramic ferrule and the whole 
assembly is clamped to the collimator jaws.  
 

 

Figure 4. IFPI cavities bonded to scale model of jaw 

Shown in figure 5 are examples of the IFPI cavities bonded to 
a scale model of the ACS collimator jaw. 
 
3. Integration 

 
3.1 Placement  

For monitoring of jaw displacement, each jaw encompasses 
twelve IFPI cavities arranged into two tracks of six running the 
full length of the jaw. Limited by the design of the ACS jaw, 
the two lines of sensors are placed with as much separation 

as possible. This allows for the maximum amount of 
differentiation between probes corresponding in the front 
and back tracks. Figure 5 shows the track placement with 
respect to the overall jaw design. 
 

 
Figure 5. End view of the ACS jaw showing fibre track placement 

This configuration will allow for jaw displacement direction 
and magnitude to be deduced from the differentiation 
between the strain values of corresponding probes on the 
front and back tracks. 
 

3.2 Temperature and radiation hard fibres 
For this system to work within the harsh environment of the 
LHC, the standard 780HP fibres are being replaced with a high 
temperature resistant, pure silica core version.  
Whilst the operating temperature of the collimator is not a 
primary concern, to achieve the ultra-high vacuum levels 
required of the LHC, the collimators are baked to 250 °C for 
48 hours before being installed. One of the reasons for this 
choice of fibre is that this 780HP copper variant has a long-
term maximum temperature rating of 450 °C. 
In addition to this, utilizing a pure silica core maximises the 
fibres’ longevity by minimising its susceptibility to radiation 
darkening. Even at low levels, presence of Germanium dioxide 
dopants in the fibre core makes the optical fibre susceptible 
to darkening and increased attenuation [9].  
A sample of the pure silica core fibre was placed in an 8 MeV 
linear accelerator along with two samples of the standard 
780HP fibre. The samples were place 7 m away from the 
source of the accelerator and kept there for nine months, 
receiving an average weekly dose of 117 Gr of ionizing 
radiation. Periodically the samples were connected to a SLED 
and a power meter; with the level of power transmission 
recorded. Figure 6 shows the results of this test. 
The results show that whilst the standard 780HP fibres do 
show signs of recovery, overall power transmission decreases 
over time. However, the pure silica version shows no 
attenuation, generally maintaining its power transmission 
over the entire timeframe.  The differing levels of power 
intensity between the three plots is due to the lack of 
polarization control within the set up. 
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Figure 6. Fibre Transmission results 

4. Preliminary Benchmarking  
 

As shown in figure 4 several IFPI probes were bonded to a 
scale model of the jaw. The jaw was then oscillated at 3 Hz 
and its response recorded by both the IFPI probes and a 
Renshaw XL-80. Figure 7 shows the first order response 
captured by the XL-80 and the second order response 
recorded by a single IFPI probe.  
The above results show that the IFPI probes are capable of 
recording a first order micron displacement from a second 
order orientation. The discrepancies in magnitude are also 
due to this orientation. If the data shown were a 
differentiation between two corresponding probes, at the 
front and the back of the jaw, the magnitude values would be 
comparable. This is to be validated in upcoming work.  
 

 
Figure 7. First and second order dynamic displacement comparison 

5. Conclusions and Future work  
 

The Spectral Interferometry fibre strain measurement system 
has provided a viable solution for the measurement of 
transverse deformation in collimator jaws. Additional work on 
aspects of integration give the system a higher chance of 
longevity whilst operating inside the LHC environment. 
Initial observations indicate that the system is sensitive 
enough to observe a second order response from a 1.5 µm 
first order displacement. 
Several areas however have been identified that would 
further optimised the system in this context and will warrant 
further investigation.  
The current optical system uses TDM to interrogate multiple 
fibre strain gauges. Future work will investigate the use of 
varying length sensors and spatial frequency division 
multiplexing (SFDM) [10] to interrogate all 8 strain gauges 
simultaneously. This will eliminate the measurement rate 
reduction introduced when using a fibre switch to time 
division multiplex the signals. 

To lower the sensor cost and ease installation we will 
investigate manufacture of in-line reflectors by methods such 
as fibre splicing of coated fibres [11]. 
One additional advantage of using copper clad fibres is the 
potential to weld them to the metallic structure of the jaw. 
Research [12] has shown that with a sufficient diameter metal 
cladding the fibres can be TIG welded to the part under 
scrutiny. This has been attempted with the current fibres 
being used with limited success due to the small diameter 
cladding.     
Finally, once the ACS prototype is fully assembled, and 
primary validation has been performed, the prototype and 
the measurement system will be relocated to CERN for final 
validation under beam conditions.    
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Abstract 
In recent years, there has been an increasing demand for measuring the inner diameter of a small diameter hole, such as a TSV, 
having a diameter of 10 μm or less. Therefore, we have been developing a measurement system using an optical fiber as a stylus to 
measure microstructures with low measurement force. In this study, a method to design and manufacture an improved two-step 
stylus that has a small shaft diameter, which can be inserted into a small diameter hole or small groove, and a large diameter of the 
remaining shaft less susceptible to external influences will be discussed. Furthermore, a method to design and manufacture a two- 
step plus hinge stylus with a hinge that further helps improve the measurement sensitivity of the two-step stylus, in addition an L- 
shaped stylus that has a pointed tip and bent shaft in the middle is proposed for surface roughness measurement. 
 
Keywords: Microstructure measurement, stylus, optical fiber, coordinate measurement, surface roughness 

 

1. Introduction 

In recent years, with the development of processing micro 
structures such as micro-molds, various nozzle holes, 
semiconductor TSV (Through Silicon Via), MEMS (Micro Electro 
Mechanical Systems), micro-parts such as micro-machines, 
optical communication equipment, and medical equipment 
have been manufactured. Accordingly, techniques to measure 
the 3D parameters of these microstructures are required. 
Therefore, this study developed a measurement system using an 
optical fiber as a stylus to measure microstructures with low 
measurement force. To measure it, we require a stylus with a 
shaft diameter of 5 µm or less and a tip diameter of 10 µm or 
less. However, when using a stylus shaft with a diameter of 
several micrometers or less, the stylus is easily shaken by the 
influence of external vibration and air flow, which may affect 
measurement accuracy. Therefore, in this study, we propose the 
improved styli, such as a two-step, a two-step plus hinge and an 
L-shaped stylus to solve above mentioned problems. 

2. Principle and configuration of measurement system 

Figure 1 (a) shows an outline drawing of the stylus used for the 
developed measurement system. This stylus is made from 
optical fiber and can measure with low measurement force. As 
shown in Fig.1(b), the shaft bends when it comes into contact 
with the measured surface. The contact between the stylus tip 
and the measured surface is then detected by measuring the 
displacement of the center of the bending shaft using a 
semiconductor laser with a wavelength of 405 nm irradiated to 
the shaft and a dual-element photodiode. Figure 2 shows a 
cross-sectional view of the stylus and path of the laser beam in 
the XY plane at the laser irradiation position and illustrates the 
measurement principle. As shown in Fig.2 (a), condensed lasers 

irradiated from the XY direction are received by two sets of dual-
element photodiodes (PX and PY) on opposite sides of the stylus. 
The light intensities detected by each photodiode are converted 
into voltage, which are represented as IPX1, IPX2, IPY1, and IPY2 (V). 
Before the stylus tip comes into contact with the measured 
surface, the light intensities measured using each element of the 
dual-element photodiode are equal (IPX1 = IPX2, IPY1 = IPY2), as 
shown in Fig.2 (a). When the stylus tip comes into contact with 
the measured surface and is displaced, as shown in Fig.1(b), the 
laser is refracted, as shown in Fig.2(b), by the stylus shaft, which 
acts as a rod lens. Then, there is a difference of light received on 
dual-element photodiodes (PX), and IPY1 > IPY2. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1. (a) Outline drawing of standard stylus. (b) Relationship 
between tip displacement and laser irradiation displacement when the 
stylus tip contacts the surface to be measured. 

 

Figure 3 shows a manufactured measurement system. One 
feature of this device is that the laser beam is irradiated to the 
stylus at an angle of approximately 60° in the downward 
direction, and is reflected upward by the prism with the same 
angle of approximately 60°. With this structure, all the devices 
can be arranged above the prism, such that the length restriction 
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of the object to be measured in the XY direction can be 
eliminated. 

In this measurement system, the stylus with a constant shaft 
diameter is used as a standard stylus. However, when using a 
stylus shaft with a diameter of several micrometers or less and 
a length-to-diameter (L/D) ratio of 200 or more, the stylus is 
easily shaken by the influence of external vibration and air flow, 
which may affect measurement accuracy. Therefore, we have 
discussed the method to design and manufacture the two-step 
stylus that has a small shaft diameter, which can be inserted into 
a small diameter hole or small groove, and a large diameter of 
remaining shaft less susceptible to external influences. 
Furthermore, a method to design and manufacture a two-step 
plus hinge stylus with a hinge that further helps improve the 
measurement sensitivity of the two-step stylus, in addition an L-
shaped stylus that has a pointed tip and bent shaft in the middle 
for surface roughness measurement is proposed. 

 
Figure 2. Measurement principle: (a) Initial state, (b) Displacement to 
the X direction. 

 
Figure 3. Outline drawing of measurement system. 

3. Improvement of stylus 

3.1. Standard stylus 
Figure 4 shows the method to manufacture a standard stylus, 

which is shown in Fig.1(a). First, an optical fiber with a diameter 
of 125µm stripped is soaked in etchant to fabricate the stylus 
shaft. This etchant can determine the etching amount per unit 
time by temperature control. Therefore, the shaft diameter can 
be adjusted using the etching time. Next, the end of the optical 
fiber whose diameter is reduced by etching is irradiated with CO2 
laser. Thereafter, the end of the optical fiber melts and forms a 
spherical shape owing of surface tension [1]. The shaft length 
can be adjusted according to the laser irradiation position. This 
method enables the manufacturing of a stylus with a shaft 
diameter of approximately 0.4 µm and tip diameter of 
approximately 1 µm, as shown in Fig.4(c). 

As shown in Fig. 1, the measurement system detects contact 
by measuring the displacement of the laser irradiation position 
at the center of the bent stylus shaft by contacting the stylus tip 
with the measured surface. Therefore, the displacement of the 

laser irradiation position needs to be determined by comparing 
with the displacement of the stylus tip. Here, the displacement 
x of the laser irradiation position changes linearly with the tip 
displacement a, as shown in Fig.1 (b). Then, the ratio of x to a is 
defined as contact sensitivity S and is defined by Equation (1). 

𝑆 =  𝑥/𝑎 × 100 %                                  (1) 

 

 

 

 

 

 

 

 

 

 
Figure 4. Method to manufacture a standard stylus. 

 
3.1.1. Simulation of standard stylus  

Figure 5 shows the standard stylus used in this research. The 
displacement x of the laser irradiation position when the tip 
displacement a is 500 nm was calculated by simulation using a 
finite element method. Table 1 summarizes the details of 
dimensions of the standard stylus. The simulation results are 
listed in Table 2—the displacement x of the laser irradiation 
position is 154 nm, and the contact sensitivity S is 31%. And, the 
natural frequency of this stylus was calculated by the finite 
element method. As a result, the natural frequency was 1.14Hz. 

 

 

 

 

 

 

 

 

 

 
Figure 5. Simulation model and dimensions of standard stylus. 
 
Table 1. Dimensions and simulation conditions of standard stylus. 

Shaft diameter: d/µm 2 

Shaft length: l/mm 2 

Distance from tip to laser irradiation 
position: b/mm 

1 

Tip displacement: a/nm 500 

Stylus material Quartz glass 

 
Table 2. Simulation results of standard stylus. 

Stylus type Standard 

Displacement at the laser irradiation 
position: x/nm 

154 

Contact sensitivity: S/% 31 

 

3.1.2. Problems caused by the reducing the diameter of 
standard stylus shaft 

For a standard stylus as shown in Fig. 5, if the shaft diameter 
is less than several micrometers and the shaft length is 1 mm or 
more and the natural frequency and stiffness decreased, it is 
easily shaken by the influence of external vibration and air flow, 
which may affect the measurement accuracy. In addition, if the 
shaft diameter at the laser irradiation position is less than 
several micrometers and the stylus is displaced as shown in Fig.2 
(b), the difference of light received on the dual-element 
photodiode will be small due to the influence of laser diffraction, 
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which may affect the measurement accuracy. Therefore, we 
proposed the two-step stylus. The shaft diameter of the end of 
stylus is reduced so that to be inserted into the small diameter 
hole. 
 

3.2. Two-step stylus 
To solve the above mentioned problem, we propose the two-

step stylus shown in Fig. 6. The stylus has the first-step shaft that 
has a diameter of 2 µm such that it can be inserted into a small 
diameter hole at the end of stylus, and the second-step shaft 
that has a diameter of 10 µm that is less susceptible to external 
influences at the root part of stylus. In this stylus, the 2nd-step 
shaft is irradiated with the laser, so that the diameter of the 
shaft at the laser irradiation position is larger than that of the 
standard stylus. 

 

 

 

 

 

 

 

 
Figure 6. Simulation model of two-step stylus. 
 
Table 3. Dimensions of two-step stylus. 

First-step shaft diameter: d1/µm 2 

Second-step shaft diameter: d2/µm 10 

First-step shaft length: l1/mm 0.2 

Second-step shaft length: l2/mm 1.8 

 

3.2.1. Manufacture method of two-step stylus 
Figure 7 shows the method to manufacture the two-step 

stylus. First, the second-step shaft with a diameter of 10µm is 
manufactured by etching similar to standard stylus as shown in 
Fig.4 (a). Next, as shown in Fig. 7 (a), only the part at the end of 
the stylus is re-etched to manufacture a first-step shaft with a 
diameter of 2 μm. Finally, the stylus tip is manufactured by CO2 
laser as shown in Fig. 7 (b). 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Manufacture method of two-step stylus. 
 

3.2.2. Simulation of two-step stylus  
The displacement x of the laser irradiation position at the 

second-step shaft when the same displacement a of 500 nm as 
that of the standard stylus was applied to the tip of the two-step 
stylus shown in Fig. 6 was calculated by simulation using the 
finite element method. Table 3 summarizes the details of 
dimensions of the two-step stylus. The distance b from tip to the 
laser irradiation position is 1 mm. The simulation results are 
listed in Table 4—the displacement x of the laser irradiation 
position of the two-step stylus was 100 nm and the contact 
sensitivity S was 20 %. And, the natural frequency of this stylus 
was calculated to be 6.42 Hz by the finite element method. 
These results indicate, the contact sensitivity S of the two-step 
stylus was 11 % smaller than that of the standard stylus, and the 
contact sensitivity deteriorated. However, the natural frequency 

of the two-step stylus was about 5.6 times larger than that of the 
standard stylus. Therefore, the two-step stylus is hardly affected 
by the environment, such as vibration and the current of air. 
Therefore, we manufactured a stylus with a hinge on the top of 
shaft to improve sensitivity. 
 
Table 4. Simulation results of two-step stylus. 

Stylus type Two-step 

Displacement at the laser irradiation 
position: x/nm 

100 

Contact sensitivity: S/% 20 

 
3.3. Two-step plus hinge stylus 

The two-step stylus has a higher natural frequency than the 
standard stylus, but has the problem of low contact sensitivity. 
Therefore, in order to improve the sensitivity, the two-step 
stylus provided with a hinge on the upper part of the second-
step shaft is proposed. Figure 8 shows a model of two-step plus 
hinge stylus. In this stylus, the second-step shaft is irradiated 
with the laser, so that the diameter of the shaft at the laser 
irradiation position is larger than that of the standard stylus. 

 
3.3.1. Manufacture method of two-step plus hinge stylus 

Figure 9 shows the method to manufacture the two-step plus 
hinge stylus. First, a second-step shaft with a diameter of 10µm 
is manufactured by etching similar to standard stylus, as shown 
in Fig. 4 (a). Next, as shown in Fig. 9 (a), masking paste is applied 
to a shaft, excluding the hinge, and the hinge with a diameter of 
4 μm is manufactured by etching. Then, after removing the 
masking paste, the end of shaft is re-etched, as shown in Fig. 9 
(b) to manufacture the first-step shaft with a diameter of 2µm. 
Finally, as shown in Fig. 9 (c), the stylus tip is manufactured by 
laser processing. 

 

 

 

 

 

 

 

 

 
Figure 8. Simulation model of two-step plus hinge stylus. 
 
Table 5. Dimensions of two-step plus hinge stylus. 

First-step shaft diameter: d1/µm 2 

Second-step shaft diameter: d2/µm 10 

Hinge diameter: d3/µm 4 

First-step shaft length: l1/mm 0.2 

Second-step shaft length: l2/mm 1.3 

Hinge length: l3/mm 0.5 
 

3.3.2. Simulation of two-step plus hinge stylus  
The displacement x of the laser irradiation position at the 

second-step shaft when the same displacement a of 500 nm as 
that of the standard stylus was applied to the tip of the two-step 
plus hinge stylus shown in Fig. 8 was calculated by simulation 
using the finite element method. Table 5 summarizes the details 
of dimensions of the two-step plus hinge stylus. The distance b 
from tip to the laser irradiation position is 1 mm. The simulation 
results are listed in Table 6—the displacement x of the laser 
irradiation position of the two-step plus hinge stylus was 196 nm 
and the contact sensitivity S was 39 %. And, the natural 
frequency of this stylus was calculated to be 0.97 Hz by the finite 
element method. These results indicate, the contact sensitivity 
S of the two-step plus hinge stylus was 8 % larger than that of 
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the standard stylus, and the contact sensitivity was improved. 
However, the natural frequency deteriorated 0.85 times 
comparing with the standard stylus. Figure 10 shows a 
manufactured two-step plus hinge stylus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Manufacture method of two-step plus hinge stylus. 

 
Table 6. Simulation results of two-step plus hinge stylus. 

Stylus type Two-step plus hinge 

Displacement at the laser 
irradiation position: x/nm 

196 

Contact sensitivity: S/% 39 

 

 

 

 

 
Figure 10. Photograph of manufactured two-step plus hinge stylus. 
 
3.4. L-shaped stylus  

The standard stylus is used to measure the outer and inner 
diameter of a hole and other parts that comes into contact with 
the object from the XY direction, and the measurement of steps 
and grooves that come into contact with the object from the Z 
direction. However, it is difficult to measure the surface 
roughness of the inner hole wall. Therefore, we propose the L-
shaped stylus as shown in Fig. 11. The stylus has the pointed tip 
and the middle of the shaft is bent 90° to trace the inner wall of 
the hole and to measure surface roughness. 

 

 

 

 

 

 
Figure 11. Outline drawing of L-shaped stylus. 

 
3.4.1. Manufacture method of L-shaped stylus 

Figure 12 shows the method to manufacture an L-shaped 
stylus. First, the shaft is manufactured by etching similar to 
standard stylus as shown in Fig. 4 (a). Next, as shown in Fig. 12 
(a), only the shaft end face is soaked in the etchant. Then, the 
etchant surface is pulled up to the side surface of the stylus by 
the surface tension as shown in Fig. 12 (b). Further, owing to the 
effect of volatilization on the etchant surface, the etchant 
concentration is thin on the surface and thick inside. Owing to 
this concentration gradient, the etching amount on the etchant 
surface decreases, and the etching amount increases toward the 

inside. This method demonstrates that the stylus has a pointed 
tip. Finally, as shown in Fig. 12 (c), a low-output CO2 laser is 
irradiated on the shaft above the pointed tip from the 
orthogonal direction. Then, a temperature gradient is generated 
inside the shaft as shown in Fig. 12 (d). Owing to this 
temperature gradient, only the high-temperature part irradiated 
with the laser melts, and the surface tension acts. Then, that 
part contracts, and the shaft can be bent toward that direction. 
Figure 12 (e) shows the manufactured L-shaped stylus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12. Manufacture method of L-shaped stylus. 
 
Table 7. Performance comparison for each stylus type. 

Stylus type 

Displacement at 
the laser 
irradiation 
position: x/nm 

Contact 
sensitivity: 
S/% 

Natural 
frequency: 
Hz 

Standard 154 31 1.14 

Two-step 100 20 6.42 

Two-step 
plus hinge 

196 39 0.97 

4. Conclusion 

In this research, we proposed the two-step stylus, the two-
step plus hinge stylus, and the L-shaped stylus to improve their 
performance. The design parameters of these styluses were 
simulated by the finite element method, and the results of the 
actual examination are summarized in Table 7 and below. 
(1) The two-step stylus with a small shaft diameter only at the 

part to be inserted into a small diameter hole can reduce the 
influence of exterior because the natural frequency is 
improved to 6.42 Hz, but the contact sensitivity has been 
reduced to 20%.  

(2) The two-step plus hinge stylus with a hinge on the upper part 
of the two-step stylus has improved contact sensitivity to 
39%, but the natural frequency is 0.97 Hz so that is 
susceptible to external influences. However, since the shaft 
diameter at the laser irradiation position has increased, 
there is no concern that the measurement accuracy will 
decrease. 

(3) The L-shaped stylus can be manufactured by the 
concentration gradient of the etchant surface and 
temperature gradient of the laser irradiation position to 
measure the surface roughness of the inner wall of the hole 

In the future, we plan to conduct a stylus performance 
evaluation experiment using these styluses. 
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Abstract 
Carbon fibre reinforced plastics (CFRPs) are important materials in lightweight constructions as they offer remarkable mechanical 
properties at a fraction of the mass of conventional materials. The integrity of CFRP structures is crucial for these mechanical 
properties and must be ensured after potentially harmful impacts. Current research focuses on the detection and characterization of 
related defects to determine their severity and propose repair concepts for damaged CFRP parts. 
In previous studies, physical one-dimensional temperature wave field models have been developed that allow for the measurement 
of the depth of damages in CFRP parts using phase image series acquired using optical lock-In thermography. These models do not 
capture the lateral heat flow in thermally excited parts and, hence, pose a major contribution to the measurement uncertainty.  
Herein, a novel approach using artificial neural networks (ANNs) for estimating size and depth of defects is presented. ANNs are tools 
that are able to learn the stochastic behaviour of the heat flow and are expected to provide an improved model compared to the 
state-of-the-art. To examine this approach, CFRP plates with deterministic known defects are measured using computed tomography 
(CT) to obtain a reference 3D model. Training data is labelled by mapping the depths and contours of the 3D model onto a sequence 
of phase images obtained from thermograms captured by an optical lock-In thermography system. Several ANN architectures, 
including feed-forward (FFNNs) and convolutional neural networks (CNNs), are trained with the labelled data. Reproducibility analysis 
is performed with similar plates possessing different thicknesses or fibre orientations. Finally, the results obtained with the novel 
approach are compared to the state-of-the-art. 
 
 
CFRP, Quality assurance, Machine Learning, Composite Materials, Thermography, Deep Learning, Neural Networks   

1. Introduction 

Carbon fibre reinforced plastics (CFRPs) provide advantageous 
mechanical properties and possess only a fraction of the mass of 
conventional materials. Therefore, there is a large industrial 
interest in using CFRP, among others in the aerospace and 
automotive sectors.. The structural integrity of the parts is a 
crucial factor for its mechanical properties [1], 
subsequentlytools are required for enabling an efficient 
characterization of potential defects [2].  
Optical Lock-in Thermography (OLT) is a non-destructive testing 
(NDT) technique based on the detection of infrared radiation 
induced by sinusoidally-shaped thermal excitation [3]. The heat 
flows through the inspected material and is reflected at any 
inhomogeneity or at the backside of the sample. The reflected 
waves interfere with the incident waves and the resulting 
temperature distribution can be monitored by an infrared (IR) 
camera. The penetration depth of the thermal waves depends 
on the thermal diffusivity and the excitation frequency, thus, 
tomographic measurements can be performed by repeated 
measurements with different excitation frequencies. The lower 
the frequency, the deeper the thermal wave penetrates into the 
component [4]. The information of the depth is encoded in the 
phase difference between the incident and reflected wave. 
Consequently, OLT is able to determine both the area and the 
depth of potential defects in CFRP parts. In addition, being an 
image based measurement technique, it allows for the 
inspection of large areas and is therefore an economically 
efficient NDT method. 

 
However, the extraction and characterization of defects utilizing 
OLT is still a challenging and experience requiring task, because 
lateral heat flows reduce the contrast between defective and 
non-defective areas  posing a major contribution on the 
uncertainty of the defect depth estimation.  
Classical approaches use physical one-dimensional heat wave 
field models to simulate the expected phase values for given 
thermal diffusivities, reflection coefficients, excitation 
frequencies and defect depths. Comparing with the measured 
phase value the defect depth can be estimated [5–8]. Thereby, 
the examined parts must be measured for various excitation 
frequencies to achieve reasonable depth and size resolution. 
This significantly increases the time for such measurements. 
Therefore, methods must be found for reducing the number of 
necessary measurement cycles and, subsequently, decreasing 
the inspection time. Moreover, such methods require the 
measurement of the above mentioned parameters which 
requires calibrated regions on the investigated parts, a necessity 
that is usually only available under laboratory conditions.  
In literature, several attempts using machine learning 
techniques for defect detection in CFRP materials have been 
investigated. Dudzik developed a regressive neural network that 
predicts the depth of defects in acrylic glass specimens using 
feature vectors constructed from temperature sequences from 
different heating stages in active thermography [9]. Duan et al.  
showed that feed-forward neural networks are able to classify 
which material was left in pores in CFRP materials using 
thermograms preprocessed with a principal component analysis 
(PCA) tool [10].   
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Deep learning models are able to capture complex physical 
relationships, therefore they offer promising architectures to 
improve and simplify the process of defect characterization in 
CFRP components. In order to learn the complex thermal 
response, take into account and not overestimate the impact of 
lateral heat flows, following different neural network 
architectures are investigated on this task. In a first step, this 
study examines the capabilities of neural networks models for 
the determination of defect depth in CFRP borehole plates. 

2. Experimental setup and data preparation 

This section shortly outlines  the inspected CFRP samples, the 
data acquisition of the phase and computed tomography (CT) 
images. Furthermore, the data labelling process and 
arrangement are described. 

 
2.1. Carbon fibre reinforced plastic specimen 
 

A set of 17 plates as sketched in figure 1 with dimensions of 
150 mm x 150 mm and varying thicknesses composed of 
Huntsman bisphenol-An epoxy reinforced with TOHO Tenax 
carbon fibre woven were used for this study. 

 
Figure 1.  Drawing of a representative CFRP borehole plate specimen as 
used in this study. Dimensions are in stated in millimetres. 

The plates with different wall thicknesses varying from 4.88 mm 
to 6.09 mm wall thickness and different fibre orientations were 
used as given in table 1. Boreholes with diameters ranging from 
4 mm to 20 mm were incorporated from the back of the plates 
leaving remaining wall thickness of 0.5 mm, 1 mm, 1.5 mm, 
2 mm, 2.5 mm and 3 mm, for each diameter, respectively. 
Additionally, a wedge with increasing thickness in the range of 0 
– 3 mm was milled into the plates to make a continuous wall 
thickness spectrum in the range of the boreholes depth 
available. Comparing the resulting depths and areas of the 
developed models with the deterministic geometries of the 
incorporated defects, the performance of a given model can be 
evaluated. 
 
Table 1. Fibre orientation of CFRP borehole plates and the number of 
associated specimens. 

Fibre orientation # of specimens 

[0°/0°/0°/0°/0°/0°/0°/0°] 8 

[0°/90°/0°/90°/0°/90°/0°/90°] 5 

[+45°/-45°/90°/0°/0°/90°/-45°/+45°] 4 

 
2.2. Phase image data acquisition 

Phase images were acquired using an edevis OTvis 5000 
system composed of a Flir SC5650 cooled infrared camera, two 
1000 W halogen lamps, a signal generator and DisplayImg 6 
software. Phase images were acquired for 21 excitation 
frequencies with the camera settings and measurement 
parameters provided in table 2. The 21 phase images (cf. Figure 
2 (left)) per specimen were exported to 8-bit grayscale images. 

 

2.3. Computed tomography 3D models and image labelling 
The CFRP plates are scanned using a Werth TomoScope HV 

Compact Computer Tomograph to obtain a three-dimensional 
model providing the ground truth wall thicknesses for labelling 
the phase images for training the neural networks.  
Given the volume of the plates a minimal voxel size of 100 x 100 
x 100 µm3 is achieved. A wall thickness analysis is performed 
using the software VGSTUDIO MAX 2.2. Herein, the coordinate 
system of the 3D image acquired by the CT is oriented such that 
the x- and y-axes correspond to the x and y directions of the 
thermography phase images. The z-axis is chosen for the wall 
thickness determination, where the frontside of the plates is 
located at z=0 mm. The results of this step is a two-dimensional 
tensor containing the true depth information for each pixel with 
voxel resolution. 
 
Table 2. Setting parameters during image acquisition of the OLT 
system. 

Parameter Value 

Image size 512 px x 512 px 

Integration time 2000 µs 

Frame rate 100 Hz 

Focal length 3001 mm 

Excitation frequencies [0.5, 0.4, 0.3, 0.2, 0.15, 0.125, 0.1, 0.09, 
0.08, 0.07, 0.06, 0.05, 0.045, 0.04, 0.035, 
0.03, 0.0275, 0.025, 0.0225, 0.02, 0.005] 
Hz 

Cycles 3 conditioning and 3 measurement cycles 

 
In order to fuse the phase image and wall thickness data, both 
the CT matrix image and the phase images must be segmentated 
and scaled such, that the pixels are aligned with each other. The 
segmentation is performed manually with an interactive 
segmentation software tool, because this procedure proved to 
be more robust compared to automated segmentation 
algorithms based on gray value thresholds or edge detection 
algorithms. The result of this step is a binary mask for CT and 
thermography images. Since the height and width of a pixel in a 
phase images is approximately 0.3 mm and, thus, larger than the 
voxel size, the voxels must be subsampled to match the size of 
the thermal image data.  
Figure 2 (right) shows the result of the thickness determination. 
Thicknesses around 7 mm at the upper edge of the plate 
originate from epoxy remnants from the manufacturing process.  
 

 
Figure 2. Stacked input data of thermography phase images for 21 
excitation frequencies (left), that are labelled with the wall thickness 
information retrieved from a CT measurement (right). 

2.4. Data format 
 

The input data is arranged as 𝐗 ∈ ℝ𝑁x𝐻x𝑊x𝐶
 and the output 

data is of the shape 𝐘 ∈ ℝ𝑁x𝐻x𝑊, where N corresponds to the 
total number of CFRP samples (N=17), H and W are the height 
respectively the width of the images (H=W=512 px) and C is the 
number of channels, which is equal to the number of excitation 
frequencies (C=21). The data is split into training, validation and 
test sets to perform the training and evaluate the performance 
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of the ANN. The fibre orientation has a significant influence on 
the physical properties [7], therefore all different types are 
represented in each of the three sets. The number of specimens 
in the test set is four, three in the validation set and the 
remaining are used for training. 

3. Model Architectures 

This section summarizes the examined NN architectures 
discusses commonly used parameter settings. Furthermore, the 
investigated model topologies are reported. 

 
3.1. Data exploration 
 

Training can be executed image-wise or pixel-wise. In the case 
of pixel-wise training, the NN must map the sequence of phase 
values represented by a sequence of gray values onto thickness. 
As shown in Figure 3 discrimination of the thicknesses can be 
found based on such sequences. 

 
Figure 3.  Measured gray values for different excitation frequencies at 
CFRP plate locations with different nominal thicknesses. It can be 
observed that both shape and normalization differ for different 
thicknesses. Subsequently, a discrimination of different thicknesses 
based on a sequence of gray values can be found.  

3.2. Model configurations and parameters 
 

Opposed to the above mentioned traditional approaches 
where the relationship between phase shift and corresponding 
thickness of a given material is estimated by a physical model 
and stored in a lookup table, herein the interdependence is 
modeled using ANNs. Feed-forward neural networks (FFNNs) 
are able to recognize simple patterns and are used to determine 
a continuous function which maps a series of phase shift values 
onto a thickness. In the following sections, FFNN models are 
trained pixel-wise and image-wise, whereby, for the latter case 
the input images are flattened, which results in a smaller 
number of training samples per epoch [11]. The activation 
function of proceeding hidden layers is alternating between 
tanh and ReLU. Long short-term memory neural networks 
(LSTMs) have the ability to take temporal dependencies into 
account and do not expose the vanishing- or exploding gradients 
problem [12]. LSTM models are trained pixel-wise such that the 
phase shifts at a fixed position in the image are fed to the model 
as a time sequence. Tanh is applied on the forward output and 
sigmoid functions are used on the recurrent output of the 
hidden layers. Convolutional neural networks (CNNs) are able to 
learn features from images [13] and are the most common 
approach to solve computer vision problems as e.g. image 
classification, object recognition and depth estimation 
[14,15,16]. Last-mentioned models are applied to estimate the 
wall thicknesses. Since thickness is a positive and real-valued 
number, the output layer of all studied models is always a fully 

connected dense layer with ReLU activation function. As training 
criterion is the mean absolute error (MAE) as stated in equation 
1 is chosen. Furthermore, the number of units of the output 
layer is either 1 for pixel-wise training or 262 144 (512 x 512) for 
image-wise training. 

 
MAE =

1

N
∑ | yn − xn|

N−1

n=0

 

 

(1) 

To ensure convergence weights are initialized using Glorot 
initialization [17] by drawing samples from a uniform 
distribution within an interval which depends on the number of 
inputs and outputs of each layer. Biases are always initialized 
with zeros and the recurrent weight matrices are orthogonal 
with random values from a normal distribution. Moreover, early 
stopping is incorporated to avoid overfitting. Additionally, a 
random permutation of the pixels is applied in the case of pixel-
wise training. Nadam optimizer and a batch size of 64 are used 
to update the learning parameters. In order to increase 
performance and generalization of the models and speed up 
convergence, common data normalization techniques are 
investigated. Models are trained without normalization (raw 
pixel values),  with zero-one scaling (division by 255), zero-mean 
(subtract by the mean) and  zero-mean/unit-variance 
(subtraction by the mean and division by the square root of the 
variance). The examined number of hidden layers for each 
model varies between 2, 4 and 8 while the number of units for 
the FFNNs and LSTMs is 16, 32, 64, 128 or 256. For the 2D 
convolutional case filters of size 4, 8, 16, 32, 64 or 256 with a 
kernel size of 3 are used and a subsequent maximum pooling 
with a window size of  4x4 after each layer is applied. 

4. Experimental results  

Table 3 shows the best two models for each network category 
and normalization method combination. Performance is 
evaluated using the MAE. One can observe that image-wise 
training for CNNs and FFNNs results in the worst performance. 
Due to the fact that the whole image information is passed 
through these models at once,  they tend to learn a fixed shape 
representation of the investigated specimen as depicted in 
figure 1 but the overall estimation of the wall thickness is poor. 
Normalizing the input for FFNNs does not show significant effect 
because the average thickness deviation for pixel-wise training 
is in the range of 0.7 mm – 0.84 mm. Whereas for LSTMs 
zero-one scaling is not favourable. Zero-mean and zero-
mean/unit-variance tend to be a slightly better normalization for 
CNNs.  

 
Figure 4. Ground truth and prediction of LSTM 2x64. 
 
Generally it can be said that smaller models with a few layers 
and less than 256 units for each layer can outperform larger ones 
on this task. Figure 4 shows the ground truth on the left and the 
corresponding prediction of the LSTM model with two hidden 
layers and 64 units per layer on the right. It can be seen that the 
predicted wall thickness and the thickness of the wedge 
generally are overall well modeled. Small boreholes with a 
diameter of up to 8 mm can be detected as well, but the lateral 
heat flow between nearby defects is not well separated.  
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Table 3. Comparision of different models and normalization 
techniques. Best models according to MAE are highlighted in bold.. 
 *filter size for the convolutional case **image-wise training for FFNNs. 

Model 
Normalization 

Method 
# MAE 

layers units* train test 

FFNN 

none 
2 256 0.6 0.78 
4 256 0.73 0.82 

zero-one 
scaling 

2 16 0.5 0.7 
8 32 1.63 1.6** 

zero-mean 
2 32 0.57 0.8 
8 32 1.8 1.77** 

zero-mean/ 
unit-variance 

4 64 0.47 0.71 
4 256 0.43 0.74 

LSTM 

none 
2 64 0.47 0.7 
4 16 0.43 0.76 

zero-one 
scaling 

4 128 0.21 0.95 
8 128 1.6 1.76 

zero-mean 
2 128 0.5 0.76 
2 32 0.36 0.79 

zero-mean/ 
unit-variance 

8 32 0.7 0.83 
2 128 0.23 0.86 

CNN 

none 
4 64 2.1 1.55 
4 256 2.54 1.78 

zero-one/ 
scaling 

4 16 1.86 1.81 
4 64 2.35 1.89 

zero-mean 
4 64 1.27 1.31 
4 32 1.37 1.32 

zero-mean 
unit-variance 

4 16 1.35 1.29 
4 64 1.49 1.31 

 
Moreover, the model captures features of the fibre orientation 
which cause small variations of the predicted thickness. 
Figure 5 shows the relative deviation between ground truth 
depth and predicted depth for each of the specimen from Figure 
4. Deviations for each bore hole are computed using the median 
of a circle with a radius of seven pixels as proposed in [7]. The 
results show that except for small boreholes of 4 mm diameter 
and large wall thicknesses of more than 2 mm an overall good 
prediction is achieved. The results cannot outperform the 
minimal deviation of state-of-the-art methods (<10% at 
diameters 8 mm and depth of 2.5 mm) [7], but show smaller 
deviations for a large number of boreholes than Spießberger [6] 
and do not require the measurement of material parameters 
such as the thermal diffusivity. The inclusion of measurement 
uncertainty in ANN is still an objective of current research in 
computer sciences and mathematics [18]. Therefore, this study 
does not include an assessment of the measurement 
uncertainty. Instead, the trained model was applied on other 
plates inspected under the same measurement conditions 
showing comparable results. In order to make the model robust 
against changing measurement conditions, retraining is required 
using an extended data set that incorporates varying conditions.  

5. Conclusion  

  This study showed that ANN are able to provide an accurate 
estimation of the depth of defects in CFRP parts. Although, the 
accuracy of state-of-the-art approaches is not reached for the 
full range of defect depth and diameters, the authors‘ approach 
show that similar results are achievable with less overhead of 
the measurement method.  
Compared to other approaches using Machine Learning 
techniques, the proposed models already provide small 
deviations even without an extensive preprocessing or feature 
extraction, making it exceptionally simple. It was pointed out 
that image-wise training in the case of CNN and FFNN models 
unveils worse performance, whereas pixel-wise training using 
small LSTM and FFNN topologies yields meaningful results. 
 

6. Future work 

 
  Planned studies aim at investigating the ability of the proposed 
model to estimate the lateral size of defects. Similarly, no 
hyperparameter optimization has been performed yet. In order 
to reduce the number of measurement cycles, the impact on the 
accuracy of the prediction, when training is performed with less 
than 21 channels, must be investigated. Finally, the application 
of the model on impact damaged CFRP plates rather than 
artificial specimens must be performed.  

 
Figure 5. Depth deviation for LSTM 2 2x 64. Negative values imply 
under estimation, positive values mean over estimation of the true 
thickness. 
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Abstract 
A novel measurement system for the cross-sectional profile has been proposed in this study. It can be employed to inspect the cross-
sectional profile for the machine tool during the simultaneous motion of the linear and the rotary axis. The system consists of two 
measurement modules for determining the linear positioning and the angular indexing error respectively. In the measurement 
module of the linear axis, it is based on the common path structure of Fabry-Pérot interferometer (FPI) and the optical cavity is 
composed of a plane mirror and corner cube retro-reflector (CCR). The phase shift is induced by the one-eighth waveplate in the 
cavity, and then the orthogonal signal can be detected by two photodiodes. Hence the measurement of the linear displacement can 
be achieved. In the other module, the alignment mechanism for the rotary encoder has been developed to adjust the rotary encoder 
and the rotary axis for testing to be the coaxial state. Therefore, the installation time of 70% can be reduced by the utilization of the 
alignment mechanism and the angular error can be measured by this module. By the integration of these two measurement modules, 
the measurement of the cross-sectional profile can be realized. From the measurement result of the contour error, errors during the 
increasing, the decreasing and the constant motion are enhanced 35 μm, 18 μm and 3 μm error compensation of the linear and 
rotary axis. The proposed measurement system can be employed of the cross-sectional profile measurement of a ground part, e.g., 
the internal and external cylindrical grinding machine or the grinding and milling machine for evaluating the performance of the 
manufacturing. Furthermore, this system possesses the features of the compact design and the convenient inspection. 
 
contour error, dynamic simultaneous measurement, Fabry-Pérot interferometer, rotary encoder, linear axis, rotary axis 

 

1. Introduction 

In the precision mechanical and the semiconductor industries, the 
positioning accuracy and the repeatability are as important parameters 
for evaluating the performance of the machine tools and above-
mentioned parameters must be inspected by such high precision 
instrument. And then the calibration procedure should be carried out to 
improve the quality of the production of the machine tool. Therefore, 
precision measurement technology has become a critical issue of 
industrial development. 

Laser interferometers possess measurement characteristics of high 
resolution, large measuring range and the measurement result provides 
the direct traceability to the definition of the meter, so interferometers 
have been commonly applied in the calibration of the linear positioning 
error in machine tools [1-4]. In contrast to the non-common path 
structure of the Michelson interferometer, FPI is a common path 
structure and there is no additional beam splitter in the optical cavity. It 
means that all measurement beams transmit in the same path [5-7]. In 
comparison with the optical structure between FPI and Michelson 
interferometer, FPI is more stable for industrial utilization and the 
environmental disturbances (thermal expansion, vibration) will be 
significantly reduced in this structure [8]. Moreover, the proposed 
measurement module of the linear axis is based on the common path 
FPI to carry out the calibration procedure of the machine tool. 

A rotary encoder is a common measurement tool for the inspection of 
the rotary indexing error. It is based on the diffraction principle to 
determine the angular value. In order to enhance the measurement 
accuracy, the adjustment including the eccentric, pitch and yaw error 
between the rotary axis for testing and the rotary encoder must be 
under the allowable range. In this investigation, an alignment 
mechanism is developed to adjust lateral displacement, pitch and yaw 

angle of the rotary encoder and then the above-mentioned error 
between it and the rotary axis for testing can be minimized. Therefore, 
assembly efficiency and alignment accuracy will be improved obviously. 

From the summarization of the above-mentioned descriptions, the FPI 
and the rotary encoder are utilized to construct the measurement 
module of the linear and the rotary axis respectively. By the integration 
of two measurement modules, the linear positioning error and angular 
indexing error can be inspected simultaneously. And by the analysis of 
the cross-sectional profile, the performance of the machine tool can be 
evaluated [9-11]. 

2. Measurement system for cross-sectional profile 

The measurement system of the cross-sectional profile with the 
integration of two modules has been constructed shown in Fig. 1. By the 
connection with the signal acquisition card, the self-development 
measurement program and two modules, the actual measured values of 
linear and rotary axes can be obtained simultaneously to estimate the 
cross-sectional profile of dual-axes. The measurement data will be 
acquired in the experimental process and the measuring cycle will be 
continued until the measuring time is beyond the set value. And then 
the measured data will be analyzed and revealed. 
 

2.1 Measurement module for linear axis 
The folded FPI consists of three chief units including the laser light source, 
the sensor head and the signal processing unit (Fig. 1). The laser light 
source (stabilized He-Ne laser) passes through the isolator, fiber coupler, 
mirror and the BS to the optical cavity which composed of the plane 
mirror and CCR. The one-eighth waveplate is placed in the optical cavity 
and give rise to the phase shift between the laser beams. When the lights 
emerging from the optical cavity and interference with each other, it will 
be reflected to the PBS and then the divided signal will be acquired by 
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two photodetectors. To improve the reliability of the measurement 
signal, the pre-amplifier for two channels is constructed in the sensor 
head unit. And from the pre-amplifier, the signal is transmitted to the 
signal processing unit which consists of DC offset and auto gain control 
compensation circuits to enhance the stability of counting. 
 

 
Figure 1. Optical design of the folded FPI 

 

2.2 Measurement module for rotary axis 
In this study, an alignment mechanism (Fig. 2) for the rotary encoder is 
developed which enables to adjust the eccentricity and angle (pitch, yaw) 
of the ring axis. In the adjustment of the eccentricity, the design of the 
dovetail groove is proposed. By utilization of three dovetail grooves and 
two fine adjustment screws, the lateral displacement including the 
horizontal and vertical direction of the ring can be realized accurately. 
And in the adjustment of the angle, a ball, springs and fine adjustment 
screws are employed between two fixtures to determine the pitch and 
yaw angle. After the adjustment procedure for the rotary encoder, two 
lateral displacements can be reduced to ±15 μm and the angular error is 
improved to 10 μm. Therefore, the designed mechanism is beneficial for 
enhancing measurement accuracy and reducing the adjustment time. 

 

 
Figure 2. Alignment mechanism for the rotary encoder 

3. Measurement result and analysis 

A track of cam indicated in Fig. 3-(a) is designed with a base circle 
which possesses the diameter of 40 mm to simulate the cross-sectional 
profile produced by the simultaneous motion of dual-axes. According to 
the measurement direction of the cross-section profile (Fig. 3-(b)), the 
track can be divided into three parts, one is the increasing motion, 
another is the decreasing motion and the other is the constant motion. 
 

             
                (a) Track of cam                                (b) Different motion part 

Figure 3. Cross-sectional profile 
 

By the difference between the ideal and the measured curve, the 
contour error of dual-axes during the simultaneous motion can be 
acquired. The contour error with and without compensation is shown in 
Fig. 4. Analysis for each part of the error is as the following description. 

In the part of the increasing motion, it can be observed that the 
positioning error gradually increases caused by the error accumulation. 
In the part of the decreasing motion, because of the backlash produced 
by the reverse rotation, there is a gap between the increasing and the 

decreasing motion. In the part of the constant motion, because the 
radius of the cam in this part keeps a certain value, the change of the 
error is small relatively. After the error compensation to the controller, 
the contour error is improved in the increasing and the decreasing 
motion and the gap between two motions caused by the backlash is 
significantly reduced. The analysis of the measurement result is 
presented in Table 1. From the measurement result of the contour error, 
errors during the increasing, the decreasing and the constant motion are 
enhanced 35 μm, 18 μm and 3 μm.  

 

 
Figure 4. Comparison results of the contour error 

 
Table 1 Comparison results of the contour error 

Contour error                                 (unit: μm) 

Motion 
Without 

compensation 
With 

compensation 
Improved 

value 

Increasing  45 10 35 

Decreasing  26 8 18 

Constant  8 5 3 

4. Conclusions 

In this study, a novel measurement system is developed for measuring 
the cross-sectional profile by integrating two modules including the 
linear and the rotary axis. The measurement module of the linear axis is 
based on the common path structure of the FPI which is insensitive to 
the environmental disturbances. Therefore, the high precision 
measurement can be achieved. In the measurement module of the 
rotary axis, a compact alignment mechanism which enables to adjust the 
lateral displacement, pitch and yaw angle of the rotary encoder is 
designed. By these two modules, the cross-sectional profile during the 
dual-axes motion can be acquired. And the contour error can be 
obtained by the difference between the ideal and the measured curve. 
Consequently, the constructed measurement system is beneficial for the 
estimation of the performance of the machine tool, e.g., the internal and 
external cylindrical grinding machine or grinding and milling machine for 
industrial application. According to the error compensation, the contour 
errors during the increasing, decreasing and constant motion are 
improved 35 μm, 18 μm and 3 μm. 
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Abstract 
An etalon is broadly used as temperature sensors, pressure sensors, and frequency filters. We developed all-fiber etalon and absolute 
long distance measurement method using etalon. However, it is confirmed that etalon optical length is a key component of the 
distance measurement method. In this report, we propose a new method of etalon optical length measurement using optical comb 
pulsed interference. In this method, comparison between interference fringes of pulsed interference and etalon reduces the 
uncertainty of the measurement. Results of experiments showed that 50 mm optical length was measured with several nano-meter 
repeatability with simple optical system. Furthermore, temperature effect on etalon optical length was observed. It was indicated 
that this method can be applied to optical fiber temperature sensor.  
 
Keywords: optical comb, etalon, absolute measurement       

 

1. Introduction 

Etalon (Fabry Perot interferometer) is composed of two 

reflecting surfaces, which works as a frequency filter. Transmission 

spectrum of etalon is comb-like, wherein longitudinal modes are 

oscillated whose interval is equal to the free spectrum range (FSR) 

and it can be used as frequency (length) standard. Absolute optical 

length of the etalon is important factor when etalon is used as 

standard. On the other hand, absolute distance measurement 

based on the etalon optucal length is proposed in the prior 

research [1]. Absolute measurement of etalon optical length is also 

important in the research. 

The purpose of this research is the absolute measurement of 

etalon optical length with relative uncertainty of 10-7 to use etalon 

as standard in the distance measurement in the atmosphere. 

2. Principal of proposed method 

Fig.1 shows the interferometer using etalon multiplied 
reflection. Etalon is introduced to the Michelson interferometer 
with low coherence light source. In this system, interference 
fringes appear at intervals of etalon optical length (sevearal ten 
mm in this research) in the Mirror2 direction so that absolute 
distance measurement is realized with using interference fringes 
as standard. The problem is a method to measure etalon optical 
length. 

We propose a high precison measurement method of etalon 
optical length using optical comb pusled interferometry. When 
optical comb is introduced in the optical system like Fig.1, 
interference fringes appear at the equal interval of etalon optical 
length of etalon optical length ( 𝑙e ) and half pulse length of 
optical comb (𝑙c/2) as shown in Eq.1,  

OPD = 𝑖e𝑙e +
𝑖c𝑙c

2
      𝐸𝑞. (1) 

 
where OPD is optical path difference between two arms, 𝑖e and 
𝑖c  are integers. With adjusting 𝑙c/2  to approximately integer 
multiple of 𝑙e , each fringe is obserbed simultaneously. Fig.2 
shows position where optical fringes are observed. Fringes from 
etalon and comb (side fringes) are observed around fringes from 
etalon. Peak distance between side fringes (∆𝑙e) is expressed as 
Eq.2, 
 

∆𝑙e = 𝑙c − 2𝑖0𝑙e      𝐸𝑞. (2) 
 

∴ 𝑙e =
𝑙c

2𝑖0
−

∆𝑙e

2𝑖0
      𝐸𝑞. (3) 

 
where 𝑖0 is  
 

𝑖0 = Int (
𝑙c

2𝑙e
)        𝐸𝑞. (4) 

 
Therefore, etalon optical lenth 𝑙e  can be determined by 

measuring ∆𝑙e  according to Eq.4. Because 𝑙c  is known from 
repetition frequency of optical comb which is highly stable 
(relative uncertainty is <10-9), the major uncertainty source is 
the second term. However, ∆𝑙e  is divided by 𝑖0  and the 
uncertainty is reduced.  

Fig.1 Michelson interferometer with ealon and broad-band source 
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Since ∆𝑙e can be measured with several hundred nanometer 
uncertainty, 𝑙e  can be measured with several nanometer 
uncertainty if 𝑖0 is over 50. This method provides high preciso 
etalon optical length measurement with simpler optical system 
than frequency domain method [2]. 

Fig.2 Inteference fringes with using etalon and optical comb 

3. Experiments 

The experimental setups shown in Fig.3 was arranged to 
realize the measurement method in section 2. Etalon filtered 
comb laser went through single mode fiber and was introduced 
to scanning arm and reference arm. With adjusting 𝑙c/2  to 
approximately integer multiple of 𝑙e, etalon and optical comb 
fringes were observed simultaneously. Peak distance between 
these fringes was measured by displacement sensor (DS) and 
etalon optical length was calculated following Eq.2. All-fibered 
etalon shown in Fig.4 was used in this experiment, whose end 
surfaces of fiber were coated with dielectric multilayer working 
as a reflection surface. It was cheaper than a free-space etalon 
and easy to introduce to optical system. Etalon reflectance was 
99% in this experiment. Parameters of the experiment was set 
as 𝑙c/2 ≅ 2.566 m, 𝑙e ≅ 50.28 mm  so that 𝑖0 = 51 . The 
experiment was conducted in temperature un-controlled room 
for 300 seconds and temperature rise of etalon was 
approximatedly 0.1 K. 

The result of the experiment was shown in Fig.5. Short-span 
standard deviation of measurement was several nanometers, 
which agreed with the expectation. Drift was observed in the 
result and it was considered to be from temperature change of 
etalon since it corresponded to temperature change. Thermal 
expansion coefficient of etalon optical length was estimated to 
be approximately 18.3 × 10−6 [/K]  from the experimental 
result. Since sum of thermal expansion rate and thermos-optic 
coefficient of the fiber was approximately 6.0 × 10−6 [/K], it 
was larger than the expectation. It was estimated to be because  
of thermal expansion rate of etalon box contributing to the 
result. 
 

Fig.3 Experimental setups of the proposed method 

4. Conclusions 

In this research, we proposed the method to measure the 
etalon optical length with using optical comb pulsed 
interferometry. In the preliminary experiment, 50 mm ealon was 
measured with several nm accuracy so that it can be used for the 

ranging in the atmosphere. In addition, higher ratio of pulse 
interval of optical comb to etalon optical length leads to higher 
accuracy and sub-nm measurement. There is trade-off between 
the ratio and the intensity of interference fringe. It is needed to 
optimize it through simulations and experiments and it is our 
future works. Also, we will evaluate the reaction to the 
environment, for example temperature, pressure, etc., and 
consider application to sensors.  

Fig.4 Fiber etalon used in the experiment 
 

Fig.5 Experimenatal results (a) raw data (b) residual of liner fitting 
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Abstract 
The ability to provide surface texturing at the micrometre to millimetre scale is of growing interest in many high-value manufacturing 
applications, for example, improving a components ability for heat transfer, chemical sensing, wettability and bio-mimicking. 
Electrochemical Jet Machining (EJM) has shown promise for performing surface structuring, providing material removal via 
electrochemical dissolution. This gives benefits of being able to machine without introducing stress hardening or thermally affected 
regions and for processing shear resistant materials. 
Current quality control processes for EJM involve an offline approach to verify adherence to design tolerances. This requires removal 
of the part from the machining setup and cleaning which is time consuming and error prone if re-machining is required. Offline 
approaches do not allow for adaptive control feedback to be implemented during the machining process, which requires an in-situ 
measurement system.  
Implementation of in-situ depth sensing modalities in the EJM environment capable of real-time, accurate measurements is difficult 
using commercially available systems. This is due to hostile operating conditions, from electrolyte flushing and tight geometry 
constraints. However, Low Coherence Interferometry (LCI) is a measurement technique that has shown promise for operating in non-
ideal environments through its use in biological imaging. Additionally, LCI benefits from easy integration into fibre optic systems 
allowing for small sensor footprints and has been demonstrated to effectively work in a range of operating mediums. The work 
presented here investigates the feasibility of applying a fully fibre enclosed common-path LCI sensor within EJM.  
 
Low Coherence Interferometry, Metrology, Electrochemical Jet Machining, Process Control      

 

1. Introduction  

New modes of machining focussing on incorporation of 
surface texturing for improvement of component efficiency for 
heat transfer, wettability and wearability are becoming 
increasingly commonplace in high-value manufacturing designs. 
This has led to an increased demand for machining processes 
capable of adapting to these requirements. Electrochemical Jet 
Machining (EJM) is one such technology which has potential to 
meet such manufacturing demands [1]. Capable of performing 
multiscale form and texture machining using electrochemical 
dissolution and benefiting from being able to machine without 
introducing stress hardening or thermally affected regions, and 
for processing shear resistant materials. 

Current limitations in the ability to control EJM is a major 
limiting factor supressing the widespread acceptance of the 
technique. Reliable in-situ metrology has long been held as the 
ultimate goal of manufacturing engineers, able to provide real-
time process feedback control and validation of part 
conformance to design tolerances. Low coherence 
interferometry (LCI) is an optical ranging technique which has 
shown promise for performing accurate surface profile 
measurements in industrial environments as shown through 
previous work in non-ideal and aqueous domains [2-4]. LCI has 
also found use in the field of bioscience where it is known as 
optical coherence tomography for performing tomographic 
measurements on the surface and interior of the human body 
demonstrating the robustness of this technique as a sensor in 
harsh environments [5].  

The work presented here demonstrates an initial investigation 
into the integration of an LCI sensor operating with a fully-fibre 
common-path configuration, to EJM. Demonstrating accuracy of 
measurement within a high-speed liquid jet for stability and 
profiling measurements of EJM processed microstructures. 

2. Experimental setup      

The setup shown in Figure 1, illustrates the EJM system and 
integrated LCI sensor. The LCI system is fully-fibre enclosed 
with a common-path being used for the reference and sample 
signal leg, thus reducing sensitivity to vibrations, thermal 
fluctuations and humidity, and removing the requirement for 
dispersion compensation between signals [6]. This system 
consists of a super-luminescent diode (EXS210068-01, Beratron 
GmbH), with a 3-dB bandwidth of 58 nm, central wavelength of 
853 nm and an emitting power of 5.14 mW at 160 mA.  

Figure 1. Experimental setup showing LCI situated in an EJM electrode 
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A single mode fibre coupler with a splitting ratio of 50:50 was 
used for the beam splitting and coupling. The sensing end of 
the interferometer is a bare lensless fibre consisting of  core 
and cladding with a diameter of 125 ± 1 µm, providing a 
numerical aperture of 0.13, resulting in a confocal parameter of 
83.51 µm and 1/𝑒𝑒2 transverse resolution of 5 ± 0.5 µm.  
Such a deployment enables the positioning of the sensor end 
co-axially inside the electrode of the in-house constructed EJM 
system.  
To locate the fibre within the electrode of inner diameter 1.2 
mm it is first threaded into a brass micro-tube with an outer 
and inner diameter of 0.5 mm and 0.3 mm respectively. A 
honeycomb type structure was created around the central tube 
as shown in Figure 1, this allows for the electrolyte flow to be 
flushed without direct interaction with the fibre providing 
robust alignment of the fibre distal end to the sample. The 
electrode is attached to a 3-axis motorised translation stage 
(Zaber Technologies: X-LSM025A). The LCI sensor was 
calibrated through offset distance comparison via a Renishaw 
XL-80 interferometer (accuracy assured to ± 0.5 ppm) to act as 
a traceable reference measurement for the LCI system.  

3. Results and Discussion 

Initial investigation concentrated on observing distance 
measurement in air of a sample with a set stand-off from the 
end of the fibre of 313.54 µm, and then during load whilst a 
water jet was initiated with successful hydraulic jump as is 
present in EJM systems. The results can be seen in Figure 2, 
where for the first ~ 30 seconds measurements are performed 
in air and show minimal variance in results (2𝜎𝜎 = ± 0.02 µm). 
Once the jet is activated as shown from the right hand side of 
the red dashed line in Figure 2 a period of mechanical 
stabilisation occurs for approximately 20 seconds  before 
levelling out. The signal also has a larger fluctuation relative to 
the in-air measurement due to vibrations from the liquid jet flow 
but still of the order (2𝜎𝜎 = ± 0.22 µm). The data in Figure 2 has 
had refractive index compensation applied to the in water jet 
region however, an offset of approximately 1.7 µm between air 
and liquid jet measurements remains. The results in Figure 2 
demonstrate the ability to provide suitable stability to the fibre 
to stay located at an unvarying offset from the sample object 
with data integrity showing minimal signal loss during liquid jet 
flow. Fluctuation in signal value is present with increased 
randomised noise present during the water jet operation due to 
vibration of the fibre end. 

Investigation into measurement of EJM processed structures 
was conducted. Figure 3 shows profiling measurements taken 
across an Inconel sample with 4 trenches electrochemically 
machined into the surface (provided by Nottingham university’s 
EJM research group), performed in air and within an active liquid 
jet. Initial stand-off distance from the sample surface was ~360 
µm, translational steps of 4 µm were taken across 16 mm 
providing trench depths as shown in Figure 3. 

It can be seen from Figure 3 that measurements in air and in a 
liquid jet were able to successfully capture the cross-sectional 
profile of the 4 trenches. Some data loss is present during water 
jet operation though accurate capture of the trench heights was 
achieved under both measurement conditions. 

  4. Conclusion and Summary      

This work defines the application of a custom LCI system for 
performing measurements of EJM processed structures within a 
high-speed liquid jet flow. This shows the potential of such a 
configuration to operate in industrial domains with applications 
for synchronous measurement of components and in-situ 
measurement during machining processes such as EJM. Future 
work will further investigate and evaluate measurement in liquid 
jets and within EJM processes for online control of machining 
processes. 
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Figure 3. Zeroed depth profile of surface pattern generated using EJM, 
(a) Profile measured in air with liquid jet turned off, (b) Profile measured 
whilst liquid jet activated. The table shows trench depths corresponding 
to the shown peaks from left to right. 

Figure 2. Measurement stability with jet turned off in air shown on the 
left-hand side of the dashed red line and with liquid jet turned on as 
shown on the right-hand side of the dashed line over time. 
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Abstract: Large dimension parts scanning is still a challenge in the field of dimensional metrology due to the required accuracy. 
Indeed, the measurement uncertainty is increasing with the size of the scanned object. Nowadays, camera-based scanning 
technologies enable to achieve a high level of accuracy on small surfaces in microelectronic domain (example of card inspection). 
Nevertheless, similar level of accuracy also is usually demanded for large volume parts. This topic is currently investigated by National 
Metrology Institutes (NMIs) under the  project 17IND03 (LaVA). One objective of LaVA project is the improvement of the process of 
camera-based scanning techniques such as photogrammetry and computer vision by enhancing camera calibration also called camera 
re-sectioning. Camera calibration is an essential step for intrinsic and extrinsic parameters extraction, leading to correct efficiently 
the errors due to the decentering or misalignment of the lenses. The classical camera re-sectioning procedure is based on the 
observation of a printed black and white checkerboard; in this case, camera re-sectioning accuracy depends mainly on the precision 
of the printing machine. Therefore, a traceable material standard defined with a specific pattern is proposed in this paper. Both 
printed and traceable mechanical artefact have been experimentally investigated and compared. 
 
Dimensional metrology, photometry, photogrammetry, camera calibration, robotics, 3D reconstruction   

 
1. Introduction 

3D scanners have evolved in recent years in various industries 
such as automotive, aeronautical, medical robotics, electronics, 
etc. 3D scanners are mainly used for reverse engineering and 
quality control. The geometry errors of an object can be 
extracted through camera-based devices [1]. The uncertainty 
associated to the 3D forms inspection depends on the accuracy 
of the scanning system [2]; however, the accuracy of calibration 
target impact the quality of estimation of the camera 
parameters [3]. To achieve a micrometric level of accuracy, a 
metric camera is required. Metric camera is an equipment in 
which focal length and internal dimensions are exactly known or 
can be determined through the calibration process  [4]. Camera 
calibration allows to estimate intrinsic and extrinsic parameters 
such as focal length and principal point. Several approaches of 
camera re-calibration has been proposed [5] [6]. In this paper, a 
review of camera model and calibration methods will be 
presented, the influence of target quality on the calibration 
process will be detailed, and experimental results of the new 
target will be discussed. 

2. Review on camera calibration  
Most of camera calibration methods are based on the pinhole 
model. This model assumes that a camera is characterized by its 
focal length (separated into two elements: horizontal 𝑓𝑥 and 
vertical 𝑓𝑦), the skewness 𝑠 which specify the non-

perpendicularity of the two axes, and its principal point defined 
by the coordinates 𝑐𝑥 and 𝑐𝑦. The pinhole camera model used to 

describe tha mathematical relationship between a 3D point and 
its projection on the image plane using perspective 
transformation [7]. According to this approach, a 4 by 3 matrix 
called camera matrix defines the parameters of the model, it 
allows the mapping of the world scene to the image plane [8]. 
The following equations (1 & 2) define the relation between a 

world point and its projection on the image plane, where r𝑖 are 
the rotation vectors and 𝑡 the translation vector: 

[
𝑢
𝑣
1

] = [
𝑓𝑥 𝑠 𝑐𝑥

0 𝑓𝑦 𝑐𝑦

0 0 1

] [𝑟1 𝑟2 𝑟3 𝑡] [

𝑋
𝑌
𝑍
1

]  (1) 

𝑚 = 𝑲[𝑹 𝒕]𝑃 (2) 

Eq1 can be reworded in eq2 where 𝑃(𝑋, 𝑌, 𝑍) are the 
coordinates of 3D points, 𝑚(𝑢, 𝑣) are the coordinates of the 
projection point in pixels, 𝑲 is the matrix of intrinsic parameters 
(which doesn’t depend on view scene). [𝑹 𝒕] is the rotation-
translation matrix and it defines the extrinsic parameters of the 
camera. It should be noted that as long as the camera focal is 
fixed, there is no need to change the intrinsic camera matrix. 
Based on eq1 the objective of camera calibration is to estimate 
the matrix 𝑲. 

2.1. Calibration methods 
Several methods have been proposed to calibrate cameras. Tsai 
method [5] require a minimum of 9 points per image to solve the 
calibration problem with a set of n linear equations. Zhang 
method [6], relies on the observation of a known pattern 
(Figure1) placed in different orientations, where features points 
can be easily extracted to compute the transformation between 
n image points. 

  
 

(a) (b) (c) 

Figure 1. (a) checkerboard grid (b) asymmetric circles (c) circles grid  

Feng et al. [9] compared the two calibration methods from the 
experimental point of view and conclude that Zhang is more 
robust, complete and accurate. In the following section, Zhang 
method will be used as calibration procedure in this article to 
compare targets. Matlab community has already developed a 
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single camera calibration function that makes use of planar 
checkerboard with accurate results, the following experiments 
are based on this application taking account of radial distortions, 
principal points, skew and tangential distortion [10]. 
 

3. Influence of the target on calibration accuracy 
The commonly used checkerboard pattern is printed and glued 
on a supposed flat surface which eliminate large paper 
deformations, however local aberrations can be generated from 
the process of gluing affecting the positin of the 3D coordinates 
(𝑋, 𝑌, 𝑍). The accuracy of existing algorithms for pixel 
coordinates extraction can reach a sub-pixel level, nonetheless 
the processing of each image pattern is done independently of 
the rest of the images, which makes it difficult to perform 
accurate pixel extractions [11]. Indeed, the characteristics of 
calibration target pattern affect the calibration accuracy. More 
experimental details about the influence of target quality will be 
given in the expermiental section. 

3.1. Mechanical artefact 
Metrological traceability is defined as the property of 
measurement results to be related to a reference through a 
documented unbroken chain of calibration. To Validate this 
property, a mechanical standard is designed. The used artefact 
is a white rigid polymer with a thin black layer (0.2mm), the part 
is perforated at the depth of 0.2mm in order obtain the color 
difference in the checkerboard pattern which allows corners 
detection (Figure2). The calibration of the artefact is done using 
Micro vu Precision measurement machine for which the 
uncertainty is 2.5 µm 

 
Figure 2. Manufacturing steps of the artefact 

4. Experiments and results  

Camera calibration is performed at a working range of 120 mm 
using an industrial high resolution camera DFK-AFU 420 CSS with 
unchangeable focal length of 8mm (figure3). The resolution of 
the taken images is 1920 x 1080 (pixels). 

 
Figure 3. Camera calibration setup using artefact 

The following table shows the results of calibration using printed 
checkerboard and the artefact. Four tests have been performed 
for each standard, each test contains at least 15 images, where 
𝑓𝑥  and 𝑓𝑦 are the estimated focal lengths converted from pixel 

to mm unit, 𝑐𝑥 and 𝑐𝑦 are principal point coordinates expressed 

in pixel, MRE represent the obtained Mean Reprojection Errors 
[12] and s(parameter) is the standard deviation of the 
parameter, concidering a rectangular distribution. 

Table 1 Estimated intrinsic parameters for the tested targets 

 𝑓𝑥 𝑓𝑦 𝑀𝑅𝐸 𝑐𝑥 𝑐𝑦 

 
Artefact 

7.9503 
7.9649 
7.9364 
7.8880 

7.9769 
7.9566 
7.9248 
7.8720 

0.36 
0.43 
0.39 
0.37 

1009.40 
1028.00 
1017.30 
1020.30 

677.90 
669.92 
659.38 
663.87 

mean 7.9348 7.9326 0.38 1018.70 667.70 

s(*) 0.0334 0.0457 0.03 7.69 8.02 

Printed 
checker-
board 

8.3034 
8.5753 
8.1420 
8.1080 

8.2726 
8.6038 
8.1714 
8.0960 

1.17 
1.07 
1.25 
1.32 

1013.3 
988.36 
993.09 
995.81 

560.58 
624.89 
714.80 
698.36 

mean 8.2822 8.2859 1.14 997.6 649.60 

s(*) 0.2131 0.2239 0.11 10.884 71.09 

The presented experiments show a notable difference between 
mean reprojection error, furthermore the analysis of standard 
deviation allows to validate the stability of intrinsic parameters 
estimation. In the case of mechanical artefact, the obtained 
standard deviation is about 40 µm while the printed pattern 
gives a standard deviation of 200 µm. 

5. Conclusion and perspectives 

This paper presented a study of a specific machined artefact and 
the influence of a target quality on the estimation of camera 
parameters. A machined checkerboard can be used for the 
calibration of a camera since the estimation of intrinsic 
parameters is stable compared to a printed pattern, the 
objective is to ensure metrological traceability, this will allow 
validation of the extraction of surface parameters which will be 
useful for 3D reconstruction. The continuity of work will 
constitute a comparative analysis of the existing calibration 
patterns and their impact on the accuracy of intrinsic and 
extrinsic matrix estimation. 
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Abstract 
In surface characterization at the micro- and nano level, the most used non-contact techniques are Imaging Confocal Microscopy 
(ICM), Coherence Scanning Interferometry (CSI) and Focus Variation (FV). Each measuring technology has its benefits and 
disadvantages. Whereas CSI is the best technique to measure optically polished samples, it does not perform well in rough surfaces 
due to its inability to recover signal from high slope regions. FV performs, however, very well with rough surfaces but lacks 
repeatability on smooth samples, and its repeatability depends on the surface roughness. This has improved recently by the 
introduction of Active illumination Focus Variation (AiFV). Confocal is besides a versatile technique than can retrieve data from 
surfaces ranging from smooth to rough with a repeatability down to 1 nm, although needs to do in-plane scanning. 
However, all the mentioned techniques rely on scanning the surface through the optical axis. Measurement speed depends not only 
on the acquisition framerate and image processing time but also on the mechanical dynamics. 
In this paper we propose a compact optical 3D profiler that can measure at higher speed thanks to an increase of camera framerate, 
lower mass and a novel confocal technique that does not need in-plane scanning. This has been achieved by reducing the overall 
optical path length, which challenges narrower focal lengths and thus higher optical aberrations. The system scans only the objective 
lens instead of the whole sensor head with a high-speed, 4 mm travel range miniature translation stage. As the sensor scans can be 
made continuously oscillating the objective lens, real-time 3D topographies can be obtained. 
 
 
Keywords: Interferometry, Metrology, Microscope, Surface   

 

1. Introduction 

Nowadays, Industry 4.0 takes us to more complex, precise, and 
digitized manufacturing processes. Quality control  is more 
important than ever and throughput cannot be affected by QA. 

Regarding surface engineering, there is also the trend to 
integrate in-line sensors to be able to provide feedback for close-
loop manufacturing. This tendency is demanding narrower, 
lighter and faster sensors. 

The typical surface characterization technologies are Imaging 
Confocal Microscopy (ICM), Coherence Scanning Interferomety 
(CSI) and Focus Variation (FV). For every kind of surface, one 
technology may perform better than another one. Confocal is 
probably the most versatile technique measuring from optically 
smooth to rough surfaces that yields high lateral and vertical 
repeatability, up to 1 nm. All these techniques scan the surface 
along the Z axis. 

Nevertheless, Confocal technique needs to do in-plane 
scanning, limiting the acquisition speed compared to CSI or FV 
for the same framerate. 

In this paper we present a compact Confocal 3D profiler that 
scans the objective lens instead of the full sensor head, thus 
improving the sensor dynamics and the scanning speed. The 
head also integrates a high framerate camera (1000 fps), a short 
optical path length to reduce the head size, and a novel confocal 
technique that does not suffer from in-plane scanning. 

Together with GPU processing and oscillating the Z scanner 
non-stop, confocal images are calculated in real-time, therefore 
obtaining 3D topographies every second. 

 
 
 
The rest of the paper is organized as follows: in section 2, the 

methodology is described. Section 3 shows the results on real 
measurements implementing the explored method whereas 
section 4 presents the conclusions. 

2. Methodology 

In most of the optical profilometers the technologies used are 
CSI, ICM or FV. Whereas CSI and FV only need a scanning along 
the Z axis, ICM needs a scanning in Z axis but also in-plane 
scanning, entailing a higher measurement time. 

The opto-mechanical design of the system we have developed 
has been optimized to measure with any of the mentioned 
technologies, to acquire data with very high scanning rate, and 
everything with a footprint as small as possible.  In order to be 
compatible with bright field measuring techniques such as CSI 
and at the same time with structured illumination techniques, 
such as Active illumination Focus Variation (AiFV) and single 
image patterned confocal, a dual illumination scheme is 
adopted. Two LEDs illuminate two conjugate field diaphragms; 
one of them with a glass mask with a predefined pattern, and 
the second one with a clear aperture.  The pattern we used is a 
checkerboard such as the one proposed in [1], which allows to 
recover an optical section by a local gradient focus operator, and 
at the same time an optical section equivalent of a Confocal 
Image by the use of the Hilbert transform [2]. 
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Figure 1. Lateral section of the optical profiler. Green lines indicate the 
light path of the illumination crossing the checkerboard pattern glass, 
whereas the white lines show the one through the clear aperture. 

 
On the latter technique, each column of the registered image 

from the sample illuminated with the structure of the 
checkerboard has a periodic signal similar to a sinusoid. If we 
split each column, the intensity distribution can be written as: 

 𝐼(𝑥) = 𝐴(𝑥) + 𝐵(𝑥) · cos(𝑘𝑥 + 𝜙) (1) 

where A is the DC component (the image without the structured 
pattern), B is the modulation of the pattern, k is the 
wavenumber corresponding to the projected frequency, and φ 
its phase. By means of the Hilbert transform, only with signal 
processing methods, we can shift the phase of the periodic 
pattern by π/2. The intensity distribution will be: 

 𝐼𝐻(𝑥) = 𝐵(𝑥) · sin(𝑘𝑥 + 𝜙) (2) 

and the pattern modulation: 

 𝐵2(𝑥) = (𝐼(𝑥) − 𝐴(𝑥))
2
+ 𝐼𝐻

2(𝑥) (3) 

If we repeat this process column by column of the image we 
can recover the modulation of the whole image, which equals to 
the optical section for a given scanning position of the sample.  
The DC term in equation 1, A(x), can be recovered by the use of 
the second illumination channel with the clear aperture, 
meaning the use of two images to recover the optical section. A 
faster method is recovering the DC term by filtering out the main 
frequency pattern in the Fourier space. This method requires 
only the use of a single image to recover the optical section with 
the drawback of being less precise and leaving residual artifacts 
on the recovered optical section. Nevertheless, those artifacts 
are small compared to the height of most technical surfaces and 
its impact on accuracy is negligible. 

The vast majority of microscopes are designed to have a tube 
lens with a focal length of 200 mm, making optical profilers to 
be large in the vertical direction. To achieve small footprint, we 
have designed a 50 mm tube lens made from 6 lenses in 4 groups 
which is used as a field lens simultaneously for the illumination 
and observation. The whole optical system is infinity corrected 
and complies with Köhler illumination design. In combination 
with such short tube lens, we selected a camera with 4.8 micron 
pixel size and up to 1.3 Million pixels at 240 fps, and achieving 
1000 fps at a resolution of 640x480. 

For CSI measurements at 9X scanning sampling and 1000 fps, 
we scan at more than 650 micron/second. Such high speed is 
achieved with the use of a single objective scanning linear stage 
from Dover Motion (Boxborough, MA, US), model DOF-5, with 5 
mm travel range and 2.5 nm closed loop sensor. 

 

 

Figure 2. Dimensions of the optical profiler compared to a 33 cl can. 

3. Results 

We analysed the performance of the proposed system in 
comparison to a commercial confocal 3D optical profiler.We 
measured a roughness standard from NPL (UK), model AIR B40 
with a nominal roughness value (Sa) of 0.79 micron. We used a 
Nikon 20X 0.45 NA objective. Figure 3 shows the confocal 3D 
topography (left) and the result from our system (right). Table 1 
shows the roughness parameters for both results.  

 

 
Figure 3. Topography of AIR B40 roughness standard measured with 

(left) a commercial confocal system and (right) our proposed method. 
The field of view is 0.84 mm x 0.71 mm. 
 
Table 1 Roughness parameters of NPL AIR B40. 

Parameter Sa (μm) Sq (μm) Sz (μm) 

Nominal 0.791 1.007 7.336 

Standard confocal 0.837 1.067 7.798 

Proposed method 0.828 1.053 8.043 

 
In our proposed method, the topography shows some periodic 

artifacts with respect to the confocal topography, but as the 
shape of the surface is greater than these artifcats, the 
roughness parameters do not differ significantly between the 
two results. The deviation to the nominal values is due to a lower 
field of view, that causes that not all the frequencies are present 
in the image. We noticed a measurement reduction time by a 
factor of 16 in comparsion to the commercial confocal 3D 
profiler due to the suppression of in-plane scanning and a higher 
camera frame rate. 

4. Conclusions 

A high-speed optical 3D profiler has been built for measuring 
with multiple techniques, allowing to measure a vast range of 
samples. A higher frame rate camera and moving only the 
objective lens instead of the whole system allow higher 
dynamics on the Z scanning. The use of signal processing tools 
allows to remove the in-plane scanning in ICM without 
compromising the performance. 
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Abstract       
Computerized tomography is nowadays a promising technology in industry. This technology has been used as qualitative tool for 
non-destructive analysis but today is used to carry out dimensional measurements with high accuracy. Recently, and thanks to the 
development of equipment and software, CT is also capable of measuring micro features such as roughness. However, results 
obtained from the CT are strongly influenced by high number of parameters. Physical filters usually are used with the aim of 
minimizing beam hardening. These filters also contribute to the change the way the X-rays are attenuated by the part contour. In this 
research work the influence of filter material on the roughness evaluation is analyzed. To do so, Inconel 718 and aluminium samples 
manufactured by SLM and turning respectively are used. Roughness value obtained from the CT scanner is compared with results 
obtained from focus variation microscope. For each sample, the suitable filter material (and thickness) is found. Results show that Ra 
can be accurately measured using CT technology. 
 
Keywords: Computerized tomography, Beam Hardening, Roughness       
  

 

1. Introduction   

Technological evolution is providing faster and more advanced 
measurement techniques. This measurement technologies can 
be classified in contact and no-contact solutions. Non-contact 
technologies examine the surface of an object in a different way 
than tactile probing, resulting in additional influencing factors. 

Within the non-contact technologies, computerized 
Tomography (CT) has become a useful tool for industrial 
applications such as material analysis, non-destructive analysis,  
and also for dimensional measurement, amongst roughness 
measurement can be found . [1]. However, the accuracy of CT-
based measurements remains yet largely uncertain due to a 
number of influencing factors related to the technology [2] 
which, together with the lack of standards, imply a gap in the 
traceability of CT measurements. 

Specifically, surface roughness has a strong influence on 
dimensional measurements causing a considerable increase of 
uncertainty especially for parts characterized by high surface 
roughness such as those manufactured by SLM.  

Even so, it can be said that one of the most important artifacts 
that degrades the quality of CT images is the Beam Hardening 
[3]. Nowadays this negative effect can be minimized by placing 
plates of brass, copper, or tin in front of the X-ray source to filter 
out the lowest energy components of the beam before it 
reaches the detector [4]. Nevertheless, there is not found in the 
bibliography the relationship between the filter material and its 
thickness with the sample to be scanned. 

Therefore, the contribucion of this work consists in the 
variation of different material/thicknesses of filters to achieve 
the best CT results from parts with different materials and 
roughness values. 
   

1.1. The influence of surface roughness in dimensional 
metrology  

ISO 14660-1 [5] defines a ‘real surface’ as the “set of features 
which physically exist and separate the entire workpiece from 
the surrounding medium”. However, a precise  definition of the 
spatial location of the ‘real surface’ is essential for 
measurements carried out by means of contact techniques since 
numerical result may differ from the ‘real’ surface contour due 
to convolution of the instrument and the surface[4], as shown in 
the Error! Reference source not found.(a). 

 

 
Figure 1 Hypothetical captured surfaces by a) contact and b) non-
contact. 

Due to the fact that the tactile probe cannot reach the valleys of 
the roughness profile, a false boundary is constructed, ignoring 
a major part of the surface roughness [6].Meanwhile, non-
contact technologies take into account shorter wavelength 
components of the surface texture since the measurement is 
made by photons, which reach any region as they have no mass, 
assessing the real surface with higher detail (Figure 1 b)). 

The measuring principle of CT is based on the attenuation of 
X-ray beam photons. A 3-D  model is reconstructed based on 
voxels. In ths model, a grey value is attributed to each voxel 
depending on the density, atomic number and thickness of the 
material and the path followed by X-rays. 
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As previously mentioned, the highest difference between 
contact and non-contact tehcnologies is the ‘threshold’ 
selection for stablishing the surface (see Figure 2). Some 
research work report deviations up to 30µm [6]. 

 

 
Figure 2 Threshold determination by different technologies 

Therefore, the optimum surface determination is essential to 
achive  accurate dimentional measurements being CT a 
technology from which good results can be expected. 

 
1.2. Beam hardening artifact      

Artifacts are innacuracies appeared during CT reconstructions 
that produce difficulties in their interpretation, and may 
simulate false defects [7]. 

There are different artifacts that impair the image fidelity to 
the object being scanned, one of the most important being the 
beam hardening. Beam hardening is a physical process that 
degrades the quality of CT images influencing dimensional 
measurements. 

X-ray beam is composed of photons with a large energy 
spectrum. Photons with higher energies remain in the beam as 
they cross the matter being less prone to be attenuated than 
low-energy photons, so the polycromathic x-ray beam will 
receive different attenuations for the same conditions. 
Therefore, two different x-ray beams with the same set-up can 
cause different readings for the same sample. Due to the 
mismatch between the energy of photons that the X-ray 
detector expects to receive and the energy that it actually 
receives, the reconstruction cannot be correctly performed 
generating an oval-shaped form (see Figure 3). 

 

 
Figure 3 Section of a tomographied workpiece affected by beam 

hardening artifact 

Many techniques based on both hardware and software 
solutions, such as linearization, iterative artifact reduction [8], 
and metallic filters are used to correct up to a point the beam 
hardening consequences. 

Amongst these solutions, the correction by hardware filtering 
is the most simple method. Filters are placed between the X-ray 
source and the scanned object and usually have a thickness from 
0.1 mm to several millimeters. The presence of the filter reduces 
the gap in intensity between the parts of the image formed by 
the X-rays penetrating large path lengths and the parts formed 
by X-rays not passing through the workpiece. Filter materials 
generally used are aluminum, copper, silver and tin [9]. Notice 
that spatial resolution is improved by the beam hardening 
correction. 

2. Material and methods      

Roughness is a critical parameter in most manufactured  parts. 
In this work, samples manufactured by Selective Laser Melting 

(SLM) and turning were  analysed (see Figure 4).  
 

 
Figure 4 Roughness patterns b) turned sample made of aluminium b) 

SLMed  sample made of Inconel 718 
 

A General Electric X-Ray machine model X-Cube Compact with 
5 axes was used for the scanning purpose. The maximum voltage 
and current of the CT system are 195kV and 8mA respectively 
and focus size little/big are 0.4/1mm. The orientation of the 
workpiece  was selected attending to the reference [9]. It 
concludes that angles between 10⁰- 40⁰ in relation to the vertical 
position lead to smaller measurement errors. A magnification of 
0.913 was used  so that all the samples could be entirely 
projected on the detector panel. VGStudio MAX2.2 software was 
used for analyzing the results. The material and thickness of 
filter´s used are shown in Table 1: 
 
Table 1 Filter characteristics 
 

Material Copper Brass Tin 

Thickness [mm] 0.3-0.5 0.3-0.5 0.5 

Picture 

 
 

2.1. SLMed sample description 
SLM is one of the most important and used techniques of the 

emerging AM. This process enables to build parts with complex 
external and internal geometries “layer by layer” [10]. At 
present is still under development as it has difficulties in 
providing end-use productions. 

One of the major difficulties is ensuring the quality of the 
manufactured parts as many areas are inaccessible by 
traditional methods. Specifically, it can be said that there is a 
limitation in terms of surface quality due to the large number of 
factors that influence it, such as “overhanging surface”[11] “stair 
step”, “balling”, laser power, layer thickness, beam speed, hatch 
spacing, amongst others [10]. 

The material of the sample manufactured by SLM is Inconel 
718. Parameters were chosen for obtaining a macro-roughness. 
The reference roughness values were carried out by focus 
variation microscope (ALICONA). Measurements were 
performed with a 10x magnification and 100nm resolution. λc of 
2.5mm and Gaussin filter were used. The Ra and Rz values were 
measured and results are shown in Table 2. 
 
Table 2 Reference roughness values of SLMed sample  

 Ra [µm] Rz [µm] 

SLMed sample 63 358 

 
2.2. Turned sample description 

Turning is a machining process in which a tool remove material 
from the surface of a less resistant part, through the revolution 
movement against the tool force [12] 

 a)  b) 
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It is known that the surface finish in turning processes depends 
on many factors such as tool nose radius, cutting feed speed, 
stability of the machine, the use of cutting fluids, and othersthat 
are still being investigated to provide smoother surface finish 
[13]. 

In this work, an Aluminium sample was turned using 3 
different turning conditions. The surface roughnes was 
measured using an infite focus variation microscope (ALICONA) 
with a 50x objective magnification and 20nm resolution. λc of 
0.5mm and Gaussin filter were used.The Ra and Rz values were 
measured and results can be seen in Table 3. 

 
Table 3 Reference roughness values of turned sample 

 Ra [µm] Rz [µm] 

Turned sample 1.609 7.846 

 

3. Methodology   

To select the optimum scan parameters for the tomography, 
the following procedure was followed since it was necessary to 
provide a high quality tomography suitable for the 
measurements. Voltage and current of the X-ray source are the 
most critical parameters that provide greater or lesser 
penetration of the rays into the workpiece. Thus, they were 
firstly selected. To do it, the maximum voltage for the 
penetration assurance and, afterwards, the current was set so 
that the penetration was enough to performed further 
measurements. For the most dense materials such as Inconel 
718, CT conditions were 175kV, 0,8mA, 33ms and 0,5° step 
whereas for aluminium sample 169kV was enough maintaining 
the rest of the parameters as they were for Inconel 718. In the 

bibliography consulted, it was found that a step between 0.9° 
and 0.45° results in good accuracy, and that an integration 
higher than 8 does not provide better results. 

In a first approximation with the optimal scan parameters, the 
suitable threshold was determined attending to the metholodgy 
presented by the author of this work as an original contribution 
to the MESIC congress [14]. 
 

 
Figure 5 surface scan plans 

 

 
Figure 6 Images of the respective planes. 

 

 

 
Figure 7 Extracted profiles from the different heights of surface reconstruction 

4. Results 

Figure  shows  the CT reconstruction of the SLMed sample. 6 
different planes were used to cut the surface and compare 
results from topography. Obtained images are shown in Figure 
6. The images that simulate topography are acquired in planes 
from the highest peak to the lowest valley of roughness, 
ensuring that all peaks were processed as shown in Figure 7. 
Figure 7 shows all the profiles of the same line at the 6 different 
levels, as well as the average of all (in red) which represents the 
roughness in grey scale. 

Once the average of grey values related to the surface 
roughness were acquired, the value of a pronounced peak was 
measured  in a plane perpendicular to the one used for the 
profile extraction and in the direction of the roughness- line 
profile as shown in the Figure 8. Then, using the maximum value 
of grey (peak tip) and the minimum value (valley) of that 
particular peak in the CT topography described above the 
dimensions [mm] of the particular peak were acquired.Thought 
this methodology, the grey values were related to the height of 
the peaks. Same ratio was applied to all the profiles. 
 

 
Figure 4 Scheme of the procedure for calculating the height of a 

particular peak.  

Regarding the tests carried out for analyzing the influence of 
the filters on the roughness results, the variations of Ra and Rz 
depending on the filter used were studied. Table 4 shows the 
variations of  Ra and Rz according to the filters used in case of 
the SLM sample. 
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Figure 9 Topography of SLMed sample obtained by focus variation 

microscope.  

Table 4 SLMed sample roughness values for each filter used in the CT. 

 Ra [µm] Rz [µm] 

Reference values 63 358 

No filter 41 126 

0.5mm (CU) 63 152 

0.5mm (LA) 29 96 

0.5mm (SN) 49 173 

0.3mm (CU) 61 152 

0.3mm (LA) 46 134 

 
Results show that Ra values were less influenced by the filter 

material than Rz values. The reason is that Rz values takes into 
count extrems features of the surface that CT cannot accurately 
reproduce using the equipment and parameters used. The best 
resut for Ra measurement was found for the copper filter with a 
0.5mm thickness followed by the same filter with 0.3mm 
thickness having an error of 0% and 6.8% respectively. 

On the other hand, Table 5 shows the results obtained in the 
case of the turned sample. 
 
Table 5 Turned sample roughness values for each filter used in the CT. 

 Ra [µm] Rz [µm] 

Reference values 1.609 7.846 

No filter 1.594 4.023 

0.5mm (CU) 2.274 4.328 

0.5mm (LA) 2.081 5.401 

0.5mm (SN) 2.487 5.611 

0.3mm (CU) 2.101 4.366 

0.3mm (LA) 2.199 4.527 

Results show again that Ra values were less influenced by the 
filter material than Rz values. The best resut for Ra 
measurement was found for non-filtered case when an error of 
0.9% is found. Results from other conditions are non acceptable.  

5. Conclusions      

From the research carried out the following conclusions can be 
drawn: 

- A methodology for evaluating roughness on an Inconel 718 
and aluminium samples manufactured by different processes 
(SLM and turning) by means of macro-CT was proposed. 

- Although the size of the voxel is bigger than the largest peak 
(Rz) of the roughness to be examined, the wave created by the 
roughness peaks propagates at values higher than 91 µm (voxel 
size in the case of this work). Thus, using the copper filter with 
0.5mm thickness provides good results for Ra. 

- Rz values cannot be accurately obtained applying the 
proposed methodology and for the samples studied in this work. 

-The influence of different filters on the roughness patterns 
was studied and it has been concluded that in all cases the 
0.,5mm tin filter smooths out the "pumping" effect produced by 
beam hardening, which is the most harmful artifact for the 
wrong interpratation of roughness.  
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Abstract 
X-ray computed tomography (CT) is increasingly used in manufacturing metrology thanks to its advantages including the capability 
of performing non-destructive measurements of both accessible and non-accessible complex geometries. However, the accuracy 
enhancement of CT-based measurements still represents a major challenge due to the complexity and large number of influence 
factors. This work is part of a study focused on the enhancements that are achievable by monitoring and correcting the system 
geometry, through the inspection of several parameters describing the relative position and orientation between the hardware 
components. In particular, the work has been planned to achieve a complete knowledge and comprehension on the geometry-
dependent effects on CT results in order to develop a fast and easy-to-implement procedure for CT systems geometry 
characterization and correction. At the scope, a sensitivity analysis was designed to investigate the relationship between the deviation 
of geometrical parameters from the optimal/aligned configuration and the accuracy of dimensional measurements, with the aim of 
identifying the most critical parameters to be investigated and corrected. This work is focused on the specific effect of rotation stage 
misalignments, which were investigated separately from the other possible geometrical misalignments. 
 
X-ray computed tomography, dimensional metrology, geometrical misalignments, sensitivity analysis 

 

1. Introduction 

The increasing need of inspecting and measuring in a non-
destructive way complex parts with free-form shapes and 
features non-accessible from the outside is at the basis of the 
growing use of X-ray computed tomography (CT) in 
manufacturing metrology. However, the accuracy enhancement 
of CT-based measurements still represents a major challenge 
due to the large number of influence factors. The system 
geometry represents one of the most critical influence factors. 
The most common architecture of industrial CT systems used for 
metrological purposes employs three major components: (i) an 
X-ray source emitting an X-ray cone beam, (ii) a motion system 
equipped with a rotary stage and (iii) an X-ray detector. The 
relative position between these components must respect strict 
alignment conditions to avoid errors in the reconstructed 
volumes [1]. For this reason, a number of methods have been 
proposed to characterize the system geometry and to 
investigate the effect of possible geometrical misalignments [2, 
3]. However, such methods need to be optimized, in order to 
reduce time consuming and difficult to implement procedures. 

The present work is a part of a wider study focused on the 
geometrical characterization of CT systems. The final aim of the 
study is to provide a complete understanding of the effect of 
each possible geometrical misalignment on dimensional 
measurements in order to develop fast and easy-to-implement 
procedures for the system geometry characterization and 
correction. 

2. Simulations setup and analysis workflow      

A simulation routine was developed to characterize the effects 
of geometry deviations of cone-beam CT systems on the 
accuracy of dimensional measurements. The specimen designed  

 
to be used in the simulation process is a ball plate composed of 
56 ruby spheres of 1 mm diameter arranged on a CFRP plate (see 
Figure 1a). In this work, 49 spheres placed in a regular 7×7 grid, 
equally spaced by 5 mm were considered. The simulation 
routine and the ball plate – used in a first part of the work to 
study the effect of detector angular misalignments [4] – are used 
here to investigate the impact of rotary table misalignments, 
including angular misalignments (θ with respect to X-axis, η with 
respect to Z-axis) and linear shifts (Δx, Δy) (see Figure 1b). Such 
misalignments were simulated starting from the aligned 
configuration, for which the ball plate is placed with the column 
Y2 and the row X2 (see Figure 1a) respectively projected on the 
central column (along the vertical Y-axis) and on the central row 
(along the horizontal X-axis) of the detector. The misalignment-
related nominal values, reported in Table 1, were selected in 
order to compare the impact of rotation stage deviations with 
detector deviations analysed in a previous part of the work [4]. 
The simulations were performed using the tomosynt module of 
the software tool aRTist 2.0 (BAM, Germany). The projection 
data were elaborated using the commercially available 
reconstruction software CTPro 3D (Nikon Metrology, UK), using 
the filtered backprojection algorithm. The surface 
determination and the dimensional measurements (i.e. center-
to-center distances and spheres form errors) were conducted 
using the analysis and visualization software VGStudio MAX 
3.2.3 (Volume Graphics GmbH, Germany). 
 

Table 1 Tested values for rotation stage misalignments. 
 

Misalignments Tested nominal values 

θ 
0.01°, 0.02°, 0.05°, 0.1°, 0.2°, 0.3°, 0.4°, 0.5°, 
1.0°, 1.5° 

η 0.5°, 1.0°, 1.5° 

Shift Δx / mm 0.3, 0.5, 3.0 

Shift Δy / mm 0.3, 0.5, 3.0 
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Figure 1. Ball plate designed for the simulation study (a). Scheme of the 
misalignments investigated in the work (b). 

 
3. Results 
 

The analysis of the impact of angular deviations demonstrated 
that the tilt of the rotation stage around the X-axis (θ) is the most 
critical misalignment. The resulting center-to-center 
measurement errors – along both X and Y directions – showed 
trends similar to that caused by the corresponding detector tilt 
[4]. For example, the maximum deviations registered along 
column Y2 were equal to 17 µm for a rotation tilt θ = 0.5°, 35 µm 
for θ = 1.0° and 55 µm for θ = 1.5°. Similar results were obtained 
along rows Y1 and Y3. 

Center-to-center measurement errors along the X direction 
were observed to be strongly dependent form the measured 
distance and from the investigated region of the detector. For 
example, the errors evaluated along row X1 on the upper region 
of the detector (see Figure 2) increase with the measured 
distance and become more relevant for higher angle amplitudes. 
Errors up to 26 µm, 57 µm and 62 µm were measured for θ equal 
to 0.5°, 1.0° and 1.5°, respectively.  

 

 
 

Figure 2. Center-to-center measurement errors along direction X1 for tilt 
(θ) equal to 0.5°, 1° and 1.5°. 

 

The deviations measured along the row X3, which lies on the 
lower region of the detector, have a similar but symmetric trend. 
In row X2, the deviations were found to be less critical, reaching 
the maximum value of 4 µm for θ = 1.5°.   

Smaller θ angles, down to 0.01°, were also investigated to 
increase the understanding about the impact of such kind of 
rotation stage tilt on the measurement accuracy.  Figure 3 shows 
the maximum errors determined for each measured distance 
(from 5 to 30 mm), calculated along row X1. The impact of the 
tilt θ increases with the angle amplitude and starts to be 
significant from angle amplitude of 0.1°, with errors up to 3 µm. 

 

 
 

Figure 3. Maximum center-to-center measurement errors along 
direction X1 for each tested amplitude of the angle θ. 

Figure 4 shows the form error evaluated for sphere 1, 4 and 7 
(indicated in Figure 1a), varying the tilt magnitude. Starting from 
θ = 0.1°, there is a significant increase of the form error of sphere 
1 and 7, while the form error of sphere 4 (that lies in the central 
column Y2) remains similar for all the angle amplitudes tested. 

 

 
 

Figure 4. Form errors of sphere 1, sphere 4 and sphere 7, for each tested 
amplitude of the angle θ. 

 

Angular misalignments around the magnification axis (η), as 
well as shifts along the X and the Y direction (Δx, Δy), showed 
less significant trends of the measurement errors with respect 
to the specific investigated region of the detector or to the 
measured distance. In these cases, the deviations did not exceed 
1 µm in each direction for all the misalignments tested.  

4. Conclusions      

In this work, the impact of rotation stage misalignments on CT 
dimensional measurements was investigated through a new 
simulation setup. The work is part of a wider study focused on 
the characterization of the effect of each geometrical 
misalignment of CT systems on the accuracy of dimensional 
measurements. A ball plate was designed and a simulation 
routine was developed in order to measure the center-to-center 
distances along different directions (see Figure 1) in different 
regions of the detector. The tilt around the X-axis was found to 
be the most critical rotation stage misalignment. The effect on 
the measurement of center-to-center distances was found to be 
comparable to the effect of the corresponding detector tilt, for 
angle amplitudes of 0.5°, 1.0° and 1.5°. An investigation of 
smaller angle amplitudes highlighted that the effects of a tilt of 
the rotation stage become significant starting from an angle 
amplitude of 0.1°, both for center-to-center distances, with 
errors up to 3 µm, and form errors. Future activities are planned 
to evaluate the impact of the spheres identification on the 
center-to-center distance and to investigate the effect of 
possible interactions between geometrical misalignments of 
detector and rotation stage, as well as to experimentally validate 
the results. 
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Abstract 
Piezo actuators are commonly used in dimensional metrology, either for high accuracy positioning tasks or for direct measurement 
of displacement. Providing traceability for these devices can be challenging because of high resolutions that can be achieved over 
short displacements. Additionally, closed-loop actuators are usually very constrained with regard to the loads they can carry. For 
example, this research was carried out on a piezo actuator with 100 µm displacement, minimum step size of 0.3 nm, and maximum 
normal force of 10 N. Sensitivity of typically used displacement interferometers can be insufficient for such parameters, and the 
weight of target optics can be outside of acceptable range for closed-loop positioning. For these reasons, we decided to investigate 
the applicability of a gauge block interferometer for this task. The described method was used for a highly-detailed calibration over 
the entire range of motion of a vertical piezo actuator, with step size less than used half-wavelength, using custom software to drive 
the actuator and analyse interferograms for each step. A detailed description of the method is provided together with the 
measurement results for an example piezo actuator.  
 
Keywords: Piezo actuator, interferometer, traceability         

  

1. Introduction  

Piezo actuators are often used in dimensional metrology, 
either as open-loop nano-stepping stages, or as closed-loop 
nano-positioning stages. Their use in metrology spans direct 
calibration of various stylus instruments [1], phase-stepping 
generation in phase stepping interferometry [2], to scanning 
stages for atomic force microscopy [3]. Given the high 
resolutions and minimum step sizes these devices can achieve, 
optical interferometry is one of the few suitable methods that 
can be used to calibrate them. Review of available literature 
shows that most calibration methods rely on variations of 
displacement interferometry [4], where a piezo actuator is 
carrying the measurement mirror of a displacement 
interferometer. Even though this approach can provide 
sufficient measurement accuracy, down to picometre range, 
commercially available displacement interferometers typically 
only provide nanometre resolutions. Additionally, commercially 
available displacement interferometers usually employ 
retroreflecting optics to increase useful measurement range, 
which can be too heavy to use on a closed-loop vertical piezo 
stage.  

Static interferometry, typically used for gauge block 
calibration, can provide very high resolution but the 
measurement range is limited to only half of used wavelength. 
This method can be used to calibrate a vertical piezo actuator at 
several nominal displacement positions, but in that case an 
assumption needs to be made that there are no errors larger 
than half of wavelength (usually 250 nm - 350 nm) between the 
measured positions, due to periodic nature of static 
interferograms. Based on specifications of typically used high-
accuracy piezo actuators, this is usually a valid assumption, but 
it would nevertheless be more desirable to test the entire range 
of motion to reliably determine positioning errors. 

2. Methodology      

In order to provide a pseudo-continuous measurement of 
entire range of motion of vertical piezo actuator using static 
interferometry, a gauge block interferometer was used to 
acquire interferograms at positions that correspond to slightly 
less than one third of its half-wavelength. This approach should 
provide sufficient measurement data to connect each 
interferogram over the entire measurement range, resulting 
with continuous measurement data. 

Measurement setup consists of a vertical piezo actuator (PI P-
621.ZCD) which is placed in a gauge block interferometer (Zeiss 
Kosters type, retrofitted at FSB-LPMD). A wedged gauge block 
platen, placed on the piezo actuator, is used as the 
measurement mirror. Gauge block interferometer was adjusted 
to show several vertical interference fringes over its field of view 
at the start position. A custom software package is used to 
control the piezo actuator and automatically acquire 
interferograms after 200 ms settling time. Piezo actuator was 
positioned with 100 nm step size over 100 µm range, resulting 
with acquisition of 1000 interferograms which were processed 
with a custom fringe analysis algorithm. Fringe analysis was 
based on locally adaptive threshold edge detection to determine 
fringe centres, after which a least squares line was fitted to each 
fringe centre. Fringe spacing was calculated as the distance 
between adjacent fringe centre lines, and provides the metric 
for measurement of piezo actuator motion – fringe spacing 
being equal to half of used wavelength (632.8 nm). 
Measurement of each displacement is performed recursively, 
using data from previous step to calculate the difference from 
current step (Figure 1). 

3. Measurement results 

After acquisition and processing of the entire range of 
measurement data,  as described in previous chapter, results of  
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Figure 1. Interferograms of two consecutive positions of piezo actuator  
spaced apart 100 nm (left top and bottom); fringe angle variation over 

total displacement (right top and bottom) . 

positioning error analysis showed that individual step errors 
are all within ± 10 nm, while cumulative positioning error is 
below 110 nm (Figure 2). These results indicate that calibration 
can be performed by setting displacements equal to nominal 
number of half-wavelengths and then measuring the deviation 
from those nominal values, since it is proven that there are no 
errors larger than half-wavelength over the entire displacement 
range. In that case, accumulation of individual step errors, which 
is present in the data shown in Figure 2 (“Cumulative positioning  
error”), will be eliminated.  

 

 
Figure 2. Positioning error measurement results. 

Additionally, yaw and pitch angle errors show a significant 
contribution to the angle variation of interference fringes over 
the entire range of motion (Figure 1, right). Since these errors 
would negatively impact measurement accuracy if they were 
ignored, it was decided to try to simultaneously measure both 
positioning and pitch/yaw errors of the piezo actuator.  

Pitch and yaw angle errors were estimated from the change in 
fringe angle between subsequent positions, according to Figure 
3 and the following simple equations [5]: 

  

𝑌𝑎𝑤 𝑒𝑟𝑟𝑜𝑟 =  
𝜆

2
(

1

Δ𝑌
−

1

Δ𝑌′
)  (1) 

 

𝑃𝑖𝑡𝑐ℎ 𝑒𝑟𝑟𝑜𝑟 =  
𝜆

2
(

1

Δ𝑋
−

1

Δ𝑋′
) (2) 

 
For simplicity, this procedure is currently only implemented in 

10 µm steps and its results are shown in Figure 4. Results show 
that yaw angle errors range from -1 arc second to 3.5 arc 
seconds, while pitch angle errors are negligible, within ± 0.5 arc 
seconds. 

 

  
Figure 3. Schematic of yaw and pitch angle error measurement. 

 

 
Figure 4. Angular error measurement results. 

4. Conclusion     

We presented the foundations of a simple procedure for 
simultaneous measurement of positioning and pitch/yaw errors 
of a vertical piezo actuator stage, using a gauge block 
interferometer and simple analysis methods. Due to periodic 
nature of interferograms, a possible error could arise if the 
displacement of a piezo actuator contains errors larger than half-
wavelength used for measurement. It was shown that this error 
can successfully be eliminated by making a pseudo-continuous 
measurement, with displacement steps smaller than the half-
wavelength. In order to fully calibrate the piezo actuator stage, 
it is necessary to eliminate accumulation of individual step errors 
over the entire displacement range, using integer half-
wavelength displacements as nominal displacement steps and 
measuring only the deviation from those nominal values. Future 
development will also focus on additional measurements with a 
displacement interferometer to provide an independent 
confirmation of results, as well as on improvements to angle 
measuring algorithm to also provide continuous measurement 
of angle. 
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Abstract 
Close-range photogrammetry is an optical metrology technique for measuring the three-dimensional form of an object. 
Photogrammetry has many advantages over competing techniques such as structured light projection – the primary being the relative 
inexpense of the equipment required. However, photogrammetry is currently slow and user dependant at many stages. In order to 
facilitate automation of the measurement process, the spatial relationship between the camera and the measurand must be known. 
We present a method of establishing this relationship from a single initial image via a convolutional neural network (CNN). The CNN 
is trained on synthetic images of an object which are generated from the computer aided design (CAD) data. A simulated texture is 
applied to the CAD data which is representative of the observed surface created by the manufacturing process and material. By using 
this representative texture combined with accurately characterised camera intrinsic parameters, near photo-realistic images can be 
generated. By using the CAD data to generate the training data, training can be conducted in parallel with manufacture removing any 
additional time penalty that would be otherwise incurred. This method also removes any need for manual labelling of training data. 
We test this approach on a range of different CNN architectures and select the best performing network based on the model loss and 
prediction error. 
 
 
Photogrammetry, machine learning, automation, smart measurement, pose estimation, TensorFlow     

 

1. Introduction   

Form metrology is an important aspect of part verification 
after the completion of a manufacturing process. With the 
advent of additive manufacture, complex freeform surfaces are 
becoming more common within industry. These surfaces are 
often impractical to measure with a traditional tactile 
coordinate measurement machine; but optical approaches can 
offer a way forward [1]. Close-range photogrammetry is an 
optical form measurement process based on detecting features 
within individual photographic images of an object, then finding 
correspondences between the images [2] to produce a dense 
point cloud – the measurement pipeline is shown in Figure 1. 

 

 
Figure 1. Close-range photogrammetry pipeline. a) Capture images, b) 

detect features, c) sparse reconstruction, d) dense reconstruction. 

 
 Photogrammetry has many advantages over competing 

methods [3], such as fringe projection, particularly the relative 
inexpense of the equipment required. However, 
photogrammetry is often slow and operator dependant. In this 

paper, we show how to improve the measurement time while 
removing any user input from the measurement pipeline. In a 
first step, it is required that the spatial relationship between the 
camera and the measurement object is obtained. For the sake of 
simplicity, it would be desirable to detect this relationship from 
a single initial image. The most successful previous approaches 
to six degree of freedom pose estimation of objects using CAD 
data include template matching [4] and DeepIm, an iterative 
machine learning approach [5]. Both these approaches require a 
high level of computational power at the time of the prediction, 
slowing down the pose estimation process. In an initial feasibility 
study presented elsewhere [6], we have shown that using CAD 
data of an object to train a convolutional neural network (CNN) 
to predict this spatial relationship directly can be an effective 
approach. This has the benefit of ‘pre-loading’ the 
computational effort during the training period, allowing rapid 
predictions to be made, once the model is fully trained. As our 
application is constrained to a known instrument setup, this 
allows training of the network on a dataset of more specific 
images than are found in the large open access datasets. Using 
this application specific dataset minimises the variation in the 
possible input images, thus allowing direct regression of the six 
degrees of freedom (x, y, z, pitch, roll ,yaw) to be an effective 
approach. Building on this previous work, in this paper we 
present an effort to improve the pose estimation approach by 
testing a range of different CNN architectures on four example 
measurement artefacts. We tested ten initial network 
configurations before narrowing in on the three best performing 
options of the original ten. The performace of these three best 
performing networks are then compared to each other in more 
detail by comparing the validation loss and error values in the 
context of other factors, such as training time on a large dataset. 
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2. Training data 

Machine learning approaches require large datasets of 
training images labelled with known ground-truth values of the 
variables of interest. Creating a dataset of the required size to 
train a CNN effectively would be practically impossible to 
generate from real photographic images. Instead an accurate 
simulation of the photogrammetry equipment has been 
developed to produce synthetic images as close to images 
produced by the real setup as possible – this is shown in Figure 2. 

 

 
 Figure 2. a) Actual experimental setup. b) Simulated experimental 

setup within Blender Cycles rendering engine. 

 
By placing the CAD file of the object and a simulated camera 

at random possible positions within the simulated 
photogrammetry system, the desired dataset can be generated. 
Simulating the performace of the real camera is important to 
achieving meaningful predictions. Accurately characterised 
camera parameters were determined for the real system and 
consequently used within the simulation. To maintain the levels 
of photorealism required, a representative surface texture for 
the manufacturing process used to fabricate the artefact was 
also generated and applied to the CAD file. This representative 
texture was generated by detecting the most prominent spatial 
frequencies from an initial photogrammetry measurement of a 
surface produced using the same process as the test artefacts. 
In this case, the manufacturing process and material were laser 
powder bed fusion (PBF) and titanium-64 (Ti-64). A comparison 
image showing the real texture and the simulated texture is 
given in Figure 3. 

 
Figure 3. Comparison of real and synthetic image of the pyramid 

measurement artefact. 

 
 Once generated, the simulated texture can then be applied to 

any CAD file to create an accurate rendering of what the object 
would look like if manufactured from Ti-64 using PBF. 

For this work 2 250 images of 4 artefacts (shown in Figure 4) 
were generated leading to a dataset of 10 000 images. 90% of 
the data is used for training with a further 10% used for cross-
validation. It is important that the dataset is representative of 
the entire space of possible input images. Therefore, in each 
input image, the camera is in a random position on the linear 
stage, the artefact is positioned randomly on the rotation stage, 
and the rotation stage is placed with a random rotation. As these 
images are synthetic, the ground truth labels are known 
explicitly and are recorded for use during training. 

 

 
Figure 4. The four test artefact designs. 

3. Proposed network architectures 

In the original study, a very simple CNN was used to 
demonstrate the feasibility of the approach. This network 
consisted of two simple 2D convolutional layers followed by a 
single densely connected layer. In an effort to improve 
prediction accuracy and to reduce generalisation error, a range 
of different architectures, learning rates, batch sizes and 
optimisation algorithms (hereafter collectively referred to as 
hyper-parameters) were tested. All the architectures tested 
were variations of the base architecture shown in Figure 5. 

 

 
Figure 5. Base CNN architecture 
 

Each of the convolutional blocks shown in Figure 5 was 
constructed from one of the two layouts shown in Figure 6. 
Figure 6a) shows a simple convolutional block and Figure 6b) 
shows a residual convolutional block.  

 

 
Figure 6. Convolutional blocks used. a) Basic convolutional block – set 

of convolutional filters (Conv2D), batch normalisation (BatchNorm), 
activation function -  rectified linear operator (ReLU), and downsampling 
by a factor of two using maximum pooling. b) Same structure as a) but 
with an added skip connection which downsamples the input, combines 
the input with the feature maps, and passes the resultant values through 
a set of ReLU activations. 
 

In order to determine the best performing network, the model 
loss and prediction mean absolute error (MAE) are calculated for 
a range of possible architectures and hyper-parameters. Initially, 
these networks are evaluated on the pyramid dataset, then the 
best performing configurations are tested on the entire dataset 
of all four artefacts and the loss and error values compared. An 
early stopping criteria was used in all cases, to cease training 
when no decrease has been seen in the validation loss for ten 
epochs. 
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Network Dense layers Learning rate Optimiser Convolutional block Batch size Model loss Prediction MAE 

(-) (Number of layers) (AU ∙ 10−4) (-) (block type) (number of images) (AU) (normalised coordinates) 

1 1 1 Adam Simple 64 0.1373 0.48 

2 2 1 Adam Simple 64 0.0024 0.039 

3 1 0.1 Adam Simple 64 0.0022 0.028 

4 2 0.1 Adam Simple 64 0.0051 0.047 

5 1 1 Adam Residual 64 0.1315 0.50 

6 2 1 Adam Residual 64 0.1301 0.48 

7 2 1 SGD Simple 64 0.1228 0.41 

8 2 0.1 SGD Simple 64 0.1559 0.36 

9 1 1 SGD Residual 64 0.0772 0.24 

10 2 1 SGD Simple 32 0.0669 0.23 

a) Network 2 – training and validation losses b) Network 2 – MAE in each degree of freedom 

  
c) Network 3 – training and validation losses d) Network 3 – MAE in each degree of freedom 

  
e) Network 4 – training and validation losses f) Network 4 – MAE in each degree of freedom 

  
Figure 7. For each network: LogCosh loss function calculated on the training and validation datasets after each training epoch, MAE in 

predictions on validation data for each degree of freedom. 

 

Table 1. Results of the initial testing of ten networks on the dataset of 2250 synthetic images of the Pyramid artefact. The best performing 
networks are shown in bold. 

 
Network Dense layers       

(-) (Number of layers)       

        

        

        

        

        

        

        

        

        

        

 Table 1. Results of the initial testing of ten networks on the dataset of 2 250 synthetic images of the Pyramid artefact. The best performing 
networks are highlighted in green. 
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4. Results 

Table 1 shows the ten initial networks tested. The parameters 
varied were: number of densely connected layers, training batch 
size, optimisation learning rate, optimiser type (Adam [7] or 
stochastic gradient descent (SGD) [8]), and convolutional block 
type (as shown in Figure 6). In all cases, a LogCosh loss function 
was used in the optimisation process. Error in the predictions 
was calculated by taking the mean absolute difference between 
the prediction and the known ground truth value. 
It can clearly be seen that three of the networks (networks 2, 3 
and 4) lead to a decrease in the loss value by one to two orders 
of magnitude over the competing networks. These highlighted 
networks also showed similar improvements on the mean 
absolute prediction error. The three best performing networks 
all share two main similarities: they use simple convolutional 
blocks and the Adam optimiser. Note that the use of residual 
blocks has been previously shown to decrease error in deep 
networks [9]. It is likely the case that the six convolutional blocks 
used here are not deep enough to respond to the benefit of this 
approach, so the use of residual blocks may decrease 
performance.  

Networks 2, 3 and 4 were given the entire dataset of 10 000 
images of all four artefacts. The model loss and validation errors 
over the training periods are shown in Figure 7. As can be seen, 
all three networks perform similarly with a few minor but 
important distinctions. Firstly. the variance in the prediction 
error during the final training epochs for network 3 is far lower 
than for the other two approaches. Although the mean of all 
three errors has converged well in networks 2 and 4 (as can be 
seen by the smooth loss curves), the variance in the individual 
components of the error are more varied when compared to 
network 3. This increase in prediction variance is likely caused 
by overfitting due to the extra densely connected layers. 
Furthermore, because of the lower learning rate used in 
networks 3 and 4, the training time per epoch is increased. For 
example, the time to compute the first epoch was 1290 s for 
network 2, 1624 s for network 3, and 2190 s for network 4. 
Network 3 also provided the lowest prediction error in the initial 
study of 0.03 compared to 0.04 and 0.05 from networks 4 and 5 
respectively. For these reasons, network 3 was selected as the 
best performing network. This is due to the more consistant 
prediction errors than both of the other networks and the more 
efficient training schedule than network 4. Furthermore, when 
comparing the performance of network 3 to the network used 
in the initial study [6], we see an order of magnitude decrease in 
the calculated loss values, from 0.01 to 0.002. Figure 8 shows 
two example predictions produced by network 3 – the input 
image is shown with the prediction overlaid. 

 

  
Figure 8. Example predictions given by network 3 – prediction 

outlined and center of mass location and rotation shown. 

 

5. Conclusions      
Building on previously completed work, which showed the 

feasibility of direct regression of six degrees of freedom for 
object pose estimation, a set of ten possible networks were 
proposed. Through testing on an initial smaller dataset, the best 

three solutions were shown to have simple convolutional layers 
over residual blocks and use the Adam optimiser over SGD. 
These three networks were: network 2, which uses two densely 
connected layers; network 3, which has a lower learning rate 
than network 2 by a factor of ten; and network 4, which has the 
same lower learning rate as used in network 2 and an extra 
dense layer.  

These three networks were then tested on a larger set of data 
consisting of the four test artefacts from Figure 4. It was shown 
that, while all the networks produced comparatively low model 
losses of around 0.002, network 3 produced consistently lower 
errors than both networks 2 and 4, while also training in less 
time per epoch than network 4. Network 3 was, therefore, 
selected as the best performing CNN strategy overall. This 
approach was shown to provide an order of magnitude 
improvement in performace over the original CNN design, based 
on the calculated loss values. 

6. Future work     

Until this point the best performing network has been 
determined for synthetic data; further testing on actual 
photogrammetric images is required. There is a chance that the 
network which performs the best on synthetic data may not be 
the network which generalises with the least increase in error 
onto photographic images. 

Once complete, this pose estimation procedure will be 
incorporated into the automation algorithms currently in 
development within our team. 
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Abstract 
For applications that require spindles with nanometer-level radial and face error and nanoradian-level tilt accuracy, the orientation 
of the spindle can play an important role. In this work, the Grejda optimum orientation angle is determined for radial, tilt and face 
error of an air bearing spindle. Using two orthogonal measurements of radial error, the fixed sensitive direction radial spindle error 
is found for every spindle orientation. Tilt error at every orientation angle is determined with two more radial measurements. 
Combining the axial measurement with the tilt, face error as a function of orientation angle is calculated. Compared to the maximum 
errors, Grejda optimum orientation angles provide a 37% improvement radial, 26% improvement tilt, and a 24% improvement in face 
error motion on a 100 mm radius. These optimum synchronous error motion values can be realized simply by correctly positioning 
the spindle stator during spindle installation at 106° for optimum radial, 50° for optimum tilt, or 31° for optimum face on a 100 mm 
radius.  
 
 
Spindle error motion, Grejda optimization, spindle metrology 

 

1. Introduction 

The most demanding manufacturing and metrology 
applications require spindles with nanometer-level spindle error 
motion. Achieving this level of accuracy requires continued 
advances in precision manufacturing, tooling, assembly, and 
metrology. However, many are unaware of a simple solution for 
improved error motion using a spindle’s optimum orientation 
angle. While the concept was introduced in the B89.3.4 
Standard [1], the benefit was first demonstrated for radial error 
by Grejda [2]. This paper extends Grejda optimization by 
determination of the orientation angles that yield the lowest 
errors for radial, tilt, and face error motion for an air bearing 
spindle. 

 

2. Methodology 

The benefits of combining multiprobe error separation with 
Grejda optimization for synchronous radial error motion has 
been previously described [3]. With two orthogonal 
measurements in a plane normal to the axis of rotation, the fixed 
sensitive direction radial error at any orientation can be 
calculated using Equation 1. 
 
𝑅(𝜃) =  Δ𝑋1(𝜃)𝑐𝑜𝑠𝜙 + Δ𝑌1(𝜃)𝑠𝑖𝑛𝜙 (1) 
 
Where 𝑅(𝜃) is fixed sensitive radial error motion at an 
orientation angle 𝜙, 𝜃 is angular position of the axis of 
rotation, Δ𝑋1(𝜃) and Δ𝑌1(𝜃) are the two orthogonal separated 
radial spindle error results at orientation angles 0° and 90°. 
Multiprobe error separation is used to obtain the spindle error 
components necessary to solve Equation 1. Illustrated in 
Figure 3, Equations 2-4 are solved for the artifact form error, 
𝐹(𝜃), and spindle errors  Δ𝑋(𝜃) and Δ𝑌(𝜃) using the technique 
described by Marsh [4]. 

 
 

 
 

Figure 1. Using Δ𝑋(𝜃) and Δ𝑌(𝜃), the spindle error for any orientation 

angle 𝜙 can be calculated [2]. 

 

 
 

Figure 2. Multiprobe error separation uses three asymmetrically 
orientated measurements to separate artifact and spindle error [4]. 

 
𝑚𝐴(𝜃) =  𝐹(𝜃) + Δ𝑋(𝜃)𝑠𝑖𝑛𝜙 (2) 
 
𝑚𝐵(𝜃) =  𝐹(𝜃 − 𝜙) + Δ𝑋(𝜃)𝑐𝑜𝑠𝜙 + Δ𝑌(𝜃)𝑠𝑖𝑛𝜙 (3) 
 
𝑚𝐶(𝜃) =  𝐹(𝜃 − 𝜓) + Δ𝑋(𝜃)𝑐𝑜𝑠𝜓 + Δ𝑌(𝜃)𝑠𝑖𝑛𝜓 (4) 
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The tilt error for any orientation angle is calculated according 
to Equation 5.  
 
𝛼(𝜃) =  α𝑋(𝜃)𝑐𝑜𝑠𝜙 + α𝑌(𝜃)𝑠𝑖𝑛𝜙 (5) 
 
Where 𝛼(𝜃) is fixed sensitive tilt error motion at an orientation 
angle 𝜙, 𝜃 is angular position of the axis of rotation, α𝑋(𝜃) and 
α𝑌(𝜃) are the two orthogonal components of tilt error 
calculated from radial measurements with known spacing as 
shown in Equations 6 and 7.  

 

𝛼𝑋(𝜃) =  
Δ𝑋2(𝜃)−ΔX1(𝜃)

𝐿
 (6) 

 

𝛼𝑌(𝜃) =  
Δ𝑌2(𝜃)−ΔY1(𝜃)

𝐿
 (7) 

 
Where Δ𝑋1(𝜃) and Δ𝑌1(𝜃) are the spindle radial errors at the 
first axial location, Δ𝑋2(𝜃) and Δ𝑌2(𝜃) are the radial errors a 
second axial location at a known distance 𝐿 from the first set. 

Lastly, the combining the axial error with the tilt error, the face 
error can be calculated according to Equaton 8: 

 
𝐹(𝜃) =  𝑍(𝜃) + 𝛼(𝜃) ∙ 𝑑  (8) 
 
Where 𝐹(𝜃) is the face error at a radius 𝑑, and 𝑍(𝜃) is the axial 
error motion. 

 

3. Approach 

The air bearing spindle in this work is shown in Figure 3. It is a 
Blockhead Model 10R-606 featuring high stiffness and 
nanometer-level error motions within a compact footprint. With 
an inlet air pressure of 0.7 MPa, radial stiffness is better than 
0.35 kN/µm and axial stiffness is better than 0.6 kN/µm. Radial 
and axial synchronous errors are less than 25 nm and tilt error is 
better than 0.1 µrad. The spindle has a 154 mm diameter clear 
aperture making it suitable to a wide range of applications 
including as an alignment tool for optical assemblies. 

 

 
Figure 3. The air bearing spindle in this work—Blockhead 10R-606. 

 
The assembly shown in Figure 4 includes a frameless, 

brushless permanent magnet servo motor and high resolution 
encoder. The motor (Aerotech S-240) is designed for minimal 
parasitic errors using slotless aluminum laminations combined 
with reduced gap flux and a sinusoidal flux profile. A linear 
amplifier (Aerotech HLe-10-40) is chosen to minimize current 
ripple and radiated electrical noise. The encoder has a 20 µm 
pitch grating on a 209 mm diameter ring with 32,768 lines 
(Renishaw RESM). The analog output enables highly 
interpolated resolution and a graduation accuracy of 
±1 arc second. 

 
Figure 4. Cross section of the motorized spindle assembly.  

 
The synchronous spindle error components  Δ𝑋1(𝜃), Δ𝑌1(𝜃), 

and 𝑍(𝜃) are obtained using the setup shown in Figure 5 for 10 
revolutions at 120 RPM. A capacitive sensor (Lion Precision C23-
C) targets a 25 mm diameter lapped sphere. The sensor amplifier 
(Lion Precision CPL190) incorporates a 15 kHz first-order, low-
pass analog filter with linear phase response. The data 
acquisition system (Lion Precision SEA) is triggered by the 
divided encoder signal (32x divider providing 1,024 points per 
revolution), providing immunity to synchronization errors 
caused by speed variation. Bespoke tooling is used to position a 
single sensor to three angular orientations chosen to minimize 
harmonic distortion through 225 UPR (0°, 99.844° and 202.5°). 
The tooling also permits shifting each of the measurements 90° 
for the orthogonal error component. Then, Equations 2-4 are 
solved to extract the target error from the desired radial 
synchronous spindle error. The axial error measurement does 
not require error separation. A low-pass digital filter with a 
150 UPR cut-off is applied to the radial and axial results. 

 
Figure 5. Test setup with motorized spindle, bespoke tooling, and data 
acquisition system. Low ball is 225 mm up from the spindle center. 

 
A second set of radial measurements at a known distance from 

the first set is required to obtain the tilt error. The two sets of 
the measurements are commonly referred to as “low ball” and 
“high ball.” The low ball measurements are 225 mm up from the 
center of the spindle. The high ball setup shown in Figure 6 is 
375 mm from the center of the spindle using a 150 mm riser for 
the target and the probe holder. Again using multiprobe 
separation and bespoke tooling, the synchronous spindle error 
components  Δ𝑋2(𝜃) and Δ𝑌2(𝜃) are found. 

 
Figure 6. High ball test measuring radial errors 375 mm up from the 
center of the spindle. 
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4. Results 

Synchronous radial spindle error results are shown in Figure 7. 
The radial error in the X direction is 18.2 nm and the radial error 
in the Y direction is 12.9 nm. It is interesting to note that the X 
direction error is dominated by 3-lobe error but the Y direction 
is primarily 2-lobed. These orthogonal error components 
 Δ𝑋1(𝜃) and Δ𝑌1(𝜃) are used in Equation 1 to calculate 𝑅(𝜃), 
the radial error motion as a function of orientation angle 𝜙. The 
predicted error curve in Figure 5 is only plotted for orientation 
angles from 0°-180° since measurements from 180°-360° are 
identical but with a change of sign [2]. The maximum error is 
18.4 nm and occurs at 8° whilst the minimum is 11.6 nm at 106°. 
Although it may not be practical to install the spindle at the exact 
minimum orientation angle, any orientation angle from 75°-150° 
will provide radial error that is lower than the average. 

 
Figure 7. Radial error as a function of orientation angle. The Grejda 
optimum is 11.6 nm at 106°. The radial error specification for the  
10R-606 at 225 mm up from the spindle center is 47.5 nm (including the 
contribution from tilt). 
 

The axial error measurement is also obtained from the setup 
shown in Figure 5. The sensor is placed coaxially with the spindle 
axis of rotation in the probe holder targeting the top of the 
artifact. Unlike radial error, axial error measurement does not 
require error separation. Further, fundamental axial motion is 
an error of the axis and is included in the result. The synchronous 
axial error 𝑍(𝜃) measured for this assembly is 4.9 nm as shown 
in Figure 8.  

 
Figure 8. Axial error motion with 3.3 nm fundamental, 2.7 nm residual, 
and 4.9 nm total synchronous.  
 

 
Figure 9. Tilt error as a function of orientation angle. The Grejda 
optimum is 71.9 nanoradians at 50°. The tilt specification is 100 nrad. 

 
The orthogonal error components  Δ𝑋2(𝜃) and Δ𝑌2(𝜃) are 

calculated from measurements obtained in the high ball setup 
shown in Figure 6. With these components, the X and Y direction 
components of tilt error  α𝑋(𝜃) and α𝑌(𝜃) are calculated using 
Equations 6 and 7. 

The tilt error results are shown in Figure 9. The tilt error in the 
X direction is 93.9 nanoradians and the tilt error in the Y 
direction is 82.5 nanoradians. Using Equation 5, the tilt error as 
a function of orientation angle is calculated. The maximum error 
is 97.7 nanoradians and occurs at 164° whilst the minimum is 
71.9 nanoradians at 50°. The zone of lower than average tilt 
error occurs over orientation angles from 25°-90°. 

 

 
Figure 10. Face error as a function of orientation angle on a 100 mm 
radius. The Grejda optimum is 9.7 nm at 34°. The face error specification 
for the 10R-606 at a radius of 100 mm is 35 nm (including the 
contribution from tilt). 
 

Combining the tilt results with the axial result, the face error 
at a given radius is calculated according to Equation 8. The face 
results at a radius of 100 mm are shown in Figure 10. The face 
error in the X direction is 11.6 nm and the face error in the Y 
direction is 10.1 nm. In this case, the maximum face error occurs 
at 0° degrees, coinciding with the X direction. The face error at 
the Grejda optimum orientation angle is 9.7 nm at 34°. The 
lowest face errors occur from 30°-90°. 
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4. Summary 

Grejda optimization is a simple solution to realize the lowest 
possible spindle error at the optimum orientation angle. In this 
work, multiprobe separation is used to extract the orthogonal 
components of spindle error. These components are used to 
calculate the radial, tilt, and face error motion for an air bearing 
spindle as a function of orientation angle. In this case, the 
maximum radial error is 18.4 nm at 8° while the optimum 
orientation of 106° yields 11.6 nm. The novel aspect of this work 
was determining the Grejda optimum for tilt and face error. The 
maximum tilt error is 97.7 nrad at 164° but the minimum is 71.9 
nrad at 50°. Lastly, the face error on a 100 mm radius is 
calculated with the maximum at 0° of 11.6 nm and the minimum 
at 34° of 9.7 nm. These findings are important because during 
installation of the spindle, the optimum orientation of the stator 
can be chosen to minimize a desired error component. 

5. Conclusion 

In order to realize the lowest possible spindle errors, the 
orientation of the spindle stator is critical. The optimum 
synchronous error motion is realized simply by correctly 
orienting the spindle during installation.The benefits of this 
technique were first demonstrated by Grejda for radial error and 
extended to tilt and face error in this work. In the case of this 
work, Grejda optimum orientation angles provide a 37% 
improvement radial, 26% improvement tilt, and a 24% 
improvement in face error motion on a 100 mm radius.  
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Abstract 
 
A homodyne interferometer based on a spatially separated concentric laser beams has been realized at INRIM. The spatial separation, 
based on the use of a truncated corner cube, allows to avoid polarization mixing, while the coaxial configuration allows to cancel 
common mode effects. The non linearity of the instrument is expected to be of the order or few picometers allowing its use for very 
critical applications at the nano-scale. The experimental set up and the preliminary results will be presented. 
 
Interferometry, Nanometrology, Non-linearity, Picometer        

1. Introduction   

Laser interferometry (LI) is the preferred measurement 
instrument when dealing with extremely small displacement 
and when extremely high accuracy is required. The well-known 
Michelson interferometer –with all its declinations– allows to 
obtain an interference signal which changes with the 
displacement of one of the two mirrors. The interference signal 
has the periodicity of half of the wavelength of the laser source 
used, thus LI behaves like an infinite ruler having the accuracy of 
the laser source. The laser source, in turn, can be stabilized in 
order to generate a wavelength with a known and stable value. 
For macroscopic length size, indeed, the LI behaves almost as an 
ideal measurement tool.  

When dealing with measurement at the nanoscale, in practice, 
several physical effects limit the resolution and the accuracy of 
LI. When the displacement to be measured is of the order of one 
wavelength or less, the accuracy of the measurement depends 
on how well we are able to divide the interference fringe into 
equal parts. One picometer is about one millionth of the laser 
wavelength, so to reach the picometer scale is not an easy task. 
The main error source is the so-called “cyclic non-linearity” 
meaning that the phase of the interference signal is not a linear 
function of the displacement of the mirror. This is mainly caused 
by the optical separation/recombination methods used in the 
Michelson interferometer that, because of a non-ideal 
behaviour of the optical components, cause spurious signals that 
mix with the good ones. In classical LI these effects limit the 
accuracy of the measurement to the order of one nanometer. In 
order to reduce the cyclic non-linearity to the picometer level, 
special optical schemes must be adopted based on optical path 
multiplication or on optical path separation.   

Optical path multiplication is based on multiple reflection 
schemes [1, 2] allowing to reduce virtually the wavelength and, 
proportionally, the non linearities. These schemes are effective, 
but have the disadvantage of requiring a quite large optical 
assembly, thus cannot be realized in a compact form. Beam 
separation can be realized in different ways [3, 4] amongst which 

the coaxial separation allows the most compact form [5, 6]. Here 
we present a solution based on a truncated corner cube (TCCR).  

In section 2 we pewsent the experimental set-up, in section 3 
we present the preliminary results and finally in section 4 we 
present the future developments.  

2. Experimental set-up      

The basic set-up is shown in figure 1. The preliminary 
arrangement is based on a homodyne interferometer because 
of the easy implementation. The laser source is a stabilized He-
Ne source with wavelength 633 nm, linearly polarized, fiber 
coupled made by SIOS (mod. SL01/1). The end of the fiber is the 
source S of our experiment and is fixed in the focus of the lens 
L1 having diameter 50 mm and f = 200 mm. The collimated 
Gaussian beam is then truncated by a diaphragm D having about 
25 mm diameter. This allows us to work with a rather uniform 
intensity profile.  
 

 

 
 
Figure 1. schematic of the experimental set-up. The details are 

described in the text.    
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The beam is now separated by a non polarizing beam splitter 
with 50 mm side and 50/50 splitting ratio. The reflected beam is 
sent to a flat mirror M1 mounted on a piezo stage made by PI 
(mod. P-752). The transmitted beam goes through the TCCR. The 
external part of the beam undergoes the classical three 
reflections and is reflected back. The inner part passes through 
the AR coated back surface, impinges on M2 and is reflected 
back. M2 can be either a flat mirror or a second CCR. M2 is 
mounted on a piezoceramic tube with 1 µm range.  

The two reflected beams are combined with the beam 
reflected by M1 on the BS thus creating interference fringes. The 
interference pattern is then reduced in size by a photographic 
objective in order to fit the size of a CCD sensor where the image 
is digitized for the following software analysis. The polarizer P 
allows to improve the contrast of the fringes. 

 

 
 

Figure 2. picture of the experiment    

3. Results and discussion      

In figure 3 is represented a typical interference image. The 
optical fringes in the outer ring are generated by the reflection 
on the walls of the TCCR. The inner triangular pattern is 
generated by the reflection on the mirror placed at the back of 
the TCCR. The relative displacement between the two patterns 
is due to the relative displacement of M2 with respect to TCCR.  
 

       
 
Figure 3. typical interference image recorded by the camera. The yellow 
lines are drawn to make different interference areas better defined. The 
inner triangular part is used for the following analysis, the outer part is 
used as a reference. 

 
The software to extract the phase information from the fringe 

image  is based on Matlab. A mask is used to extract from the 
image inner triangular region the fringe pattern, as in figure 3.  

A triggered video is recorded while the displacement is 
occurring. From a portion of the fringe pattern in Figure 3 a 
fringe signal is extracted (in red) and is fitted with a cosine (in 
blue), as in figure 4a. 

 

 
Figure 4. a) in red the point extracted by the interference image 
recorded by the camera, in blue the sinusoidal fit. B) phase circle of the 
interference phase due to mirror displacement 

 
We have implemented the IQ demodulation by extracting 

from the first image the referece signal R and the 90° shifted 
reference signal S. Then for each fringe pattern obtained from 
the succession of images we extract the fringe signal F. The 
phase for each image is calculated from the X component and Y 
component as  

𝑋 = 𝑚𝑒𝑎𝑛(𝑹 ∙ 𝑭) 
𝑌 = 𝑚𝑒𝑎𝑛(𝑺 ∙ 𝑭) 

And then  
 

𝜑 = 𝐴𝑇𝑎𝑛
𝒀

𝑿
 

 
In Fig 4b is presented the phase circle for a displacement of 

the mirror  
In Figure 5 the resulting measured displacement  
 

 
Figure 5. Measured displacement  

  

4. Conclusions and outlook      

The principle of the coaxial interferometer based on a 
truncated corner cube has been demonstrated. The future 
realization will be based on a heterodyne set up where the 
typical homodyne nonlinearities are eliminated.  
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Abstract 
 
The current practices regarding traceability and handling of metrological data are lacking definitive standards that would allow a 
higher level of digitalization. The traceability of metrological instruments is verified with calibration certificates that are currently 
either paper documents or pdf files. This means that many of the processes where metrological data, such as calibration data, are 
handled still require human operations. EMPIR project SmartCom aims to define an Extensible Markup Language (XML) based 
structure for machine readable and processable digital calibration certificates and establish a framework, which allows unambiguous 
and secure handling and transfer of metrological data in Internet of Things (IoT) and cloud applications. Establishing this framework 
requires changes in the current practices especially in the areas of authentication and data security. Due to the significance of these 
changes, a lot of co-operation between institutions, companies and authorities in the field of metrology will be needed for successful 
global standardization of digital transfer of metrological data. 
 
Digital calibration certificate, Calibration, Metrology, Traceability    

 

1. Introduction 

In order to verify that metrological instruments are providing 
accurate measurement results, the instruments must be 
regularly calibrated by using a more accurate and precise 
instrument or measurement standard for validation. This 
procedure is required for creating a link between the 
measurement instrument and the corresponding physical 
quantity. 

The current practice in the handling of calibration data has 
been that when an instrument has been calibrated the 
information from the calibration will be included in a calibration 
certificate and provided to the owner the instrument as either a 
paper or a pdf document. As these formats are not machine 
readable, manual work is required for inputting the relevant 
calibration data into data management systems. Some 
manufacturers have implemented electronic data sheets such as 
Transducer Electronic Data Sheets (TEDS), but a standardized 
way for including metadata into the measurement devices does 
not exist. The lack of automation in data handling processes 
cause difficulties in data integrity and demands additional work 
in e.g. quality management in production environments where 
precise measurements are needed. Additionally, in facilities 
where a large number of measurement instruments are used 
storing a large number of paper certificates requires a lot of 
space and strict safety precautions. 

2. Digital calibration certificate format 

SmartCom EMPIR project aims to define an Extensible Markup 
Language (XML) based structure for machine readable and 
processable Digital Calibration Certificates (DCC) and establish a 
framework, which allows unambiguous and secure handling and 

transfer of metrological data in Internet of Things (IoT) and cloud 
applications.  

The concept of DCC used as the basis for SmartCom was 
originally presented by PTB. XML was selected as the basis of the 
concept due to its machine-readability and its suitability for 
securing data with cryptographic methods. To minimize the 
need for changes in the current practices, the concept was 
developed based on the existing standards in metrology. [1-5] 
 
2.1. Digital system of units D-SI 

Since numerical values and units are required for correct 
presentation of metrological data, a format for their digitalized 
presentation is required. Digital System of Units (D-SI) was 
developed in SmartCom as a proposal for a standardized format 
for the digital presentation of the numerical measurement 
values combined with units. Additionally the D-SI includes 
presentations for metadata such as measurement uncertainty, 
descriptions of uncertainty distributions and time stamps. [6] To 
avoid errors due to misinterpretations of units the D-SI is based 
on the SI system. Since there are several different units used 
globally that are not included in the SI units, the D-SI format is 
defined to allow presenting numerical values using different 
units than the SI units, but in these cases the numerical values 
must also be presented in SI. [6, 7] 

 
2.2. Standardization 

Since the current practises and regulations concerning 
calibrations can be very different in different countries close co-
operation between the National Metrology Institutes (NMI), 
industries and authorities is required globally to ensure that the 
digitalized format fulfils all the requirements. The DCC and D-SI 
proposals will be provided by SmartCom, but a lot of work and 
co-operation will still be required for standardizing the digital 
transfer of metrological data globally. Currently the 
standardization process is being carried out by the International 
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Committee of Weights and Measures (CIPM) in the Working 
Group on Data and the Task Group on the Digital SI. 

3. Security of DCC      

The current practises for authenticating calibration certificates 
are either hand written signatures or stamps for paper 
documents and electronic signatures for pdf documents. 
However, even electronic signatures do have weaknesses in 
terms of data authenticity and integrity. 

 
3.1. Digital signatures 

The security of the DCCs can be improved in comparison to the 
current certificate formats by using digital signatures for 
authenticating the documents, as digital signatures are more 
suitable for verifying and thus preventing manipulations or 
counterfeits. This can be achieved with public-key cryptography. 

However, transition to using digital signatures to secure 
certificates requires a lot of attention to be paid on managing 
the private and public keys required for creating and verifying 
digital signatures. For this purpose, globally established key 
management infrastructures and regulations are needed. 

The Electronic Identification, Authentication and Trust 
Services (eIDAS) is the regulation under which EU citizens and 
organisations can add digital signatures to documents and verify 
the authenticity of digitally signed documents [8]. The eIDAS is 
one of the references used in SmartCom for defining a concept 
for a global identification infrastructure for metrology. 
 
3.2. Distributed ledgers 

One possible way to secure DCCs and calibration chains is 
using Distributed Ledger Technologies (DLT) for storing digital 
fingerprints i.e. hashes of the DCCs. Hashes stored using DLTs 
could be used for verifying when a certificate was signed and by 
whom and whether the signature is valid or revoked. The main 
benefit of DLTs is that counterfeiting a document and its hash 
will effect any subsequent hashes in that ledger. This means that 
counterfeiting any of the documents, which has its hash in the 
ledger would require that hash to be counterfeited as well as 
every subsequent hashes in the ledgers, which will also have 
their corresponding documents or in this case DCCs. [9, 10] 

4. Benefits of DCC in engineering applications     

In precision engineering achieving tolerances requires precise 
manufacturing methods, which are based on precise 
measurements. Manufacturing of complex machine parts may 
involve measuring instruments with long calibration chains, 
which can lead to a loss of accuracy [11]. Having calibration data 
available in a standardized machine-readable format for each 
individual measurement instrument allows automatized 
assessment of production lines. This allows further optimization 
of assemblies when tolerances can be analysed more efficiently.  

With the digital format, the data management of the 
certificates can be made more efficient when the amount of 
data that requires manual inputting to data management 
systems can be reduced. This also significantly improves data 
integrity as the likelihood of human errors in the process can be 
minimized. This would be most beneficial in legal metrology and 
other areas such as pharmaceutical industry where the use of 
metrological instruments is strictly regulated. 

The calibration intervals for measurement instruments are 
defined in quality management standards or regulations such as 
the ISO 9000 [12]. These intervals are typically given as months 
or years regardless of what the actual need for recalibration of 
each individual instrument type is. With digitalized calibration 
data it is much easier to assess the behaviour of each instrument 

type over time e.g. to see if drifting or other similar phenomena 
occurs over time and at what point the precision of a 
measurement instrument is affected so much that it would have 
to be recalibrated. This would allow more efficient optimization 
of recalibration intervals based on the actual needs. Optimizing 
the calibration intervals can significantly reduce the calibration 
costs if it can be proven that longer intervals do not have 
remarkable effects on the product quality. 

5. Conclusions 

Since significant changes in the current practices in calibration 
and handling of metrological data are required, respectively a lot 
of work will be needed to achieve global standards. In this 
process, the co-operation between the NMIs, authorities and 
companies must be emphasized. EMPIR project SmartCom aims 
to define an XML based structure for machine readable and 
processable digital calibration certificates and establish a 
framework, which allows unambiguous and secure handling and 
transfer of metrological data in IoT and cloud applications. 

The ongoing work in SmartCom, CIPM Working Groups and 
other research activities related to digitalization in the field are 
important steps towards globally standardized data formats and 
transfer for metrology. Currently a second EMPIR project is 
being proposed to continue the work done in SmartCom. With 
the supporting infrastructure in place DCCs will provide solid 
foundation for more digital applications for secure, traceable 
and authenticated metrological data, which offer significant 
benefits over the current practices. Validating the benefits and 
finding possible applications for DCCs offer topics for additional 
individual research. Demonstrators of DCC implementations will 
be developed in SmartCom and follow-up research projects. 
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Abstract 
Additive manufacturing (AM) technologies can be successfully used to produce metal parts with controlled and complex lattice 
structures. However, AM parts are intrinsically characterized by dimensional and geometrical errors, which need to be properly 
identified and quantified to improve the quality of AM processes and the properties of end products. In this work, X-ray computed 
tomography (CT) is applied to enable advanced non-destructive dimensional measurements. The CT measurement accuracy is 
evaluated using a reference object specifically designed and produced to be similar to AM lattice structures. The reference object 
can be used to implement the substitution approach as well as to validate alternative methods for uncertainty determination. 
 
X-ray computed tomography, additive manufacturing, lattice structures, dimensional metrology, accuracy   

1. Introduction  

Lattice structures are components constituted by a three-
dimensional geometrical arrangement of unit cells that can be 
successfully fabricated exploiting the layer-based approach of 
additive manufacturing (AM) technologies, even when other 
manufacturing techniques are not applicable due to complex 
geometry and high structural complexity [1]. Among the 
available AM processes, powder bed fusion using laser beam 
(PBF-LB) has proven to be suited to fabricate strong, lightweight 
and complex metallic lattice structures [2]. Thanks to the good 
achievable properties, lattice structures are showing a great 
potential, for example in aerospace and biomedical sectors [2]. 
However, PBF-LB products are typically characterised by 
geometrical and dimensional errors that might lead to 
mechanical properties degradation and product failure [3].  

X-ray computed tomography (CT) is increasingly used to 
provide information-rich geometrical description of AM lattice 
structures thanks to the capability of performing non-
destructive dimensional analyses of both outer and inner 
geometries, including cylindrical features of lattice structures 
that are not accessible by traditional measuring techniques [4]. 
In order to evaluate the accuracy of CT measurements of lattice 
structures, in this work, a reference object was designed, 
produced and calibrated using a design for metrology approach 
and ensuring comparability to AM lattice structures in terms of 
size, geometry and material characteristics. 

2. Components and CT measurements     

Specimens manufactured by PBF-LB of Ti6Al4V alloy 
characterized by specific lattice design were used as case study. 
The specimens were scanned using a metrological CT system 
(Nikon Metrology MCT225), achieving a voxel size equal to 9 μm. 
The measurements performed on the CT reconstructed volumes 
(Figure 1a shows one of these volumes as an example) were 
focused on dimensions of cylindrical features composing the 
lattice structure as they can be critical for mechanical and 

fatigue properties [5]. In particular, a number of these features 
were selected within different regions of the sample. The 
analysis and visualization software VGStudio MAX 3.2.3 (Volume 
Graphics GmbH) was then used to measure the diameter of each 
feature, according to a measurement strategy that in principle 
can be implemented using both CT and coordinate measuring 
machine (CMM) data. 

3. Reference object 

A well-known approach for the uncertainty assessment in CT 
dimensional metrology is the substitution method described in 
the guideline VDI/VDE 2630-2.1 [6]. It is based on the availability 
of calibrated objects that might be costly or not available in the 
case of lattice structures, especially due to difficulty of 
performing accurate calibration measurements on complex 
structures which, in most cases, are inaccessible by traditional 
measuring systems from the outside. For these reasons, new 
approaches not requiring the use of reference samples are 
currently under development by the authors [7]. However, the 
metrological validation of newly proposed methods has to be 
based on the comparison to reference measurements and 
already available methods such as the above-mentioned 
substitution approach. In order to apply the substitution method 
and provide a validation tool for new methods, a reference 
sample was designed and produced to achieve an acceptable 
comparability with respect to the investigated PBF-LB Ti6Al4V 
lattice structures in terms of material composition, size and 
geometry, as required by the guideline VDI/VDE 2630-2.1 [6]. 
The reference sample is an assembly of two bodies, both 
machined starting from a bulk Ti6Al4V bar, combining turning 
and ultra-precision milling operations. The main body (Figure 1b) 
is characterized by six pins with nominal diameter of 0.4 mm 
(comparable to the nominal diameter of cylindrical features of 
the investigated lattice structures) and different heights ranged 
between 0.8 and 2 mm. The pins are disposed along a spiral 
path, randomizing the relative distances between each couple of 
pins. The counterpart is assembled to the main body as shown 
in Figure 1c to (i) increase the maximum thickness to be 

351

http://www.euspen.eu/


  

penetrated by the X-ray beam enabling the use of the same CT 
scanning parameters and (ii) measure the pins as non-accessible 
internal features by CT when the counterpart is assembled, and 
as accessible external features by CMM when the counterpart is 
removed. Reference measurements of pins diameters, heights 
and relative distances were conducted on the main body (with 
the counterpart not assembled) using a tactile CMM Zeiss 
Prismo Vast 7 (MPE = (2.2+L/300) μm, L = length in mm). 

 
Figure 1. CT reconstructed volume of a Ti6Al4V PBF-LB lattice structure 
(a). Representation of the reference object: main body (b) and assembly 
with the counterpart (c). 

4. Evaluation of CT measurement repeatability and errors  

The reference object and the lattice structures under 
investigation were scanned multiple times to evaluate the CT 
measurement repeatability and to quantify and correct the 
systematic measurement errors, as recommended in the 
VDI/VDE 2630-2.1 [6]. Since the reference object pins are 
contained in a limited volume with respect to the cylindrical 
features composing the lattice structure, they were both 
scanned at different positions and orientations within the CT 
measurement volume to investigate the effect of variations of 
geometrical errors and errors due to CT typical image artefacts 
on the measurement repeatability. The standard deviations 
obtained from repeated CT scans of both reference object and 
lattice structures were compared in the case of single tested 
position and in the case of multiple positions. Figure 2 shows 
that the average standard deviation related to CT measurements 
of diameters increase of about 50 % for both reference object 
and lattice structure, when different sample positions are 
considered. 

Although the similarity conditions between lattice structures 
and reference object (required to apply the substitution 
approach [6]) are well respected in terms of material 
composition, size and geometry, they are not respected for 
surface roughness and form errors that are consistently larger 
for the AM lattice structure cylindrical features than for the 
reference object pins. The influence of surface roughness and 
form errors on the measurement repeatability was hence 
investigated by comparing the standard deviation of repeated 
measurements of the reference object and of lattice structures. 
As shown in Figure 2, the surface roughness and form errors 
leaded to an increase of the average standard deviation 
(computed from repeated CT measurements of diameters) 
around 240 %, either when testing a single sample position or 
different positions. This clearly shows that the evaluation of 
measurement repeatability (that is a component of the 
measurement uncertainty) is influenced by the effect of surface 
roughness and form errors. The substitution approach requires 
to consider such effect as an additional contribution, as it is a 
known cause of deviation between reference CMM 
measurements and CT measurements [8]. On the contrary, 
alternative methods not based on the measurement of a 
reference object (similar to lattice structures) won’t require to 
add such separate contribution.  

 
Figure 2. Average standard deviations computed from repeated CT 
measurements of diameters performed on both reference object and 
lattice structure, considering a single position as well as multiple 
positions. 

5. Conclusions 

In this work, a reference specimen –  developed using a design 
for metrology approach and ensuring comparability to Ti6Al4V 
PBF-LB lattice structures – was used to evaluate the CT 
measurement repeatability and errors. The similarity between 
the reference object and lattice structures is well respected for 
size, geometry and material composition. However, the 
reference object pins – compared to lattice structures cylindrical 
features – are contained in a limited volume and are 
characterised by different surface roughness and form errors. 
For these reasons, the effect of varying the scanning position 
within the CT measurement volume of both reference sample 
and lattice structures and the effect of different surface 
roughness and form errors on the measurement repeatability 
were investigated experimentally. Results showed that the 
average standard deviation related to CT measurements of 
diameters increased of about 50 % when different sample 
positions were considered and of about 240 % due to the higher 
surface roughness and form errors of lattice structures with 
respect to the reference sample. The use of the reference object 
will be extended in future works to implement the substitution 
approach [6] for uncertainty determination of CT measurements 
and to investigate and validate other alternative methods.  
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Abstract 
We introduce a novel method for the validation of surface texture filtration. The method utilises a combination of a mathematically 
defined surfaces and an accurate evaluation of the linear Gaussian filter transmission characteristic function to produce a 
mathematically traceable reference pair suitable for the performance assessment for surface texture analysis software. The method 
is suitable for both profile and areal surfaces and filtration methods. We showcase the method with two example reference pairs; 
one profile and one areal, which are used to demonstrate how the performance of a surface texture analysis software package can 
be assessed. Results are presented for a variety of Gaussian filter options, including end effect removal widths and end effect 
management. 
 
 
Surface texture, Areal parameters, Profile parameters, Filtration 

 

1. Introduction  

The analysis of surface texture is an important aspect of 
surface topography characterisation in the field of precision 
manufacturing [1,2]. Surface texture can have a significant effect 
on a part via the mechanical interaction between it and its 
environment. Attributes such as friction and wear can impact 
the overall lifetime of a component and contribute toward 
energy consumption and efficiency [3,4]. 

Surface texture analysis is usually performed using surface 
texture field parameters; numerical descriptors of a surface that 
provide statistical information about the distribution of heights 
across a measured area [1,5,6]. Obtaining meaningful surface 
texture parameters from a surface topography measurement is 
achieved by first performing adequate filtration operations in 
order to extract a finite spatial frequency band from the surface 
measurement data. Appropriate a priori knowledge is required 
to determine the scale-limited surface relevant to the 
application at hand, enabling efficient and effective analysis. 

Surface texture analysis software is used to perform filtration 
operations, nevertheless, it is important that such software is 
validated against reference values. The current state of the art 
uses reference software, developed by National Metrology 
Institutes, to calculate parameter values for a given input surface 
topography dataset against which software-obtained values can 
be compared [7-9]. However, these reference software 
packages are developed using similar numerical, discrete-based 
algorithms as commercial software and, therefore, are subject 
to the same sources of error. Previous work has compared the 
output parameter values of different reference software 
packages and shown significant variations in the results [10]. 
These differences justify the need for an alternative approach to 
surface texture analysis software validation. 

Previous work has addressed the calculation of areal surface 
texture parameter values using a mathematical foundation 
[11,12]. By defining a surface analytically, surface texture 
parameter values can be obtained that are accurate and 

mathematically traceable. These mathematically defined 
parameter values can then be used as traceable references 
against which software can be compared. 

The work presented in this paper continues from the previous 
work by applying the same mathematical approach to the 
filtration operations required prior to parameter calculation. A 
technique is presented that enables the creation of 
mathematically traceable reference pairs; one pre-filter 
analytical surface and one post-filter analytical surface, that can 
be used as reference surfaces that assess the performance of 
software implemented filtration operations. This paper focusses 
on the linear areal and profile Gaussian filters [13,14]. 

2. Reference pairs      

In order to assess the performance of filtration operations in 
software, it is necessary to analyse the outputs of such 
operations. This can be achieved by providing the software with 
a known input and comparing the result with a known output 
value. This is known as using a reference pair. 
   
2.1. Input mathematical surface  

The first component of the reference pair is the input 
reference. This is an analytical mathematical expression that 
corresponds to a pre-filter surface height representation. Such 
an expression is achieved using a Fourier series approach, 
wherein a spatially variant signal can be constructed using a 
summation of weighted cosine terms, each one of a defined 
spatial frequency. A general expression for an areal surface 
defined using this Fourier series approach can be presented in 
the form 
 

 

𝑧(𝑥, 𝑦) =  ∑ ∑ 𝐴𝑛,𝑚 cos (2𝜋𝑓𝑠 (
𝑚(𝑥 + 𝜙𝑥)

𝑁𝑥

𝑀

𝑚=1

𝑁

𝑛=1

+
𝑛(𝑦 + 𝜙𝑦)

𝑁𝑦
)), 

(1) 
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where 𝑁 × 𝑀 is the total number of terms; 𝑚 and 𝑛 denote the 
𝑥 and 𝑦 spatial frequency components of each term, 
respectively; 𝐴𝑛,𝑚 defines the amplitude of each term; 𝑁𝑥 and 

𝑁𝑦 represent the size of the surface in the 𝑥 and 𝑦 directions as 

multiples of the scaling length 1/𝑓𝑠; and 𝜙𝑥  and 𝜙𝑦 are the phase 

shifts of the cosine term in the 𝑥 and 𝑦 directions, respectively. 
𝑁𝑥/𝑚𝑓𝑠 and 𝑁𝑦/𝑛𝑓𝑠  are equivalent to the 𝑥,𝑦 wavelength 

components, respectively.  
 
2.2. Transmission characteristics      

In order to obtain the second component of the reference pair, 
the reference output, a filtration operation must be performed 
on the input surface. For this work, the filtration operation of 
interest is the linear Gaussian filter. 

In accordance with the ISO 16610-21 specification standard for 
a linear Gaussian filter for an open profile surface [13], the 
weighting function is given by 

 
 

𝑠(𝑥) =
1

𝛼 × 𝜆𝑐
exp [−𝜋 (

𝑥

𝛼 × 𝜆𝑐
)

2

] , (2) 

 

where 𝜆𝑐 is the filter cut-off wavelength and 𝛼 = √ln 2 /𝜋. From 

the weighting function, it is possible to obtain the transmission 
characteristic. The long-wave low-pass transmission 
characteristic function for the linear Gaussian filter is defined by 

 
 

𝑇(𝜆) = exp [−𝜋 (
𝛼 × 𝜆𝑐

𝜆
)

2

] . (3) 

  
The transmission characteristic is a function that defines the 
relative magnitude of transmission of a signal through a filter, as 
a function of frequency. Combining this function with the 
Fourier series definition of the surface enables simple, traceable 
application of the filter by adjusting the amplitudes of each 
cosine according to the frequency of the term and its value in 
the transmission characteristic function. The high-pass 
transmission characteristic is simply given by 1 − 𝑇(𝜆). 

The expressions here are given for the profile case. However, 
as the areal linear Gaussian filter is separable, it is 
straightforward to apply the same approach to the areal case. 
For a separable input Fourier series surface expression, wherein 
each cosine term is only a function of either 𝑥 or 𝑦, the 
transmission characteristic function can be applied in the same 
method as for the profile case. This enables both profile and 
areal filtration algorithms in surface texture analysis software to 
be assessed using the same technique. 

3. Case study 

To showcase this new method of software validation for 
surface texture filtration, a case study has been performed in 
which reference pairs have been used to assess a commercial 
surface texture analysis software package. Two reference pair 
sets have been created; one for profile linear Gaussian filtration 
and one for areal linear Gaussian filtration. 

 
3.1. Profile filtration 

A mathematical profile surface was defined that comprised of 
three cosine terms, each with amplitude of 1 m, and with 
wavelengths of 𝜆1 = 1/10 mm, 𝜆2 = 2/10 mm and 𝜆3 = 3/10 
mm. Using a cut-off wavelength of 𝜆𝑐 = 2/10 mm, the 
transmission characteristic curve was evaluated for each cosine 
term to obtain the output amplitude for each term, resulting in 
a new post-filter mathematical profile surface. 1000 datapoint 

discrete representations of these functions are shown in figure 
1. 
 

 

 
Figure 1. Profile linear Gaussian filter reference pair for 𝜆𝑐 = 2/10 mm. 

Top: Pre-filter reference. Bottom: Post-filter reference 

 
The pre-filter reference profile was input into a commercial 

surface texture analysis software package and a linear low-pass 
Gaussian filter operation was performed using a matching filter 
cut-off wavelength of 𝜆𝑐 = 2/10 mm. The resulting surface was 
then aligned and subtracted from the post-filter reference 
surface to obtain a difference profile, as shown in figure 2. The 
results show good agreement with the reference surface for the 
bulk of the profile; however, significant end effects are present. 
By default, the software was set to cut off the ends of the profile 
to account of finite filter width end effects using a size of 𝜆𝑐/2 
for each end. The results show that this is too short, and still 
leaves significant end effects behind. Adjusting this setting to 
remove a length of 𝜆𝑐 from each side gives the results shown in 
figure 3, which shows a much-improved result, with error 
magnitudes on the order of 107 times smaller than the original 
surface. It should be emphasised that the bulk of the surface 
shown in figure 2 has the same error magnitudes as those shown 
in figure 3, however, they are obscured by the significant errors 
found at the ends of the profile. 
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Figure 2. Difference between low-pass post-filter reference and 

software result with 𝜆𝑐/2 width end removal. 

 
Figure 3. Difference between low-pass post-filter reference and 

software result with 𝜆𝑐 width end removal. 

 
3.2. Areal filtration 

An areal pre-filter mathematical reference surface was 
created using a total of six separable cosine terms; three with an 
𝑥 component and three with a 𝑦 component. The 𝑥-direction 
component were given wavelengths of 𝜆1,𝑥 = 1 mm, 𝜆2,𝑥 = 2 

mm and 𝜆3,𝑥 = 3 mm, and the 𝑦-direction components were 

given wavelengths of 𝜆1,𝑦 = 15/10 mm, 𝜆2,𝑦 = 25/10 mm 

and 𝜆3,𝑦 = 35/10 mm. Using a cut-off filter wavelength of 𝜆𝑐 =

2 mm, the transmission curve was evaluated in the same way as 
for the profile case for each of the six cosine terms to obtain the 
post-filter amplitudes. 1000 × 1000 datapoint discrete 
representations of these functions are shown in figure 4. 

Similar to the profile case, the areal pre-filter reference was 
input into a commercial surface texture analysis software 
package and a low-pass areal Gaussian filter was performed with 
a filter cut-off wavelength of 𝜆𝑐 = 2 mm. The resulting 
difference surfaces obtained using the same method as the 
profile case, for end effect removal of 𝜆𝑐/2 and 𝜆𝑐 from each 
edge, are shown in figures 5 and 6, respectively. The results are 
similar to those found for the profile case, with a large end effect 
removal required to fully account for all end effects. In addition, 
a more structured resulting error in found, as shown in figure 6, 
with four distinct ‘lobes’ present. The magnitudes of these errors 
are also larger than those found in the profile case and 
presented in figure 3. 
 

 
Figure 4. Areal linear Gaussian filter reference pair for 𝜆𝑐 = 2 mm. Top: 

Pre-filter reference. Bottom: Post-filter reference 

 

Figure 5. Difference between low-pass areal post-filter reference and 
software result with 𝜆𝑐/2 width end removal. 
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Figure 6. Difference between low-pass areal post-filter reference and 
software result with 𝜆𝑐 width end removal.  

 

Figure 7. Difference between low-pass areal post-filter reference and 
software result with end effects managed. 

 

Figure 7 presents the difference results if, instead of removing 
the edges of the surface to account for end effects, the effects 
are managed algorithmically. This has the benefit of retaining 
the same evaluation area as the pre-filter surface, avoiding the 
need to remove potentially valuable regions of the measured 
surface. Here, the results show that despite attempts to manage 
the end effects, significant difference values are still present. 
The magnitudes of these end effects are enough to dominate the 
edge regions of the surface and will significantly affect the post-
filter surface within these regions, distorting the topography. 
However, these distortions occur in areas of the surface that 
would otherwise be removed, and so additional information 
may still be obtainable by users of the software. By utilising the 
software validation methods presented here, users can be more 
informed of the extent of the meaningful information that can 
be obtained from such regions. 

4. Conclusions      

The need for accurate surface texture measurement is 
becoming an increasingly important aspect of precision 
manufacturing. Surface texture parameters play a key role in the 
quantitative description of surface texture, and filtration is a 
crucial prerequisite step to ensure the finite spatial frequency 
bandwidth of interest is being investigated. 

This work presents a novel method for the validation of 
surface texture filtration software by utilising the mathematical 
definitions of both surfaces and filtration operations to produce 

a fully traceable reference pair. This reference pair is then used 
to assess software performance by comparing the result of the 
software’s operation on the input reference to the output 
reference. 

The work in this paper focusses on the linear Gaussian filter, 
and has been applied to both profile and areal surfaces. Example 
reference pairs were used in combination with a commercial 
surface texture analysis software package to prove to efficacy of 
the method. In addition, difference software settings that 
address the end effects introduced when applying a finite width 
Gaussian filter were investigated in comparison to the reference 
surfaces. 

With the validity of this method established, future work is 
planned to investigate other standard filtration methods used in 
both profile and areal surface texture analysis. 
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Abstract 
The networking project AdvManuNet has been started recently to accelerate the process of establishing an European Metrology 
Network (EMN) on Advanced Manufacturing. EMNs are intended by EURAMET, the association of metrology institutes in Europe, to 
provide a sustainable structure for ongoing stakeholder interaction in different thematic areas. Advanced manufacturing has been 
identified by the European Commission (EC) as one of six Key Enabling Technologies (KETs) with applications in multiple industries. 
Various EURAMET projects have partly addressed metrology needs for advanced manufacturing. However, a high-level coordination 
of the metrology community is currently absent and limits the impact of metrology developments on advanced manufacturing. 
AdvManuNet will address these limits by establishing a single hub for stakeholder consultation, a knowledge base on research results, 
and a strategic agenda for research and training to push forward advanced manufacturing and related KETs and strengthen Europe’s 
position in advanced manufacturing via the EMN. 
 
Advanced Manufacturing, Key Enabling Technology (KET), Strategic Research Agenda (SRA), European Metrology Network (EMN) 

 

1. Introduction 

The EC has identified Key Enabling Technologies (KET) as the basis for 
innovation [1]: ”KETs are a group of six technologies: micro and 
nanoelectronics, nanotechnology, industrial biotechnology, advanced 
materials, photonics, and advanced manufacturing technologies. They 
have applications in multiple industries and help tackle societal 
challenges. Countries and regions that fully exploit KETs will be at the 
forefront of creating advanced and sustainable economies”.  

 

 
 

Figure 1. Advanced Manufacturing and its related Key Enabling 
Technologies (KET) 

  
In [2] it was stated that “Manufacturing, with its approximately 20 

industrial sectors, is the backbone of the European economy.” And that 
“Manufacturing 2030 reflects a time scale in which a fundamental 
change – initiated by research activities and technical innovations – can 
be reached.” The European Metrology Network on advanced 
manufacturing directly addresses the above-mentioned topics to 
strengthen the European position in the KET advanced manufacturing by 
accelerating the development of innovative metrology focused on the 
needs of advanced manufacturing and optimising stakeholder 

interaction with the metrology community. Innovative developments in 
advanced materials resulting in new or improved material properties are 
often related to enhancement by the addition of nanomaterials. These 
advanced materials can then be utilised in advanced manufacturing 
processes to realise new or optimised products. One example is the use 
of Carbon Nanotube Enhanced Composite Materials for aerospace 
applications [3]. Another example is the development of additive 
manufacturing technologies based on the flexible processing of raw 
powder materials, offering a completely new class of applications in 
advanced manufacturing [4]. However, it also puts challenges on the 
integration of additively manufactured components into established 
manufacturing chains within the framework of flexible manufacturing 
infrastructures, described in concepts like Industry 4.0 linking Cyber-
Physical Production Systems (CPPS). There are many outstanding 
metrology challenges in this aspect of advanced manufacturing alone 
(e.g. temperature control in the powder beds) and optimised input from 
the metrology community to this highly innovative area of the different 
KETs is essential. 

According to [5], 2.1 million enterprises were classified as 
“manufacturing” in the EU in 2015 with nearly 30 million employees. In 
addition to companies, different organisations on the national and 
European level exist, which focus on manufacturing topics (societies, 
institutes, universities). On the EURAMET level, some Technical 
Committees (TCs) have a strong impact on advanced manufacturing, like 
TC-Length, TC-Temperature, TC-Mass and related quantities, however, 
to date there is not yet a single contact point for all issues of relevance 
to the KET advanced manufacturing and related KET. 

Within the EMRP and EMPIR programmes several joint research 
projects (JRP) covering topics of advanced manufacturing were 
successfully completed, most within the thematic programme 
“Metrology for Industry” [6]. Several of these JRPs addressed objectives, 
which required expertise from different EURAMET TCs to address the 
challenging development targets with innovative approaches. However, 
neither the results of the EMRP and EMPIR research projects nor the 
H2020 research projects have yet been systematically analysed with 
respect to their potential for impact on the KET advanced manufacturing 
and its related KET advanced materials and KET nanotechnology. 
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Optimising the uptake of relevant research results in important KET 
areas is the main objective of the knowledge sharing programme. 

Along with the preparation of the EMRP and EMPIR programmes, the 
EURAMET TC’s have developed different roadmaps describing 
metrology challenges to be addressed in specific topics. However, a 
proper roadmapping approach for metrology demands in advanced 
manufacturing and its related KET topics does not yet exist. This 
roadmap should systematically consider the expertise, facilities and 
research capabilities of several TCs and the input from stakeholder 
communities including project consortia resulting from public-private-
partnership (PPP) programmes, such as e.g. Factories of the Future PPP 
with the European Factories of the Future Research Association (EFFRA) 
AdvManuNet will establish a close link to ManuFuture, discussing the 
impact of metrology on major issues addressed in the strategic 
document ManuFuture -VISION 2030 [7]. In addition, roadmapping of 
future metrology requirements has been prepared by various learned 
societies across Europe (e.g. InstMC [8]). The development of a strategic 
roadmap will be based on a gap analysis and facilitate the future 
planning of research, training and service provision in metrology for 
advanced manufacturing across Europe. 

2. Aims of AdvManuNet 

The overall objective of this joint network project (JNP) is to accelerate 
the implementation of the future European Metrology Network on 
advanced manufacturing. The specific aims are: 

1. To establish a regular, constructive dialogue and liaison between 
the project and stakeholders in advanced manufacturing, as well 
as overlapping areas in advanced materials and nanotechnology. 
The project should foster new and existing collaborations 
including those with relevant societies and standardisation 
bodies. 

2. Using the feedback from stakeholders in aim 1, to develop a 
Strategic Research Agenda (SRA) and roadmaps for advanced 
manufacturing metrology. The SRA should identify gaps in current 
metrological capabilities and take into account existing networks 
and roadmaps. 

3. Using the feedback from stakeholders in aim 1, to set up a 
knowledge-sharing programme for advanced manufacturing 
stakeholders, in order to promote the dissemination and uptake 
of results, including those from previous, relevant EMRP and 
EMPIR projects. This should take into account existing training 
programmes and include a range of regularly hosted activities, 
e.g. exchange of researchers, industry focussed events and 
training courses. 

4. Using the feedback from stakeholders in aim 1, to develop a web-
based platform for advanced manufacturing stakeholders. The 
platform should include easy access to European metrology 
capabilities and links to other relevant European and international 
networks, as well as a service desk. It should be developed in a 
manner that allows it to be maintained by a future EMN. 

5. To develop a plan for a joint and sustainable European metrology 
infrastructure for advanced manufacturing via a European 
Metrology Network. The plan should be completed within 12 
months of the start of the project and should (i) use coordination 
and smart specialisation of capabilities (ii) align with other 
running initiatives and projects, (iii) promote the development of 
emerging member states, and (iv) consider how to extend 
collaboration to third countries. 

 

 
 

Figure 2. Scheme of JNP/EMN on Advanced Manufacturing 

3. Work programme and key deliverables of AdvManuNet 

The work programme of the JNP AdvManuNet is structured in 5 
diffrerent work packages, which are substructured with tasks and 
activities. The 5 work packages (WP) are:  

1. Dialogue with stakeholders (lead INRIM) 
2. Strategic road mapping and plan for EMN (lead NPL) 
3. Technical infrastructure for EMN operation (lead PTB) 
4. Creating Impact (lead BAM) 
5. Management and coordination (lead PTB) 

 
The key deliverables of the 4 year project AdvManuNet are:  

1. Plan for a joint and sustainable European metrology 
infrastructure for advanced manufacturing via an EMN 
ready to be presented to the EURAMET General Assembly 
2021. (=> M12) 

2. Report on a knowledge sharing programme for advanced 
manufacturing stakeholders. The programme includes 
promotion of the dissemination and uptake of research 
results on advanced manufacturing and a range of regularly 
hosted activities. (=> M44) 

3. Final lists of metrology needs for stakeholders in advanced 
manufacturing, including input from stakeholders in new 
and existing collaborations and those with relevant 
societies and standardisation bodies. (=> M40) 

4. Report on the final testing of the functionality of the web-
based platform for advanced manufacturing stakeholders. 
The platform includes easy access to European metrology 
capabilities and links to other relevant European and 
international networks, as well as service desk to answer 
stakeholders’ questions. (=> M44) 

5. Strategic Research Agenda (SRA) for metrology for 
advanced manufacturing. (=> M48) 

6. Examples of early uptake of project outputs by end users. 
Examples of contributions to new or improved 
international standards. (=> M48) 

4. Outlook 

To achieve the aims of the project, the establishment of a regular, 
constructive dialogue and liaison between the project and stakeholders 
in advanced manufacturing is vital. One forum to be used for the 
stakeholder dialogue are international conferences with a focus on 
advanced manufacturing, such as the euspen international conference 
and exhibition (ICE) and the euspen special interest group meetings. 

It is planned to have workshops and training events organised at 
future euspen events – along with similar interactions at other suitable 
conferences and meetings as well as a targeted questionnaire sent to 
the identified stakeholders.  The aim of the questionnaire is to receive  
detailed feedback from the stakeholder community to address the 
identified metrology needs in the area of advanced manufacturing. The 
work will be supported by a stakeholder committee representing 
different industrial sectors of relevance for advanced manufacturiung. 

Acknowledgement 

The project JNP 19NET01 AdvManuNet has received funding from the 
EMPIR programme co-financed by the Participating States and from the 
European Union’s Horizon 2020 research and innovation programme. 

References 
[1] https://ec.europa.eu/growth/industry/policy/key-enabling-

technologies_en 
[2] E. Westkämper: Towards the Re-Industrialization of Europe - A 

Concept for Manufacturing for 2030, Springer-Verlag 2014 
[3] Carbon Nanotube Enhanced Aerospace Composite Materials A New 

Generation of Multifunctional Hybrid Structural Composites, 
Paipetis, A., Kostopoulos, V. (Eds.) Springer, 2013 

[4] M Schmidt et al.: Laser Based Additive Manufacturing in Industry and 
Academia, CIRP Annals 66/2/2017, 561-584 

[5] https://ec.europa.eu/eurostat/statistics-
explained/index.php/Manufacturing_statistics_-_NACE_Rev._2. 

[6] https://www.euramet.org/metrology-for-societys-
challenges/metrology-for-industry/ 

[7] ManuFUTURE -VISION 2030, Report from ManuFUTURE high-level 
group, December 2018 

[8] https://www.instmc.org/ 

358

https://www.euramet.org/metrology-for-societys-challenges/metrology-for-industry/
https://www.euramet.org/metrology-for-societys-challenges/metrology-for-industry/
https://www.instmc.org/


 

          
 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

Study of automated procedures for surface defects analysis on die-cast components 
by using fringe projection systems 
 
Marco Menoncin1, Andrea Nicolini2, Giorgio Cavaliere3, Enrico Savio1 
 
1Università di Padova, Department of Industrial Engineering, via Venezia 1, 35131 Padova, Italy 
2GOM Italia S.r.l., via della Resistenza 121/A, 20090 Buccinasco (MI), Italy 
3Alupress AG, A.-Ammon-Str. 36, 39042 Bressanone (BZ), Italy 
 
marco.menoncin@phd.unipd.it 

  
Abstract 
Quantitative surface defects analysis in high-pressure die-casting is relevant both for quality assurance of part functionality and for 
monitoring the functional surfaces of dies. Advanced optical techniques for digitization of parts enable fast identification of surface 
irregularities and their measurement. The use of automation and appropriate enclosures enables quality control operations directly 
in the manufacturing environment, increasing measurement repeatability, reducing inspection time and direct labour resources. The 
paper reports on a case study and illustrates the implementation of a fringe projection system for the analysis of surface defects on 
high-pressure die-castings, including the development of automated evaluation routines. 
 
Keywords: surface defects analysis, high-pressure die-casting quality control, fringe projection system, in-line metrology 

 
1. Introduction 

Nowadays, the use of coordinate measuring systems based on 
optical principles is well established in the manufacturing 
industry quality assurance. The use of automation enables in-
line control and feedback-based process optimization [1]. 
Among many applications, the in-line detection and 
measurement of surface imperfections is a challenging task. The 
purpose of the present study is to assess the automated use of 
fringe projection system (FPS) to detect and analyse surface 
defects on aluminium alloy high-pressure die-castings. In case of 
no subsequent surface machining processes, the evaluation of 
raising defects on cast surfaces is mainly relevant for part 
functionality assessment (e.g. handling, mating, and assembly). 
Furthermore, the dimensional measurement of raisings 
irregularities enables the monitoring of dies functional surfaces 
i.e. casting burrs resulting from the replication of cracks on dies 
due to thermo-mechanical fatigue [2]. For this reason, in-line 
inspection of surface defects enables preventive maintenance 
[1] and continuous monitoring of casting equipment. 

 

2. Case study 

The specimen used for the investigation is an aluminium alloy 
case for automotive electrical PCB, manufactured by high-
pressure die-casting process by the company Alupress AG. The 
evaluation of single raising surface defects is mainly relevant for 
two reasons. During the die-casting process, the presence of 
cracks on dies functional surfaces cause raising defects on the 
replicated parts. These cracks, mainly due to thermo-mechanical 
fatigue, are located in the dies regions of stress concentration 
and notch effects (e.g. fillet radius) [2] The evaluation of the 
single raising defect geometry on the replicated part provides a 
backward information for analysing cracks propagation on dies, 
enabling monitoring of dies conditions for related maintenance 
actions (e.g. repair or replacing) [3]. For part functional 
conformity, raising defects on the internal surface of the case 
may affect the integrity of the PCB components and electrical 
cables. This problem is related to the location and dimension of 

the defect in respect to the position of the PCB in the final 
assembly. According to these functional requirements, the 
specifications identified for raising defects typically include the 
two measurands illustrated in Fig.1(a): A) absolute height in 
normal direction to the surface, relevant for the evaluation of 
cracks propagation; B) asymmetric height in reference to a 
datum surface, selected based on the position of the PCB. The 
tolerances are differentiated for both measurands in relation to 
the specific part internal surfaces, illustrated by different colours 
in Fig.1(b). With reference to the case study, the most restricted 
tolerances are of 0,2 mm for absolute height A and 0,1 mm for 
the asymmetric height B. 

 
Figure 1. Measurement requirements (a) and tolerance-related areas (b) 

 
Different measuring solutions have been investigated to 
characterize the defects geometry and obtain reference 
measurements to evaluate the FPS performances and suitability 
for the surface defects analysis. Tests were conducted involving 
tactile (e.g. stylus profilometer) and non-contact methods (i.e. 
confocal microscopy, focus variation). Optical profilometry with 
focus variation measuring principle represented the best 
compromise between structural resolution, accuracy in surface 
reconstruction and acquisition time [4]. Moreover, the point-
cloud density and data format allowed an evaluation procedure 
highly repeatable on a given FPS data set, by using the software 
GOM Inspect [5]. According to both measurement 
requirements, the geometrical characteristics of interest were 
constructed and measured on the dataset acquired by focus 
variation. The FPS performances evaluation has been based on 
the comparison of measurement results obtained for the 
asymmetric height B, which is the most challenging task.   
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3. Surface defects analysis with fringe projection system 

The investigated FPS is a GOM Atos Capsule featuring a robotic 
arm and a rotary table. The use of an automated solution allows 
obtaining the highest repeatability [6] and, for the purpose of 
the study, it was consistent to test the FPS directly on the 
automated process. The system was equipped with a sensor 
resolution of 12 million of points per scan and interchangeable 
optics that allow to variate the measuring volume. A smaller 
measuring volume allows a higher density of the point-cloud 
acquired during the scan, but it also entails a higher number of 
scans to cover the full component surface [6]. Based on the 
measurement requirements, two volumes were tested: MV120 
(120x80x60 mm) and MV200 (200x140x140 mm). For enabling 
the registration of different scans, markers were placed on the 
part surfaces. Despite their small dimensions, the markers 
application affects the morphology of the surface and hides a 
small area on the component [7]. To limit the risk of hiding 
relevant surface defects, markers were distributed over non-
functional flat surfaces that represented the less restrictive 
tolerances. The part surface reflectivity was considered and 
different tests were performed. Best performances were 
obtained by using the reflex detection setting for the FPS [5]. 
This application allowed the acquisition system to detect 
different degrees of reflectivity of the component surface and to 
consequently adjust the exposure time on each zone of the 
workpiece in order to avoid a non-optimal data acquisition. The 
study involved two specimens. Each part acquisition was 
repeated three times for each FPS configuration. The resolution 
obtained by using the measuring volume MV200 was not 
sufficient to digitize surface irregularities, and the related data 
sets were not further processed. The MV120 point cloud 
resulted more detailed and was further processed with GOM 
Inspect software. The identification of defects location was 
performed using the GOM Inspect tool named Surface Defects 
Map [5], based on local curvature deviation analysis. Defects 
geometries were evaluated consistently with the procedure 
adopted for the optical profilometer data set. The entire 
procedure was repeated three times and the average value of 
the asymmetric height B results was compared to the reference 
measurement results obtained by using focus variation. 
 
4. Data comparison and method validation 

The comparison between FPS and focus variation measured 
values showed an average deviation of -0,028 mm (±0.006 mm 
std. error 2σ). The results highlighted that the heights measured 
with the FPS were systematically smaller than the reference 
values, because of the smoothing effects resulting from FPS 
lower structural resolution and reconstruction accuracy [6]. 
Nevertheless, the obtained results were regarded as fully 
satisfactory for the intended use. The implemented FPS was able 
to detect and evaluate defects quantitatively, and the 
smoothing effect on the defect height was acceptable related to 
the most restrictive tolerance. Moreover, the tool Surface 
Defects Map [5] successfully enabled the identification of all the 
defects of interest on all the acquired dataset. Based on these 
results, the FPS procedure was defined acceptable and the 
possibility of automation further investigated. 
 
5. Automated procedure for point cloud processing 

The surface defects detection and evaluation procedure was 
implemented using the scripting tool of GOM Inspect. 
Automated procedure for point cloud processing enables high 
measurement repeatability and reduced inspection time[7], 
limiting interaction between operator and measuring system 
and enabling application directly in the manufacturing site. After 

the part acquisition, a global best-fit is used to align the scanned 
point cloud of the real part on the nominal CAD model. The 
evaluation procedure is built on the nominal data and then 
transferred to the real point cloud based on the alignment. The 
tool Patch Compound from CAD is applied to construct local 
single surfaces by combining one or more surfaces of interest. 
This tool allows the identification of the areas with specific 
tolerance range, to enable final part conformity verification. In 
sequence, the tool Surface Defect Map enables the defects 
detection and the evaluation of the absolute height of the 
defects. This specification affects both flat and curved surfaces 
with different tolerance value from area to area (Fig.2.a). The 
asymmetric height is then evaluated for the defects located on 
specific areas previously identified on the nominal model (e.g. 
fillet radius). Based on the alignment, the required reference 
planes are extracted from the real part point cloud and the 
normal directions are used to calculate the defect projected 
height (Fig.2.b). The values obtained by using the automated 
procedure are compared to the absolute and asymmetric 
tolerance values, and a coloured deviation map shows the 
results. 

 
Figure 2. Measurement requirements (a) and tolerance-related areas (b) 

 
6. Conclusions 

The case study demonstrated the feasibility of automated 
detection and quantitative evaluation of surface defects on die-
castings parts using fringe projection systems. Task-specific 
metrological performances were investigated and the fulfilling 
configuration was identified in relation to measurement 
requirements. Automated procedures were tested and applied 
to reduce inspection time and to enable in-line control directly 
in the manufacturing environment.   
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Abstract 
The Fizeau interferometer is highly accurate surface profile measurement system, however; it is difficult to obtain the absolute 
surface profile because it is a comparison measurement with a reference surface. When a measurement direction is parallel to the 
gravity direction, a gravity deformation of a reference surface is a large uncertainty component. In this study, we developed an 
absolute surface profiler based on the local slope angle measurement of the specimen without using the reference surface, which is 
called the scanning deflectometric profiler (SDP). Measuring devices based on deflectometry have been developed by many 
laboratories as a highly accurate straightness profile measurement. On the other hand, a problem of deflectometric system was that 
the measurement was limited to a line (two-dimensional) profile. To solve this problem, we developed a novel method to measure 
the surface topography. The surface topography was calculated from radial lines obtained by rotating the specimen. In this paper, 
we performed the comparison measurement between the SDP system and the Fizeau interferometer. Finally, the proposed method 
was validated through the comparison measurement. 
 
Flatness, Surface topography, Deflectometry, Angle, Fizeau interferometer 

 

1. Introduction 

The Fizeau interferometer is highly accurate surface profile 
measurement system, however; it is difficult to obtain the 
absolute surface profile because it is a comparison 
measurement with a reference surface. When a measurement 
direction is parallel to the gravity direction, the gravity 
deformation of a reference surface is a large uncertainty 
component. In recent years, a highly accurate surface profile 
measurement methods based on angle measurement which is 
called deflectometry have attracted attention [1-10]. In this 
method, a local slope angle distribution on a specimen is 
measured by scanning a pentamirror using an autocollimator, 
and a surface profile is obtained by integrating the obtained 
local slope angle distribution. Unlike the case of the Fizeau 
interferometer, deflectometric method has characteristics that 
it does not require a reference surface and can directly measure 
a large-diameter surface profile. On the other hand, there is a 
problem that the measurement is limited to a line (two-
dimensional) profile. In this study, we developed a novel method 
based on the deflectometry to measure the surface topography. 

2. Line profile measurement [10] 

In a previous study [ 10],  we developed a scanning 
deflectometric profiler (SDP) that does not require a reference 
flat and can directly measure a surface profile. The system within 
the dotted line in figure 1 is a schematic view of the developed 
SDP. The SDP is constructed using an autocollimator and a 
pentamirror fixed on an air slide table. The travel distance of the 
air slide table is 1.2 m. The measurement beam of the 
autocollimator is bent by the pentamirror so that it illuminates 
a specimen. The optical system of the SDP is aligned according 
to the literatures [11-13] of an alignment procedure for a 
deflectometry system. The size of the measurement beam is 
Φ34 mm. An aperture is set in front of the specimen for 

 
 
 

 
 

Figure 1. Schematic view of the 3-D SDP. 
 

 
 

Figure 2. Photograph of the 3-D SDP. 
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increasing the special frequency. Local slope angles at each 
position of the specimen are measured by scanning the 
pentamirror. The pentamirror is effective for minimizing the 
moving error during scanning, and the influence of the moving 
error on the local slope angle measurement is negligible [11-13]. 
The surface profile F(xi) of the specimen is obtained by 
integrating the local slope angles as follows: 

𝑓(𝑥𝑖) = 0  (𝑖 = 1) (1) 

𝑓(𝑥𝑖) = 𝑓(𝑥𝑖−1) 

+{𝑓′(𝑥𝑖) − 𝑓′(𝑥1)}(𝑥𝑖 − 𝑥𝑖−1)  (𝑖 = 2,3, … 𝑁), (2) 

where i is a measurement number, N is a total number of 
measurement points, f(xi) is a profile, f’(xi) is a measured local 
slope angle and xi is measurement position. The measured slope 
angle f(x1) of the first measurement position x1 can be selected 
an arbitrary angle. The numerical integration of Eqs. (1) and (2) 
is calculated that the measured angle of the first measurement 
position is be zero. An DC component a0 of the measured slope 
angle f’(xi)  is be a line g(xi)  = a0xi  + b. Then, the least-squares 
line g(xi) is calculated from the profile f(xi). By subtracted g(xi)  
from f(xi), we can obtain the final profile F(xi) as follows: 

𝐹(𝑥𝑖) = 𝑓(𝑥𝑖) − 𝑔(𝑥𝑖). (3) 

We used a commercial autocollimator (MÖLLER-WEDEL 
OPTICAL GmbH, ELCOMAT 3000) of which the total 
measurement range and the resolution are ±1000 (5.1 mrad) 
arcsec and 0.001 (4.8 nrad) arcsec, respectively. The 
measurement accuracy of the autocollimator is the most 
important aspect of the SDP based on the angle measurement. 
The autocollimator static stability and systematic error were  
evaluated using a high accuracy angle index table at National 
Metrology Institute of Japan (NMIJ/AIST) [14]. The 
measurement accuracy of the rotation angle of the index table 
is less than 0.005 arcsec (24.2 nrad).  

For short-term stability, the standard deviation of the 
autocollimator was 0.008 arcsec (38.9 nrad) when the sampling 
rate and the number of measurement points were 25 Hz and 100 
points, respectively. As a surface profile is calculated by 
integrating the local slope angles at each measurement position, 
the random error is also integrated. The standard uncertainty 
urand of the random error is given by 

𝑢rand = 𝜎rand ∙ √N𝑑𝑥, (4) 

where N and dx are the total number of measurement points 
and the scanning pitch, respectively. When N and dx are 300 
points and 1 mm, respectively, the standard uncertainty is 0.67 
nm. The final profile F(xi) is obtained by subtracted an DC 
component of measured angle slope f’(xi) from Eq. (3); therefore, 
an DC component of an integrated random error is also 
subtracted. Eq. (4) is overestimate but the expected value of the 
random error is zero and the overestimate value is very small. 

In this study, the measurement surface is an optical flat with a 
flatness of about λ / 2 (316.4 nm) or less. The measurement 
range of the autocollimator is very small. The systematic error 
of the autocollimator was evaluated in the range of ± 5 arcsec 
(±24.2 µrad). For systematic error, the maximum deviation ea of 
the angle over the range of evaluation (P-V value) was 0.032 
arcsec (155.1 nrad). The measurement range of the 
autocollimator varies with the surface profile of the specimen. 
We assume that the standard deviation of the systematic error 
is set to be the uniform distribution of the maximum angle 
deviation of the calibration curve, then the standard uncertainty 
usys of the systematic error is given by 

𝑢sys =
𝑒a

2√3
∙ √N𝑑𝑥. (5) 

N and dx are 300 points and 1 mm, respectively, the standard 
uncertainty is 0.78 nm. 

3. Surface topography measurement method 

The SDP is a line profiler that can measure with a few 
nanometers uncertainty. On the other hand, the problem of SDP 
system is that the measurement is limited to a line (two-
dimensional) profile. To solve this problem, we developed a 
novel method to measure the surface topography. Figure 1 and 
2 show a schematic view and a photograph of the developed 
profiler which is called 3-D scanning deflectometric profiler (3-D 
SDP). A rotary stage was introduced to the sample stage of the 
line profiler (SDP) developed in the previous research [10]. By 
rotating the specimen, radial line profile measurements are 
performed, and a surface topography is obtained by connecting 
each line profile; however, the relative angle relationship 
between the line profiles is not clear due to the angular runout 
of the rotary stage.  

To solve this problem, we measured circumference profiles in 
addition to the line profile measurements (see figure 3). In the 
circumference profile measurement, the pentamirror is moved 
to a certain radial position from the center of rotation, and the 
autocollimator measures a local slope angle of the specimen of 
a component orthogonal to the scanning axis of the pentamirror. 
The local slope angle distribution is measured by rotating the 
specimen and a circumference profile is obtained by integrating 
the obtained local slope angle distribution. However, the 
measurement result includes an angular runout of the rotary 
stage. To remove the runout, a mirror 1 is set in the center of 
the back surface of the sample table, and the angular runout is 
corrected using another autocollimator AC2 (see figure 1). 
Finally, the relative angle relationship can be determined from 
the intersection data of the radial line profiles and the 
circumferential profiles. 
 

 
 

Figure 3. Systematic view of connection of each profile measurement 

4. Experiment  

We measured the flatness of an optical flat using the 
developed 3-D SDP. The optical flat is 340 mm in diameter and 
70 mm in thickness, and is made of the ultralow-expansion 
ceramic NEXCERATM. The evaluation range of the surface 
topography is 300 mm in diameter. Figure 4 shows the 
measurement procedure of the surface topography of the 
optical flat. The details of each step are described below.  
 
(a) Adjustment of pentamirror 

The optical axis of the autocollimator was adjusted to be 
parallel to the axis of motion of the air slide.  Then, the 
pentamirror was aligned according to the literatures [11-13] of 
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Figure 4. Measurement procedure of surface topography 

 

  
 

Figure 5. Radial and circumferential measurement profiles 

 
pentamirror was aligned according to the literatures [11-13] of 
an alignment procedure for a deflectometry system. 
 
(b) Adjustment of rotary table 

The position of the rotary table was adjusted so that the 
measurement beam (Z-axis) passing through the aperture 
passed through the center of rotation of the rotary table. The 
adjustment method is as follows.   

The misalignment between the measurement beam of the 
autocollimator and the center of rotation of the rotary table was 
detected using a quadrant photodiode detector (QPD). The QPD 
was set on the rotary table so that the center of the QPD 
coincided with the rotation center of the rotary stage.  If there is 
misalignment between the measurement beam of the 
autocollimator and the center of rotation of the rotary table, the 
trajectory of the QPD signal draws a circle when the rotary table 
is rotated. The displacement in the pentamirror scanning axis 
direction (X-axis) between of the center of rotation of the rotary 
table and the measurement beam of the autocollimator was 
adjusted by moving the pentamirror. The displacement in the 
direction (Y-axis) orthogonal to the pentamirror scanning axis 

between the center of rotation of the rotary table and the 
measurement beam of the autocollimator was adjusted by 
moving the rotary table. For the adjustment value, the deviation 
between the center of rotation of the rotary table and the 
measurement beam of the autocollimator was adjusted to 50 
µm or less. This adjustment error causes a position error when 
connecting the radial line profiles and the circumference profiles. 
The effect, however, is very small because a specimen in our 
target has a very smooth surface. If the measurement surface is 
not flat, for example a spherical surface and a paraboloidal 
surface, this effect must be noted. 
 
 (c) Set the optical flat 

The optical flat was set on the rotary stage. The optical flat was 
arranged so that the center of the optical flat coincided with the 
rotation center of the rotary stage. In the 3-D SDP, the center of 
the workpiece coordinate system of the specimen is the center 
of rotation of the rotary stage. The center of the optical flat was 
adjusted using a displacement sensor so that the radial runout 
of the outer circumference of the optical flat was 10 µm or less. 
 
 (d) Radial line profiles measurement 

A line profile measurement in a 300 mm range was performed 
in 1 mm steps. Then, the specimen was rotated 10 degrees, and 
the line profile was measured in the same manner. This step was 
repeated to obtain a total of 18-line profiles. 

 
 (e) Circular profiles measurement 

The circumference profiles were measured in 1-degree steps 
at the positions of the radii r = 150 mm, 120 mm and 90 mm. The 
rotation angle was measured by a rotary encoder. 
 
 (f) Determination of relative position of radial line profiles 

The relative angle of each radial line profile was determined 
from a circular profile with a radius r = 150 mm. At the 
intersection of two points of the radial line profiles and the 
circumference profile, the inclination angle of each radial line 
profile was determined from the distance between the two 
points (300 mm) and the profile deviation value between the 
two points of the circumference profile. The height of each radial 
line profile was determined by setting the common center 
coordinate to zero (x, y, z) = (0, 0, 0). 
 
 (g) Determination of relative position of circular profiles 

The relative angular relationship of each circumference profile 
is also unknown. The relative angle of each circumference profile 
was determined from the already determined radial line profiles. 
For the radial profiles, the points at the intersection with each 
circumference profile were extracted.  In this case, there are 36 
points for each circumference profile. A normal vector of the 
least-squares plane was calculated from the point cloud data 
extracted from the radial line profiles. In the same manner, a 
normal vector of the least-squares plane is calculated from the 
point cloud data extracted from a circumference profile. The 
circumference profile was rotated about the X-axis and the Y-
axis so that the normal vector calculated from the circumference 
profile coincided with the normal vector calculated from the 
radial line profile. The height in the Z direction of the 
circumference profile was determined so that the average Z 
coordinate of the extracted circumference profile and the 
average Z coordinate of the extracted radial line profiles became 
equal. 
 
 (h) Construction of surface topography 

Figure 4 shows the obtained radial line profiles and the 
circumference profiles according to the above procedure (a) to 

(a) Adjustment of pentamirror 

(b) Adjustment of rotary table 

(c) Set the optical flat 

(d) Radial line profiles measurement  

(e) Circular profiles measurement 

(f) Determination of relative position 
of radial line profiles 

(g) Determination of relative position 
of circular profiles 

(h) Construction of surface topography 
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(g). Figure 5 shows the surface topography with a diameter of 
300 mm which is constructed from the obtained profiles by 
Zernike polynomial of the 36th order. The peak-to-valley (P-V) 
value, that is, the flatness and the root mean square (RMS) value 
were 131.7 nm and 26.0 nm, respectively. 
 

 
 

Figure 6. Surface topography by 3D-SDP 
 

 
 

Figure 7. Surface topography by Fizeau interferometer 

 
To verify the proposed method, we performed a comparative 

measurement of same optical flat using Fizeau flatness 
interferometer owned by the National Metrology Institute of 
Japan (NMIJ/AIST). Its measurement range and measurement 
uncertainty of flatness are 300 mm and 10 nm (k = 2), 
respectively. Figure 6 shows the measurement result. The P-V 
value and the RMS value were 131.2 nm and 26.4 nm, 
respectively. Both results are in good agreement despite 
different methods. 

5. Conclusion 

We proposed the topography measurement based on the 
deflectometry. Deflectometric profiler has previously been 
limited to line (two-dimensional) profile measurement. In this 
study, the surface topography measurement was realized by 
combining radial and circumferential profile measurements. In 
the future, we will clarify the factors of measurement 
uncertainty of the 3-D SDP. 
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Abstract 
Advancing diamond milling from fly-cutting to the application of multiple cutting edges requires a tool setting mechanism for aligning 
all tools to a common cutting radius. Such a system, based on thermo-mechanical actuation, has been previously presented and it 
has been shown that the cutting radius can be selectively changed at spindle speeds of several hundred rpm.  
Here, the recent state of development on the actuating mechanism, including the specifically designed ring light heat source, and 
evaluate its performance in cutting experiments. Therefore, the thermal expansion of the tool will be measured in-processes using a 
capacitive sensor targeted a reference section of the milling tool’s shell surface which is located slightly below the cutting edge. 
During machining, isolated cuts for each cutting edge will sequentially be generated following a defined heating profile. After such a 
cycle, the depth of the cuts is measured ex-situ and compared to the expansion measured at the reference plane. By comparing 
selected spindle speeds and heating profiles, the performance of the actuating mechanism is assessed. 
 

Ultraprecision milling, multiple cutting edges, thermal tool setting 

 

1. Introduction 

Diamond milling operations enable the flexible production of 
optical freeform surfaces for mirror optics [1,2], prisms [3] and 
as moulds for the replication of optical components [4]. In order 
to achieve the required tolerances, the milling process is 
typically conducted as fly-cutting, i.e. utilizing only a single 
cutting edge to ensure a precise radius of tool engagement. This, 
however has severe limitations when considering the material 
removal rate of the process, because the feed has to be reduced 
accordingly to guarantee an optical surface finish (Sa < 10 nm) 
[5]. In order to enable the use of multiple cutters on a milling 
tool, an actuating mechanism for aligning the cutting edges to a 
common radius has to be implemented. Such a system, based on 
the thermal expansion of selected portions of the tool holder 
was previously presented by the authors [6]. Most recently, it 
has been shown that the system is capable of achieving 
thermally induced tool shifts of up to 1 µm at spindle speeds of 
240 min-1 [7].  

This publication presents the recent state of development on 
the actuating mechanism, including the specifically designed 
ring light heat source, and evaluate its performance in cutting 
experiments. 

2. System design and setup 

2.1. Tool holder design for two adjustable cutting edges 
The tool holder is designed as a circumferential milling tool 

with a nominal diameter of 158 mm that incorporates two tool-
holding mechanisms at 180° spacing (Figure 1). The substrate 
materials is made of 1.2083 type steel which is dyed by black 
paint on the thermal actuating mechanisms in order to increase 
the thermal conductivity of that region. The actuators 
themselves are 20 mm wide, 30 mm long and 12 mm thick bars 
that are cut free from the rest of the tool holder except for two 
flexure hinges at the outer diameter (“front”) and two 

connectors at the inner diameter of the actuator (“rear”). Inside 
of the actuating mechanisms, a rectangular tool shank is guided 
in an equivalently shaped channel and thereby limited to move 
in a single degree of freedom, i.e. in radial direction. The tool 
shank rests against a wedge mechanism that, when shifted in 
axial direction of the tool holder, enables a coarse mechanical 
alignment of the tool shank. After pre-setting the tool to the 
required precision (typically < 1 µm deviation of the fly-cut-
radius), the tool shank is clamped in place and the remaining 
deviation is compensated by thermal expansion of the whole 
actuating mechanism. 

 
Figure 1. Tool holder design with two adjustable cutting edges 

2.2. LED ring light as moving heat source 
The heat input necessary for the expansion of the thermal 

actuator is introduced by a specifically designed ring light system 
with infrared light emitting diodes as a contactless heat source. 
This allows for the heat input to follow the rotation of the 
actuating mechanism during a milling process while the ring light 

367

http://www.euspen.eu/


  

 

itself remains stationary within the machine. To do this, the 
angular position of the actuator is optically captured using an 
index plate at the front face of the tool holder. The control 
electronics evaluate this signal and use it as a trigger to advance 
the heat output from one LED to the next during rotation.  

Compared to previous iterations of the ring light system, which 
were designed as a full ring with 36 LED, the novel design 
(Figure 2) consists of four equally designed quarter ring 
segments with 8 LED each (i.e. 32 LED in total). This allows for an 
easier and economic production of the ring lights and facilitates 
the assembly and disassembly the ring light system as it now can 
mounted around the spindle shaft without prior disassembly of 
the tool holder.  

 
Figure 2: LED ring light system design and power circuit schematics 

The applied LED offer a total radiant intensity of 680 mW at a 
centroid wavelength of 810 nm and an opening angle of ±10°. 
According to previous experiments, this should generate enough 
heat within the actuator to expand it by about 1 µm along its 
main axis. 

3. Experimental setup for evaluating the actuator expansion 

The complete system has been initially set up on a test stand 
outside of a machine tool. It consists of a Professional 
Instruments 4R air bearing spindle on which the tool holder with 
the thermal actuators is mounted (Figure 3). Two ring lights are 
assembled from four segments each and are positioned on the 
test stand to illuminate the front face and the back face of the 
actuator respectively, with a standoff distance of 10 mm. The 
reference plane of the tool holder was centred to the spindle 
axis with a precision of <2 µm and the overall system was 
balanced to G0.064 to avoid dynamic disturbances of the 
measurements. 

For testing the performance of the actuator, the spindle was 
set to specified speeds while one of the actuators was 
illuminated by the infrared LED at full power. The resulting 
thermal expansion was continuously measured at a reference 
plane slightly below the tool shank by a capacitive probe (IBS 
CPL490 with C8-0.5 probe). For a full measurement cycle, the 
spindle was run at the selected speed without heating of the 
actuator for a couple of minutes to obtain a reference position 
of the tool. Then, the LED was switch on for about 20 minutes, 
i.e. until the maximum thermal expansion was expected. After 
switching off the LED, the actuator was allowed to cool down for 
another 20 minutes to return to its initial thermal state. 

The resulting measurement data contains the development of 
the tool holder runout of the actuator during the 
aforementioned test cycle. For assessing the behaviour of the 

two actuators (one heated, one not heated) and the reference 
sections in between, the measurement data has to be 
segmented into individual revolutions and then divided by 
section. 

 
Figure 3: Actuator test setup with new segmented ring lights 

This division is done in a MATLAB script that firstly searches for 
the trigger signals of the index plate to identify the start of a new 
revolution. After segmentation, the sections of the reference 
plane can be identified by the signal dropouts occurring at the 
flexure hinges, where the capacitive sensor is out of its 
measurement range (Figure 4).  

 
Figure 4: Segmentation of capacitive measurement into revolutions 
(top) and splitting of revolutions into sectional data (bottom) 

The development of the thermal expansion is evaluated with 
reference to the mean runout of the first few revolutions, i.e. 
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those that were performed without any heat input from the 
infrared LED. Therefore, the mean of the first few revolutions is 
subtracted from current revolution for each data point (Figure 5) 
and the resulting differences are averaged and associated with 
the mean timestamp of the respective revolution. 

 
Figure 5: Determination of actuator expansion at a given revolution 

The resulting thermal expansion of a test run at 300 min-1 
spindle speed is shown in Figure 6. It can be seen that the 
selectively heated actuator (act. 1) is expanding up to ≈450 nm 
for using about half the available power of the LEDs (I = 1 A is 
applied to both rings in a parallel circuit, i.e. one LED only 
consumes 0.5 A of current). 

 
Figure 6: Development of thermal expansion for the adjustable milling 
tool at 300 min-1 spindle speed and a LED power of ≈1.5 W/sr. LED 
switched off after about 22 minutes. 

The secondary actuator (act. 2), positioned at 180° of the tool 
holder is showing no significant expansion, as expected. This 
implies that the offset between both cutting edges can be 
adjusted by this means. Currently, the actuating mechanism in 
combination with the new ring lights is under evaluation at 
different spindle speeds and LED powers.  

4. Cutting experiments 

Achieving a thermally induced shift of one of the cutting edges 
under rotation is necessary for tool setting in a real milling 
process. However, it has to be verified, if the measurements of 
the expansion performed at the reference plane is also valid for 
the actual shift of the tool in the milling process. This can only 
be examined by actual cutting experiments in which the tool 
comes into contact with a workpiece.  

In order to be able to identify the actual cutting depth of both 
tools individually, a high feed milling strategy is used. In this, the 
feed in axial direction of the tool is chosen according to the 

spindle speed n, in a way that both tools generate isolated 
cutting marks on the workpiece surface (Figure 7). Therefore, 
the feed f is set higher than the combined width of the cutting 
marks b1+b2, with calculates as follows: 

𝑏𝑖 = 2√𝑎𝑝,𝑖(2 ⋅ 𝑟𝜀 − 𝑎𝑝,𝑖) with 𝑎𝑝.𝑖 = 𝑎𝑝 + Δ𝑟fly,𝑖 

 
Figure 7: High feed milling strategy to achieve isolated cutting marks. 

For the cutting experiments, the tool holder is applied on a 
Nanotech 500FG ultra precision machine tool. Therefore, it is 
mounted on the PI 4R air bearing spindle previously used on the 
test stand which is placed on the B-axis of the 500FG. The 
workpiece (OFHC copper) is clamped on the main axis (C) of the 
machine tool. The 4R spindle axis is aligned in parallel to the 
X-axis so that the cross feed motion vf is performed in this 
direction.  

Two diamond radius tools with nose radii of rβ1 = 725 µm and 
rβ2 = 762 µm are mounted on the tool holder. After mechanical 
pre-setting, the nominal fly-cut radius is rfly = 79 mm with a 
Δrfly = 402 nm deviation between the two cutting edges. At an 
infeed of ap = 5 µm, this yields cutting mark widths of 
b1 = 170 µm and b2 = 206 µm. Thus, at a spindle speed of 
n = 500 min-1, a cross feed of vf = 200 mm/min (i.e. f = 400 µm) 
is applied.  

 
Figure 8: Setup for diamond milling with multiple cutting edges on a 
Nanotech 500FG machine tool 
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In this case, the original ring light shown in [7] with 36x 
SFH4783 LED was used at a maximum current of ILED = 1 A. 
During the test cycle, the machine was programmed to cut a 
small section with length of l = 7 mm and several cutting marks 
for both tools every minute. After generating one section with 
the reference depth of the cutting marks, the LED heating was 
switched on for 30 minutes so that the sections 2 to 32 should 
show an increase of depth for one of the cutting marks. After 
switching off the heat source, another 28 sections were 
generated to contain the retraction of the previously expanded 
tool due to cooling. The resulting surface is measured using a 
white light interferometer and the depth is extracted for eight 
adjacent cutting marks (four for each tool, see Figure 9, top). 
This allows rudimentary statistics to be calculated later. 

 
Figure 9: Evaluation of cutting mark depth 

The following Figure 10 shows the development of the 
difference in cutting mark depth as an indicator for the thermal 
expansion (lm = Δd). The red line shows the mean of four 
measurements while the light red area indicates the standard 
deviation. The measurement of the reference plane is shown in 
blue for comparison. 

 
Figure 10: Shift of the reference plane (blue) in comparison to the 
development of the difference in depth of the cutting marks. 

First, it is noticeable that the difference in cutting mark depth 
is a lot more unstable than that of the reference plane. 
Foremost, this can be attributed to instabilities in the cutting 
process as well as to difficulties in determining the correct (i.e. 

maximum) groove depth for each measurement due to artefacts 
occurring during cutting and measurements (cf. Figure 9).  

Nevertheless, a change in cutting depth due to the thermal 
expansion is discernible in the cuts. Between section 10 and 
section 30 (equivalent to t = 10 to 30 min in Figure 10), i.e. in a 
range where the thermal expansion should have reached its 
maximum due to the capacitive measurements, the mean depth 
difference is Δd = 481 ± 98 nm, compared to Δlm = 424 ± 22 nm 
for the capacitive measurement. 

5. Conclusion and outlook 

This paper shows the novel design of an LED ring light system 
to selectively heat up a thermal actuator on a diamond milling 
tool. Perspectively, this concept shall be used in ultra-precision 
milling with multiple cutting tools to align all cutting edges to a 
common fly-cut radius. The system consists of four segments 
with eight infrared LED each that are assembled to a full ring 
light. One of such ring lights is used to selectively heat the front 
face of the actuator while a second one heats the rear face. To 
synchronize the LED switching, dedicated control electronic 
have been designed and built. The first evaluation of this system 
show that a thermal expansion of around 420 nm is achieved at 
spindle speed of 300 min-1 on a test stand without actual tool-
workpiece contact.  

In subsequent experiments, the applicability of the thermal 
tool setting mechanism was demonstrated in an exemplary 
milling setup, utilizing a previous iteration of the LED ring light 
system. It could be shown that an expansion is visible in both the 
measurements of the reference plane during cutting as well as 
on the actual machined surface as proven by the evaluation of 
the cutting marks with a WLI. However, the results still show 
deviations for the machined cutting marks due to instabilities of 
the cutting process.  

Therefore current investigations focus on improving the 
cutting process itself to generate clean cutting marks as well as 
to implement a robust and automated evaluation of the cutting 
mark depth.  
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Abstract 
The constant development and improvement of mechanical and chemical properties of high performance ceramics allows the 
expansion of its actual applications. In comparison to metal materials, the use of novel high performance components can offer 
numerous advantages. In turbomachinery, a full ceramic impeller can fulfil the requirements of efficiency and high turbine inlet 
temperatures combined with lower cooling requirements, reduced combustion emissions and fuel consumption. This is feasible not 
only thanks to the properties of the ceramics, but also by the interaction of this with simulation, design optimization, manufacturing 
processes and a high quality finishing by hard machining. However, the machining of brittle material components with complex 
geometries remains a challenge in terms of resultant surface characteristics, tribological properties, geometric accuracy and process 
costs. In this scenario, 5-axis grinding with mounted points and innovative strategies provide new possibilities for the manufacturing 
of these complexes components. The current work aims at a practice-oriented design and the following hard machining of a hot 
isostatically pressed silicon nitride (HIPSN) impeller with complex geometry and high requirements, gathering low geometrical 
deviations, reduced brittle fractures and roughness at the ground part. To achieve these objectives, different machining strategies 
and parameters are tested and correlated with the resulting quality of the component. Simulation techniques are also shown to 
ensure optimum operating conditions for the ceramic component. 
 
 
5-axis grinding, kinematics, sculptured surfaces, Silicon Nitride   

 

1. Introduction  

The demand for high efficient turbomachinery systems such as 
aircraft engines, stationary gas turbines, as well as 
turbochargers for engines is constantly growing due to the 
increasing need for energy and mobility worldwide [1]. 
Moreover, the concern to reduce the environmental impact of 
power generation, e.g. emissions of NOx and CO, and the 
commercial pressure for continuous improvement in engine 
performance and fuel efficiency have driven the development of 
new materials with increasing temperature resistance and 
performance capability [2-4]. In this context, high performance 
ceramics can offer many advantages in comparison to nickel-
based superalloys [5-12]. However, besides market growth, the 
challenges faced by industry in order to produce and machine 
such materials are also growing.  

Regarding the difficulties of using high performance ceramics 
as structural material in critical components of turbine 
components, two are described in the current work. The first is 
the redesign of an actual impeller needed to support the high 
stresses at high temperature while using materials with relative 
low critical fracture toughness KIc. The second is the machining 
of such components to achieve high geometric accuracy and 
obtain a crack free surface. 

This work describes the development of a design and hard 
machining strategies of a HIPSN turbine impeller in order to 
achieve a component able to raise the turbine inlet temperature 
and therefore its efficiency. Critical geometries of the current 
impeller are pointed out and changes are suggested to enable 
the material exchange. Within complex geometries, the tool 
orientation during hard machining of such component plays a 

major role on the resultant surface characteristics. The current 
work is focused on the 5-axis grinding using spherical mounted 
points, in with thin and large surfaces with complex geometries 
are complained. 

2. Experimental Setup 

2.1. General Information  
The original metal material of the impeller was replaced by 

HIPSN developed in the Fraunhofer Institute for Ceramic 
Technologies and Systems IKTS. The material replacement, 
(metal to ceramic) requires changes in the component’s design, 
originally from one microturbine with a rating of P = 30 kW. The 
design adjustment was supported by CFD simulation and a 
structural heat transfer simulation. The final CAD model for a 
ceramic impeller is shown in Fig. 1. An material oversize of 
approximately a = 0.2 mm was left during the injection to 
guarantee the final dimensions of the part through hard 
machining.  

 
Figure 1. Optimized CAD model of a ceramic impeller  

The hard machining followed four steps: definition of the 
grinding strategies and kinematics, generation of a CAM code, 
roughing and finishing processes.  

10 mm
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2.2. Grinding machine and process parameters 
Grinding experiments were conducted at the FRAUNHOFER IPK 

facilities on a 5-axis machining center RXP 600 DSH UHP, 
manufactured by the company RÖDERS GMBH, Soltau, Germany. 
The high-precision machine is equipped with an automatic tool 
changer, an integrated acoustic emission (AE) system, an 
integrated tactile workpiece measurement system as well as an 
internal dressing unit. The cooling lubricant employed was the 
grinding oil Rotex Spezial V 1734-2, manufactured by MKU 

CHEMIE GROUP, Rödermark, Germany. For the technological 
investigation, single layer grinding tools with diamond abrasive 
grains were used. Table 1 shows the grinding and sharpening 
parameters for the investigations.  

 
Table 1 Grinding and sharpening parameters for the investigations 

Grinding parameters 
Peripheral wheel speed vs 
Depth of cut ae 
Feed rate vf 
 
 
 

21 
variable  
variable 

m/s 
mm 
mm/min 

Cooland flow rate QKSS 3 x 6 l/min 

Sharpening parameters   

Feed rate vfSb 200 mm/min 
Depth of cut aeSb 2 mm 
Height of sharpening block hSb 6 mm 

Grinding tool   

Tool diameter ds 8 mm 
Tool length l 60 mm 
Grain type D126/D64  
Bond type Electroplated  
Abrasive grain concentration G10/G20  

Workpiece   

Material Si3N4  
 
   The roughness was measured with a optic measurement 
system InfiniteFocus manufactured by the company BRUKER 

ALICONA, GRAZ, Austria, using a lateral resolution of lr = 1 µm and 
vertical resolution of vr = 0.075 µm. A first order filter was 
applied to generate the primary profile from the measured 
profile. 

3. Results 

3.1. Generation of a turbomachinery impeller design adapted 
to ceramic properties 

The turbine impeller, loaded by a maximal rotation of 
n = 96.000 rpm, is to be substituted by a monolithic ceramic 
impeller. In contrast to metallic materials, ceramics exhibit 
about six times lower thermal expansion ratio and a 
considerably lower tensile strength. Thus, it is necessary to 
create on the one hand a ceramic-suitable impeller design and 
on the other hand a construction concept to assemble metal and 
ceramic components. 

The computer aided design (CAD) process requires the 
detailed knowledge of the loads acting to the turbomachinery 
system during assembly and in operation. Additionally to the 
mechanical clamping load and the centrifugal forces, the 
thermal loads resulting from the hot gas flow are considered. 

The solid temperature distribution is the result of a “multi-
physical” process: the exhaust gas flow induces a heat flux 
whose sign and magnitude is depending on the wall 
temperature of the solid. In turn, the wall temperature is 
determined by the heat flux from the gas flow and other thermal 
boundary conditions. Thus, a cosimulation between a 
turbomachinery CFD simulation (FINE/Turbo) and a structural 
heat transfer simulation (ABAQUS) has been performed until 

thermal equilibrium is reached. The code coupling tool (MpCCI 
CouplingEnvironment) was used for the data exchange 
management at run-time. With these mechanical and thermal 
loads, first feasibility studies were realized and a ceramic design 
was developed. As shown in Fig. 2, mainly the chamfers have 
been replaced by radii and the press fit between the ceramic 
impeller and the metallic axle was removed. Moreover, the inner 
bore hole is shaped conically. Furthermore, conical metallic 
washers were introduced which allow a centering of the impeller 
while the different thermal expansions are compensated by 
radial slipping. 

 
Figure 2. (a) Original metalic impeller with tie rod and air bearing and  
                 (b) basic design features 

 
The frictional connection between the parts is realized with a 

clamping concept. Due to the different thermal expansions of 
the components materials the pretension force for the 
assembling had to be adapted. The materials are: Inconel (axle), 
ceramic (impeller) and aluminum (compressor). Therefore it was 
necessary to choose an initial pretension load, which, after 
reduction by heating, is high enough to transfer the resulting 
torque from the fluid to the axle. 

The final step of the ceramic-suitable design process was an 
algorithmic optimization of the impeller geometry starting from 
the developed basic design. A multi-target optimization based 
on response surfaces was performed in order to create a design 
with reduced mechanical stresses. Since the basic shape of the 
flow channel is not to be changed, the blade thickness, the 
scallop radii, the blade root radius, the  conical angles of the bore 
and the washers and the height of the washers served as 
parameters. The optimization work-flow was set up using the 
software modeFRONTIER, where several automation scripts 
(ANSA, metaPost) are applied.  

In this way, it was possible to generate multiple designs, which 
meet the high requirements concerning the maximal tensile 
stress (< 340 MPa) and the manufacturing conditions. For the 
final design was achieved using performance (FINE/Turbo) and 
vibration (MpCCI FSIMapper, ABAQUS) simulations. 

 
3.2. Grinding strategies  

The strategies and kinematics to grind a micro-turbine 
impeller are limited by the size and detail level of the features to 
be ground, access of the tool to the features, among others. 
According to JOSHI AND CHANG  [13], features are regions of a part 
having some manufacturing significance in the context of 
machining. Examples of such features are hole, slop, pocket, etc. 
The current work is focused at the machining of complex 
features. Therefore, features formed by the rotation or transla- 
tion of a straight line in the workpiece coordinate system (WCS), 
such as the features shown in Fig. 3, are not discussed in the 
current work. Moreover, these features are preferentially 
ground using cylindrical tools. 

 

 
Figure 3. Examples of features to  be ground [15] 

a) b)
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One of the key parameter regarding 5-axis grinding is the 
stepover fs. This parameter represent the distance between two 
parallel tool paths while grinding a surface and result in the 
theoretical roughness Rth while using spherical mounted points 
(also named scallop height). For the features shown in Fig. 4, the 
surfaces are machined using a single path of the tool. Therefore, 
stepover fs have no significant influence on the process and on 
the ground surface. 

 

 
Figure 4. CAM simulation for the strategies A and B [15] 

 
Figure 4 shows the strategies A and B described in the current 

work. The kinematics used in the strategy A is based on the tool 
orientation coordinated by tilt βfN and lead βf  angles. These were 
selected to result in a tool inclination of α = 30° and a structure 
angle of αs = 45° . For the strategy B, the tool was positioned 
tilted 30° to the impeller axis, resulting in the variation of the 
structure angle αs within the ground surface. For both strategies, 
the cutting speed in the center of the groove was vc = 10.5 m/s, 
the feed rate was vf = 200 mm/min and the depth of cut was 
ae = 0.020 mm. The strategies C, D, E and F are based on the 
feature shown at the Fig. 5. This feature is a wide surface and 
need to be machined with parallel passes of the tool (using the 
parameter stepover fs). The grinding strategy defines the tool 
path. Examples of such strategies are zig-zag, one way, contour 
parallel to the border and spiral. At the current work, this feature 
was ground with roughing (strategy C) and finishing parameters 
(strategies D, E and F) using an spiral strategy centred on the 
impeller axis. 

 

 
Figure 5. CAM simulation for the strategies C, D, E and F [15] 
 

   For the roughing process, strategy C, the surface was ground 
using stepover fs = 0.5 mm and depth of cut ae = 0.02 mm. To 
increase the area of the tool in contact with the workpiece after 
a complete tool rotation and the chip flow efficiency during the 
roughing, a tilt angle βfN = 30° was applied, resulting in a 
structure angle of αs = 0°. 
 
Table 2. Complementary table of the grinding parameters for the    
                   grinding of the ceramic impeller 

 
 

 
3.3. Analysis of the ground surface 
   The analysis of different features frequently demand different 
methods. Therefore, the ground surfaces in the current work 
were analysed in two parts: the ground surfaces without 
(strategies A and B) and with the influence of the stepover fs 
(strategies C, D, E and F). Fig. 6 shows the optic measurement of 
thin surfaces ground without stepover fs . For the machining of 
such features, the borders play a major role in the analysis of the 
machining quality. 
 

 
Figure 6. Optic  measurement of the turbine impeller:  
                 strategies A and B [15] 

 
   Grinding with a structure angle αs = 45° tend to reduce the 
surface roughness due to the scratches tilted in relation to the 
feed direction, even in thin walls. The measurement of the 
strategy A shows no significant brittle fractures in the entrance 
nor the exit of the abrasive grains along the surface border. 
Some brittle fractures were observed over the surface, however, 
repeated in the feed direction. This behaviour results from a 
protruding grain on the tool, which increases the material 
removal in a limited zone.  The optic measurement of the surface 
ground with strategy B reveals a high amount of brittle fractures 
along the surface border. These are concentrated in the exit of 
the abrasive grains over the surface. No significant fractures 
were observed along the borders on the entrance side of the 
surface. The difference between the exit border in the strategies 
A and B shown the influence of the vibration during grinding 
process, in which strategy B (specifically B3 in Fig. 6) represents 
the most susceptible part of the impeller to vibrate. Figure 7 
shows the values of Sa, Sz, Spk, Sk and Svk for the strategies C, 
D, E and F, measured with an optic measurement device. For the 
grinding of a large surface, roughness parameters are initially 
employed (strategy C) to achieve a high material removal rate. 
The gain in the material removal rate reflect in the surface 
quality, resulting in the highest values of Sa, Sz, Spk and Sk. 

Strategy A Strategy B

Strategy C
αs = 0°

Strategy D
αs = 90°

Strate-
gies E, F
αs = 225°

Strategy A B C

Process Finishing Finishing Roughing

Structure angle as 45.00 variable 0.00 degree

Incl ination angle γ 30.00 variable 30.00 degree

Lead angle βf 20.70 variable 0.00 degree

Ti l t angle βfN -22.21 variable 30.00 degree

Depth of cut ae 0.02 0.02 0.02 mm

Stepover fs - - 0.50 mm

Cutting speed vc 10.50 10.50 10.50 m/s

Feed rate vf 200.00 200.00 1000.00 mm/min

Tool  diameter ds 8.00 8.00 8.00 mm

Grain s ize D 126.00 126.00 126.00 µm

Strategy D E F

Process Finishing Finishing Finishing

Structure angleas 90.00 225.00 225.00 degree

Incl ination angle γ 30.00 30.00 30.00 degree

Lead angle βf 30.00 -20.70 -20.70 degree

Ti l t angle βfN 0.00 22.21 22.21 degree

Depth of cut ae 0.01 0.01 0.01 mm

Stepover fs 0.10 0.10 0.10 mm

Cutting speed vc 10.50 10.50 10.50 m/s

Feed rate vf 1000.00 1000.00 1000.00 mm/min

Tool diameter ds 8.00 8.00 8.00 mm

Grain s ize D 126.00 126.00 64.00 µm

A1 A2

B1 B2 B3

entry

exit

entry

exit

vf
vc

vc

vf

vc

vf

vc

vf
vc

vf
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Figure 7. Surface parameters for the strategies C, D, E and F [15] 

 
   A reduction on the stepover from fs = 0.5 mm to fs = 0.1 mm 
reduces the value of the theoretical roughness from 
Rth = 7.8 µm to 0.3 µm. Low values of stepover fs and depth of 
cut ae result in a high geometrical accuracy on the final 
workpiece (strategies D, E and F). Regarding to the kinematic 
parameters, reductions of 43 % of Sa, 19 % of Sz, 48 % of Spk, 
40 % of Sk and 48 % of Svk were observed while changing the 
structure angle from αs = 90° (strategy D) to αs = 225° 
(strategy E). The strategy E is the strategy with the optimized 
grinding and kinematic parameters. Not only the lowest 
geometric deviation are observed but also the lowest surface 
roughness. However, brittle fractures were randomly observed 
over the ground surface for the strategies C, D and E. The 
strategy F possess the same grinding and kinematic parameters 
than the strategy E, with exception of the grinding tool. The size 
of the abrasive grains for the strategy F is D = 64 µm (126 µm for 
the previous strategies). This alteration changed not only the 
surface roughness (see Fig. 7), but also the material removal 
mechanisms. No significant brittle fracture was observed on the 
surface ground for the strategy F. 
   Grinding with spherical mounted points allows high flexibility 
regarding the kinematic to be employed. According to UHLMANN 
[14], the scratches on the workpiece for grinding with structure 
angle αs = 90° or αs = 270° are perpendicular to the feed 
direction F. The joint action of the abrasive grains over the tool 
surface changes the real depth of cut ae to the grains located in 
different positions over the tool. The reduction on the grain size 
result in this case in higher amount of grains over the tool 
surface. 

4. Summary and conclusions  

High performance ceramics can be used as alternative 
material in the turbomachinery, bringing advantages such as 
higher efficiency and reduction of the combustion emissions. 
The current work investigates the design and the hard machining 
of a HIPSN turbine impeller. To achieve a functional HIPSN 
turbine impeller, a redesign in its geometries is required. A 
ceramic-suitable design gather a proper co-simulation between 
turbomachinery CFD simulation and structural heat transfer 
simulation. Furthermore, the optimized machining of such 
component can be achieved using proper grinding parameters, 

kinematics and tools. The following conclusions can be drawn 
from the current work: 

• The grinding kinematic, defined by the tool orientation 
during process, represent an important factor on the final 
characteristics of the ground part. 

• The tilt and lead angles can be used on 5-axis grinding to 
create structures on the ground surface, hence reducing its 
roughness. 

• High values of stepover fs results in high removal material 
rate Qw, however, resulting in high values of roughness on the 
ground surface. 

• By reducing the abrasive grain size and increasing its 
concentration, the number of cutting edges increases. Thus, the 
material removal rate Qw for one cutting edge reduces, resulting 
in a reduction of the amount of brittle fractures on the ground 
surface. 
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Abstract 
Demands of large moulded components with many type of structured surface are increasing in optical device and medical device. 
Furthermore structured hard moulds are required to decrease the mould wear and increase a number of moulding times. In order to 
machine large structured moulds of tungsten carbide, large milling tools made of polycrystalline diamond (PCD) were developed. 
Two hundred cutting edges were generated sharply and precisely by wire EDM and grinding on the edge of a PCD wafer disc. In the 
cutting experiments of binderless tungsten carbide, some moulds with micro V-groove made were cut with the developed PCD milling 
tool. From the cutting experiments, 90 degrees V-grooves of 25, 50 and 100 mm depth were generated precisely. The moulds and 
dies were cut sharply and precisely in the ductile mode. It was clarifiled that the PCD milling tool was useful for cutting of hard 
materials molds with structured surface. 
 

Polycrystalline diamond milling tool, precision cutting, structured moulds of tungsten carbide   

 
 

1. Introduction 

Demands are increasing for structured components to be 
installed in various optical devices, such as light systems for 
automobile, functional display panels, and anti-reflective panels. 
Most of the structured components are made of plastics, and 
generally mass produced by injection molding with machined 
molds made of harden steel. In order to increase the mold life, 
molds made of tungsten carbide or silicon carbide are requied.  

The dies and molds are mostly ground with micro diamond 
wheels [1-4]. The diamond wheel must be trued carefully on the 
machine before grinding, however the grinding wheel wears 
soon and it is difficult to keep the original geometrical shape of 
the wheel. It is, therefore expected that the ceramic dies and 
molds could be finished with high accuracy if a proper diamond 
cutting tool is developed as the size of the dies and molds 
becomes smaller and the required accuracy becomes higher 
[1,2]. Shamoto and Moriwaki developed the ultrasonic elliptical 
vibration cutting method and applied to mirror machining of 
hard materials with single crystal diamond tool [5]. In this cutting 
method, the materials are removed by interrupted cutting and 
the tool wear can be decreased. It is therefore expected that the 
hard tungsten carbide can be cut with micro milling tool. 

2. Development of milling tool 

The PCD milling tool was fabricated as shown in Figure 1. At 
first the PCD wafer was bonded with a silver alloy on to a 
cemented carbide substrate and the bonded PCD plate was cut 
to small cylindrical plates by wire EDM. The PCD plate was 
bonded on to a cemented carbide shank with a silver alloy. 
Finally, the end face and side face of the PCD chip was ground 
and polished with a diamond wheel, and the cutting edges were 
ground by a sharp diamond wheel. Figure 1 shows photographs 

of newly developed polycrystal diamond (PCD) micro milling 
tool. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Machining process of PCD milling tool 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 (a) View of PCD tool                            (b) Details of the tool 
Figure 2.  Photographs and illustrations of newly developed polycrystal 
diamond (PCD) milling tool 
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3. Experimental set-up and method 

The PCD tool was attached to a 4-axes (X,Y,Z,C)  ultra-precision 
machine, Toshiba ULG100D(H3) as shown in Figure 3. The tool 
spindle is an air-bearing spindle with the maxim rotational speed 
of 30,000 min-1. The tool was actuated in X, Y and Z-axes by the 
linear scale feedback system with 1 nm positioning resolution. In 
the cutting test, the tungstencarbide workpiece was vacuum 
chucked onto the workpiece table. The PCD milling tool was 
chucked with a collet chuck to the air spindle on Y-axis table.  
In the preliminary cutting experiments, a dynamometer was 
attached onto the workpiece table and the workpiece of binder-
less tungsten carbide was chucked to the dynamometer to 
measure the cutting force as shown in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3. View and schematic illustration of cutting experiment 

4. Experimental results 

Binderless tungsten carvide molds were milled by the developed 
milling tool of porycrystalline diamond (PCD) to generate V-
grooves as shown in Figure 3. Cutting conditions are shown in 
Table 1. Figure 4 shows SEM images and profiles of cut V-grooves. 
Depth of cut and pickfeed were changed. 

  
 
 
 
 
 
 
 

(a) Depth of cut: t=0.028 mm 
 
 
 
 
 
 
 
 

(b) Depth of cut: t=0.053 mm 
 
 
 
 
 
 
 
 

(c) Depth of cut:  t=0.105 mm 
Figure 4.  SEM images and profiles of cut V-grooves on bindeless WC 

Surface roughness of cut binderless tungsten carbide mold is shown in 
Figure 5. Surface roughness was measured according to the cut 
directions of V-grooves by none contact type laser probe scanner.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Surface roughness  of the V groove 
 

Tangential force and normal cutting force were measured by the 
dynamometer to evaluate the cutting performances. Figure 6 
shows cutting force measured in down-cut mode. Depth of cut 
was changed from 0.028 mm to 0.105 mm. Cutting forces 
increase with increases in the depth of cut and the feed rate, 
respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Cutting force measured in case of down-cut 

5. Conclusions 

In order to machine large moulded components with many type 
of structured surface, micro milling tools made of polycrystal 
diamond (PCD) were developed by wire EDM and grinding on 
the edge of a PCD wafer disc and the molds and dies of V-grooves 
made of binderless tungsten carbide (WC) were tested to 
machine. From the cutting experiments, 90 degrees V-grooves 
of 25, 50 and 100 mm depth were generated precisely in the 
ductile mode. It was clarifiled that the PCD milling tool was 
useful for cutting of hard materials molds with structured 
surface. 
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Table 1 Cutting conditions for aspherical cutting 

Workpiece Binderless tungsten carbide 

Tool rotation speed 10,000 min-1 

Depth of cut 0.028, 0.053, 0.105 mm (Up-cut) 
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Abstract 
Diffractive optical elements (DOEs) are used in various applications, e.g. diffraction gratings for Raman and LIPS spectroscopy. The 
manufacture of DOE can be achieved by ultra-precision machining (UPM). UPM manufactured diffraction gratings are either shaped 
with rectangular diamond cutting tools or ruled, in which the grooves are formed by cylindrical diamond tools. Regarding higher 
production quantities, usually a master grating is manufactured and replicated. Therefore, the material of the master grating should 
provide high hardness and enable low roughness values. Electroless Nickel-Phosphorous (Ni-P) is widely used in UPM and offers those 
properties. However, the material-specific limits, machining strategies, and process parameters need to be determined for the two 
mentioned manufacturing processes. 
For this purpose, experimental and numerical investigations were conducted and are presented in this paper. The examined groove 
widths are in the range of 1 – 10 µm. The experiments for ruling and shaping processes were conducted on a LT-ULTRA MMC 1100 
ultra-precision machining center. The diffraction efficiencies of ruled gratings were calculated by rigorous coupled wave analysis. In 
order to determine the tool wear, cutting experiments of large-area gratings have been conducted. Manufacturing grooves with 
doubled width on predetermined positions enables to indirectly measure the cutting edge displacement of the tool in dependence 
of the cutting length by means of atomic force microscopy.  
Opposed to other grating materials like Au, defect-free grooves could not be ruled into Ni-P. The grooves are not formed completely 
by low process forces whereas forming with higher forces lead to a removal of material in the upper part of the groove. This reduces 
the calculated diffraction efficiency by at least 26.3 % which is why further research in ruling of diffraction gratings in Ni-P is advised.  
However, much lower geometrical defects can be achieved by shaping the grooves. During the experiments, roughness values 
Rq ≤ 1.5 nm and cutting lengths lc > 3 km without significant wear were achieved, which enables the manufacture of large, high-
efficient DOE in Ni-P. 
 
 
Microstructure, electroless Nickel, DOE, Ultra-precision 

 

1. Introduction 

There are several use-cases which demand high-efficient 
analytical equipment, e.g Raman spectroscopy for analysis of 
low-concentrated contaminants in liquid solutions. As the 
accuracy of these systems demands high-priced-quality 
components like diffraction gratings, prices are often not 
affordable for consumer-level appilcations.  

One approach to reduce prices is to achieve lower 
manufacturing costs via replication of master-gratings. 
Manufacturing of curved as well as planar DOEs with high-
effictient blaze-geometry is mostly done by means of 
lithographic/holographic processes [1]. These processes 
demand high effort in master-grating-production and are limited 
in form and structural dimensions of the blaze-geometries. An 
example for this are echelle gratings which contain groove 
widths and heights of several microns and are not 
manufacturable with current available laser wavelengths for 
holographic illumination. 

One approach to reduce diffraction grating costs and expand 
the range of manufacturable DOEs is to alter the manufacturing 
process. By ultra-precision diamond machining each groove is 
generated sequentially, similar to the original diffraction grating 
manufacturing processes described by ROWLAND [2].  

 

 
This enables a low radius of curvature as well as a large variety 
of grating groove geometries. In order to achieve large 
procuction quantities, the material selection must consider low 
levels of surface roughness and a sufficient hardness for a 
considerable amount of replication cycles via injection moulding 
or hot embossing. A replacement of the diamond tool within the 
manufacturing comes with finite precision in adjustment and 
therefore causes noticeable defects/form deviations of the DOE. 
This means that at least a finish cut must be conducted with one 
diamond tool. As damages of the diamond tool are geometrically 
projected into the groove geometry, the tool wear behaviour, in 
particular chipping and cutting edge displacements, should 
enable a production of surfaces with sufficient size.  

Diamond cutting is widely used to machine electroless nickel 
(Ni-P), as the amorphous microstructure of the material enables 
low achievable roughness values. Ni-P alloys with amorphous 
microstructure can be deposited in an autocatalytic process [3]. 
However, as two different machining processes with only 
partially known suitability for shaped Ni-P gratings [4] are used, 
suitable process parameters and technical limits are partially 
unknown. In order to investigate the achievable geometrical and 
optical qualities, various experimental and numerical 
investigations have been conducted which are discussed in this 
paper. 
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2. Experimental setup 

The experimental investigations have been conducted with an 
ultra-precision machining center LT-ULTRA MMC 1100. The 
machine tool is modified by additional stiffening, additional 
housing for thermal stabilisation, vibration decoupling and 2 
additional rotary axes. 

Two machining processes have been investigated: ruling and 
shaping depicted in Figure 1. For the ruling process cylindrical 
diamond tools are used which were mounted to a flexure-based 
tool holder which enables a precise adjustment of the ruling 
force Fr. For the shaping experiments rectangular shaped 
monocrystalline diamond tools have been used. A summary of 
the applied process parameters is given in Table 1 
 
Table 1: Process parameters of experimental investigations 
Process Shaping Shaping  

(tool wear) 
Ruling 

Grating period b 1 µm 5 µm 1 µm 

Blaze angle αb 6° 1 ° 5 ° 

Diamond tool HPHT MCCD, 
HPHT 

MCD,  
rwz = 6mm 

Material/Workpiece 100 µm Ni-P coating 

Cutting/ruling speed 
vc/vr 

1000 
mm/min 

1000 
mm/min 

550 
mm/min 

 
A NANOSURF NANITE atomic force microscope (AFM) was used 

for the measurements of surface topologies. Larger-scale 
measurements were conducted on a ZYGO NIEWVIEW 5015 White 
Light Interferometer (WLI). The examined samples were brass 
substrates with amorphous, high phosphorous content Ni-P 
coating. A more detailed description of the used experimental 
tools and devices is given in [5]. The diffraction efficiencies were 
numerically calculated by rigorous coupled wave analysis 
(RCWA). 

 

 
 

Figure 1. Ruling and shaping (schematic) 

3. Experimental results 

3.1. Ruling 
The ultra-precision ruling of diffraction gratings is an adaption 

of the original mechanical manufacturing process and is mostly 
carried out on thin Au layers. In order to determine suitable 
process parameters for amorphous Ni-P coatings, experimental 
investigations have been conducted. Moreover, the resulting 
theoretical diffraction efficiencies have been calculated for the 
experimentally generated grooves and compared to those of the 
nominal, desired geometry. In the ruling experiments, two 
ranges of parameters, groove width 1.0 µm < b < 1.8 µm and 
blaze angle 3° < αb < 5°, were investigated.  

By ruling the structures with low ruling force Fr, an underfilling 
occurs, wich means that the groove facets, especially the upper 
sections, are not completely formed by the ruling tool and 
therefore do not correspond to the tool geometry. However, 
with the raise of the ruling force Fr, a removal of material in the 
upper part of the grating grooves is caused. 

This ruling behaviour differs to Au [5]. It is assumed, that the 
removal at high ruling force Fr is caused by a brittle behaviour of 

the Ni-P in which parts of the material breakup during the 
forming process. This assumption is supported by high amounts 
of particles observed on the grating surface. This means that no 
microstructures free of geometrical defects are achieved in the 
parameter range by ruling in Ni-P coatings. 

In Figure 2 an AFM-profile measurement of a ruled diffraction 
grating  and the corresponding calculated diffraction efficiencies 
for various diffraction orders under orthogonal illumination are 
displayed. It can clearly be seen that there is a significant 
geometrical deviation between the nominal/desired and the 
measured groove profiles. A calculation of the corresponding 
diffraction efficiencies is displayed in the lower section of Figure 
2. The difference in diffraction efficiency in first diffraction order 
Δηm1 amounts an absolute value of 14.08 %. As the diffraction 
efficiency of the nominal grating profile is η = 31.32 %, this 
means that there is a relative loss of first order diffraction 
efficiency of 55.02 % which is caused by the geometrical 
deviations of the measured grooves. Similar results have been 
observed for other geometries, with a minimum loss of 26.3 %. 
A variation of ruling speed did not show any siginificance to the 
results which means that the ruling force Fr is the only variable 
parameter. As there is no ruling force Fr for production of low-
defect Ni-P-DOE in the examined parameter range ruling is 
considered to be not suitable for production of high-efficient 
DOEs in the investigated parameter range on amorphous 100 
µm thickness Ni-P coatings. 

 
Figure 2. Ruled Ni-P-Grating and corresponding calculated diffraction 
efficiencies 

 
3.2. Shaping 

While amorphous Ni-P coatings are commonly used in ultra-
precision machining, the potential geometries and limits in the 
manufacture of blazed DOE yet need to be determined.  

For this purpose shaping experiments regarding achievable 
geometry, roughness values, and cutting lengths have been 
conducted. The cutting tools used were type Ib synthetic 
monocrystalline diamonds manufactured by high pressure high 
temperature processes (HPHT-MCD). As seen in Figure 3, the 1st 
order diffraction efficiency in TM-Mode of the shaped groove 
geometry is much closer to that of the desired geometry with a 
relative loss of 13.03 %. It is assumed, that this remaining loss is 
mainly caused by the roundings of the groove edges. A 
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comprehensive investigation of theoretical and measured 
diffraction efficiencies for shaped gratings remains to be 
conducted. Yet, the depicted grating poses a challenge for 
cutting processes and still enables efficiencies with only half the 
loss of best achieved ruled gratings. This indicates that much 
lower relative losses can be achieved with larger shaped grating 
geometries where the edge roundings contain a smaller share of 
the geometrical profile. 

Opposed to ruling the observed geometrical deviations were 
significantly lower in the shaping experiments. Few to no defects 
were observed for groove widths 1 µm ≤ b ≤ 10 µm, depicted in 
Figure 3.  

 

 
Figure 3. AFM-profile measurement of diffraction grating with 1 µm 
grating period 

 
The diffuse scatter of an optical surface depends on the 

RMS-surface roughness. Therefore, the RMS-roughness Rq has 
been determined by WLI-measurements of planar test gratings 
manufactured with varying cutting depths a, cutting speeds vc, 
and rake angles γ. The roughness Rq is determined from 
extracted line profiles along the groove direction. The results can 
be seen in Figure 4.  

 

 
Figure 4. Roughness Rq in shaped Ni-P-Structures for various cutting 
depths a 

As the roughness Rq correlates to the cutting depth; minimum 
values of Rq < 1 nm have been achieved for cutting depths 
a ≤ 200 nm. However, as the samples are pre-machined by fly-
cutting and/or milling, a minimum nominal cutting depth of 
a ≥ 0.5 µm is advised to ensure low cutting depth variations. 
Depending on the groove geometry multiple cuts might be 
necessary in order to achieve a finish cut with a low cutting 
depth 1 µm > a > 0.5 µm. 

4. Tool Wear 

For production of larger surface areas, tool wear is crucial. As 
each groove is cut consecutively, abrasive tool damages are 
transferred into the groove profile [4]. As the groove positions 
are defined by the trajectories of the cutting edge, any cutting 
edge displacements lead to a groove dislocation. Especially 
cutting edge displacements towards the rake face cause a 
dislocation of the grooves and therefore a form error of the DOE. 
In order to determine the tool wear of rectangular shaped 
diamond tools in DOE manufacturing, cutting experiments with 
cutting lengths 2 000 m < Lc < 7 000 m have been conducted. 

A precise quantitative measurement of cutting edge 
displacements in the single-digit nanometer range on a diamond 
cutting edge poses a difficult task for even SEM or AFM 
measurement devices. In addition a direct diamond tool 
measurement after certain cutting lengths Lc would demand a 
disassemble and therefore cause a readjustment of the tool 
which always comes with finite accuracy and would therefore 
alter the cutting depth after each diamond tool measurement. 
Therefore, the cutting edge displacement was measured 
indirectly on the groove profiles of experimental shaped DOE. 
For this purpose grooves with doubled groove width b have 
been cut on predefined positions, respectively cutting lengths Lc. 
Figure 5 displays an AFM-profile measurement of a double-
width groove for different cutting lengths Lc.  

It can be seen that the blaze facet contains a unsteady section 
which resembles the form of the grooves with nominal groove 
width b = 5 µm. This corresponds to the abrasive wear towards 
the rake face of the diamond tool which can be determined by 
measurement of the width of the damaged section. 

 

 
Figure 5. AFM-profile measurement of diffraction grating with 1 µm 
grating 
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The measured cutting edge displacements SVγ are depicted in 
Figure 6. The most noticeable effect is the massive abrasive wear 
on the CVD-deposited diamond tool (MCCD) which is roughly 
one order of magnitude larger than that of the type Ib HPHT 
diamond tools. For all HPHT diamond tools a maximum cutting 
edge displacement SVγ < 4 nm has been observed which is 
reached after approx. 2 000 m < Lc < 4 000 m. This can be 
considered as a limit of manufacturable cumulated groove 
length of diamond shaped Ni-P-DOE. However, as the graphs 
indicate an asymptotical progress much larger cumulated 
cutting lengths can be achieved, if cutting edge displacement 
SVγ < 4 nm can be tolerated in the DOE design.  
 

 
Figure 6. Cutting edge displacement towards rake face SVγ in 
dependance of cutting length Lc for various diamond tools 

 
Another possible type of tool damage is the occurrence of 

edge chipping [6]. This would cause irregularities on the blaze 
facets and therefore cause additional stray light and/or reduce 
diffraction efficiency. However, during the experiments no 
cutting edge chipping has been observed on any of the examined 
blaze grooves, respectively diamond tools. 

5. Large surface DOE 

In order to demonstrate the machinability of large-surface DOE 
a series of three echelle-gratings with a surface of each 
50 x 50 mm² have been manufactured. With a groove width 
f = 13.33 µm, each grating contains a cumulated groove length 
of 765 m. As expected, no significant tool wear has been 
observed. 

 

Figure 7. Echelle grating in Ni-P 

6. Conclusions 

Within this paper various experimental and numerical 
investigations regarding diamond-machined Ni-P DOE are 
presented. Ruled gratings show more or less severe groove 
defects which could not be eliminated. Optimal results still 
correspond to diffraction efficiency losses of at least 26.3 %. 
Therefore it excludes ruling for manufacturing Ni-P DOE, unless 
geometries and/or process parameters are found which enable 
less geometrical defects. Shaped DOE with so far minimal 
achieved groove widths b ≥ 1 µm contain much less geometrical 
defects.  

A roughness of Rq < 1nm is feasible at extremely low cutting 
depths but larger cutting depths a > 0.5 µm should be applied in 
the real/final process. Consequently, a roughness of Rq > 1.5 nm 
should be expected in the DOE shaping. Synthetic type Ib HPHT 
diamond tools enable cutting lengths Lc  > 2,000 m wich was 
demonstrated by manufacture of three 50 x 50 mm² echelette 
gratings.  

Future activities will focus on further investigations of the 
influence of diamond-type on tool life and wear behaviour, 
longer cutting lengths as well as profund theoretical and 
experimental investigations of shaped grating diffraction 
efficiencies. 
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Abstract 
Fresnel lenses have gained much attention in recent years due to their weight savings, large spatial coverage and small device 
footprint. However, production of these lenses has been limited to mostly circular contours as conventional diamond turning is used. 
While Fresnel applications continue to see increasing uptake in industrial applications, purely circular lenses may prove inadequate 
in serving their purpose. Enabled by the Virtual Rotating Tool Shaping (VRTS) algorithm on a two-dimensional point cloud with a 
depth component, various geometrically contoured three-dimensional functional surfaces can now be fabricated, while achieving 
maximum fill-factor compared to their radial counterparts. As such, Fresnel lenses can now be directly manufactured with various 
geometrical profiles without being limited to radial contours. The centre of the lenses was also designed to remain radial to reduce 
dispersive losses, while the lens periphery takes the form of the chosen polygon. In this study, a composite polygonal square Fresnel 
lens was successfully machined on a brass workpiece using a 5-axis ultra-precision machine.  
 
Ultra-precision, Diamond, Micromachining         

 

1. Introduction 

Fresnel lenses are created by segmenting the curvature of a 
conventional spherical lens radially into various zones, each of 
which is known as a Fresnel Zone Plate (FZP), and aligning them 
in plane to significantly reduce the thickness of the lens [1-3]. As 
such, these lightweight, thin and highly efficiently lenses have 
greatly benefited optoelectronics, photonics and various solar 
applications, significantly enhancing their performance [3-5]. 

To increase the spatial coverage of such optoelectronic 
components, it is quite prevalent to observe the use of multiple 
instances of these lenses, often deployed in an array. As typical 
Fresnel lenses inherit their circular nature from their 
conventional counterparts, these lens arrays usually lack the 
ability to achieve maximum fill-factor [2,6,7].  

The conventional approach to address this issue would require 
the trimming the round profile of these Fresnel lenses to obtain 
straight edges. This allows for assembly of these lens arrays by 
arranging the edges together. However, this often leads to 
geometric inaccuracies due to the need for alignment of an 
asymmetrical geometry to the rotational centre of the machine. 
The assembly process for these types of lens arrays is also 
extremely time-consuming and tedious as the tolerances 
between each lens are usually kept to ± 10 µm. Furthermore, the 
optical performance around the fringes of the inscribed circle is 
usually compromised as incident light may not be well received 
due to the differing focal points for each facet [7]. 

Alternatively, the groove of the facets can be directly 
generated into geometrical shapes to allow for ease of 
tessellations [2,6,7]. This will allow the Fresnel arrays to achieve 
maximum fill-factor without any gaps in between the lenses. 
Although the cross-sectional profile of these lenses is akin to 
that of their radial counterparts, the facets remain 
perpendicular the apothem of the polygon. 

Polygonal lenses which have been produced till date have also 
experience losses in optical performance due to a degradation 
in focusing efficiency [2]. Also, the corners of these polygonal 
lenses possess sharp edges between the facets, further affecting 
optical performance. 

The composite polygonal Fresnel lens solves these issues by 
firstly removing the internal corners of the polygon, rounding 
the radial feature into an elliptical facet. To increase the focusing 
efficiency, the middle of the lens possesses a conventional radial 
Fresnel lens. As these composite Fresnel lens possess both radial 
and linear features, the Virtual Rotating Tool Shaping (VRTS) 
algorithm must be employed as conventional diamond turning 
cannot produce these features [8].  

In this paper, the surface generation of the composite 
polygonal square Fresnel lens is discussed, followed by a 
modified VRTS algorithm to enable three-dimensional surface 
generation on the UPM. The experimental setup and 
geometrical considerations were then examined. 

2. Direct Diamond Shaping 

Direct Diamond Shaping of the composite Fresnel lenses 
requires the generation and design of the three-dimensional 
surface profile, presented in section (2.1), and the 
corresponding VRTS algorithm that enables the UPM to directly 
shape the workpiece (2.2). 
   
2.1. Composite Fresnel lenses 

Composite Fresnel lenses consist of two distinct profiles when 
observed from the XY plane view (Fig 1), namely the rotary 
symmetric focal centre and the polygonal periphery. This allows 
the Fresnel lens to possess regular edges while maintaining an 
optimal focal centre, achieving maximum fill-factor with 
tessellated patterning. As such, two separate cutting strategies 
are required to develop the functional surface.  
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The first feature developed was the rotary symmetric focal 
centre (Fig 1a). A conventional constant angle Archimedean 
spiral was used to generate the point cloud on the XY plane, 
given by: 

𝜌 = 𝑟 − 𝑓𝑟𝜃   (1) 

 
The radial feed, fr, was set at 2 µm for the roughing and 1 µm 

for the finishing pass, while the spiral starting position, r, was set 
to 0.89661 mm. Once the XY plane profile has been developed, 
it can be mapped onto the XZ profile. This is mathematically 
described by a piecewise function, given as follows: 

 

𝑧𝑟 =  ±√𝑐2 − (𝑥 − ℎ)2 + 𝑘   (2) 
(if 𝑥 = 𝑥𝑝 , 𝑧𝑟 = 𝑧𝑝) 

 

𝑧𝑓 =  (𝑧𝑝+1 − 𝑧𝑝 𝑥𝑝+1 − 𝑥𝑝⁄ )(𝑥 − 𝑥𝑝) + 𝑧𝑝 (3) 

 
Where h and k signify the x and z coordinates for the centre of 

the arcs respectively, while c represents the radius of circle. The 
subscripts r, p and f signify the rounded facets, the piece-wise 
boundaries and the facets respectively. This provides the third 
dimension to the point cloud to generate the functional surface. 
The cross-sectional geometry and the associated tool path can 
be observed in Figure 3. 

After determining the Fresnel profile, the point cloud for the 
polygonal periphery was developed. Using the maximum radius 
of the focal centre as reference, the fillets of the polygonal 
profile linearly decrease to a point, depending on the final size 
of the feature. Given the number of sides of the polygon, n, the 
polygonal profiles can be developed as follows (ref. Fig 2):  

 

For 𝑖 = 1 → 𝑛, where 𝑛 ≥ 3 
 

𝛼 = (2𝜋/𝑛 )    (4) 

 

𝐿 = (𝑅 − 𝑟𝑓) 𝑡𝑎𝑛(
𝜋

2
−

𝜋

𝑛
)⁄   (5) 

 

𝑟𝑐 = √𝐿2 + (𝑅 − 𝑟𝑓)2   (6) 

 

ℎ𝑖 = 𝑟𝑐 cos (
𝜋

𝑛
+ 𝛼(𝑖 − 1))  (7) 

 

𝑘𝑖 = 𝑟𝑐 sin (
𝜋

𝑛
+ 𝛼(𝑖 − 1))  (8) 

 
 

Where α represents the opening angle of each fillet. L is the 
straight-line distance connecting each fillet. R signifies the 
apothem of the feature from the focal centre, while rf and rc 
represent the radius of the fillet and the radius of the fillet centre 
respectively. The planar position of the fillet centres is 
represented by hi and ki for their X and Y displacement 
respectively. The entire point distribution of the profile is 
created with the same point spacing as the maximum arc 
distance of the Archimedean spiral to maintain a constant 
cutting speed across the feature. By including Z profile for each 
facet, the two-dimensional point cloud is transformed into a 
three-dimensional one, ready for VRTS conversion.   

 
2.2. 3D Virtual Rotating Tool Shaping 

As the composite Fresnel lens possesses both radial and linear 
features around the focal centre, conventional turning 
techniques cannot be used to develop the functional surface. By 
modifying the existing VRTS algorithm, the rake face of the tool 
will always be kept perpendicular to the cutting direction, as well 
as provide the dimension of varying depth to develop the Fresnel 
facets [8]. This is done by synchronizing the rotational and linear 
axes to compensate for translational displacements, while 
guiding the tool along the intended path.  

The modified VRTS algorithm was applied to the XYZ point 
clouds developed in section 2.1, using the cartesian coordinates 
around the focal centre. Depending on the machine used, the 
orientation of the tools and the axial direction of the translation 
between the workpiece and tool, the algorithm is modified as 
follows:  

 

𝜑𝑗 =  {

3𝜋

2
+ 𝑎𝑡𝑎𝑛2((𝑦(𝑗+1) − 𝑦𝑗) ( 𝑥(𝑗+1) − 𝑥𝑗)⁄ ) if x<0 and y<0

𝑎𝑡𝑎𝑛2((𝑦(𝑗+1) − 𝑦𝑗) ( 𝑥(𝑗+1) − 𝑥𝑗)⁄  ) −
𝜋

2
Otherwise

 (9) 

 

[

𝑥′𝑗
−𝑦′𝑗

𝑧′𝑗

] =  [

𝑐𝑜𝑠(𝜑𝑗) −𝑠𝑖𝑛(𝜑𝑗)

𝑠𝑖𝑛(𝜑𝑗)

0
 
  𝑐𝑜𝑠(𝜑𝑗)

0

0
0
1

] [

𝑥𝑗

𝑦𝑗

𝑧𝑗

] (10) 

 

(a) 

(b) 

Figure 1. Constituent profiles of composite polygonal Fresnel lenses, 
with the (a) rotary symmetric focal centre and (b) the polygonal 
periphery.     

α 
(h,k) rf 

R 

Figure 2. Schematic of the various geometrical relations for a single 
polygonal profile, using a hexagonal example.  The radius of the fillet 
linearly reduces to a point as the profile tends towards the maximum 
perimeter to achieve maximum tessellation fill-factor 

L 

Figure 3. Cross-sectional profile of Fresnel lens with tool path 
compensated with the tool nose radius offset, as shown in red. 
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𝑐𝑖 =  ∑ 𝜑𝑖

𝑛

𝑖=1

 

 
Where 𝜑 represents the trajectory of the point to the next, 

while the subscript j indicates the iteration. The initial location 
of the points is indicated with x, y and z, while the transformed 
points are given by x’, y’ and z’. The rotational position of the 
spindle is given by c, from 0 to 360 degrees. Hence, the XYZ input 
coordinates of the functional surface can be translated to obtain 
the XYZC positions to develop the functional surface.  

3. Experimental verification 

To verify the VRTS technique, the process was conducted on a 
5-axis ultra-precision machine. The physical setup of the 
machine is presented in Figure 4. A cylindrical brass workpiece 
measuring 10 mm in diameter was used. A conventional single 
crystal natural diamond tool was used, with a nose radius of 14 
µm, 20° included angle, 120° opening angle and a 15° cylindrical 
front clearance angle.  

To avoid collision with the facets, the tool was set at a 15° 
negative rake angle, as observed in Figure 5. This provided 
sufficient clearance for the front clearance of the tool to avoid 
any interaction with the formed facets. The clearance required 
due to the inclination of the facets can be determined by the 
following equations: 

 
For 𝑛 ≥ 3 
 

𝛽 = 90 − 180/𝑛   (12) 
 
𝛾 = 𝑎𝑡𝑎𝑛 [𝑡𝑎𝑛(𝜀)𝑡𝑎𝑛 (𝛽)]  (13) 

 
Where β is half of the geometrical plane shift angle and ε is the 

actual facet angle, taken from the top surface of the profile 
towards the facet. γ is the projected facet angle, which also 
determines the minimum clearance required for the tool so as 
not to damage the corresponding facet at the corners. This 
equation for the projected feature angle still holds for the 
intersection of any two facets if the plane shift angle, 2β, is 
determined. 

The point cloud generated the rotary symmetric centre had 
approximately 316,000 points with a feed rate of 2 mm/s. While 
the point cloud generated for the periphery amounted to 
approximately 7,879,000 points with a 0.002 mm spacing, 
keeping the feed rate to consistent with the rotary symmetric 
centre. Each pass took approximately 4 hours to complete with 
a total of 4 roughing passes and 1 finishing pass at 10um and 
5um respectively.  

4. Results and Discussion 

Using the VRTS algorithm, a polygonal square composite 
Fresnel lens was successfully machined on the surface of the 
brass workpiece, as shown in Figure 6 and 7. A stylus 
profilometer was used to investigate the quality of the machined 
surface. 

For the rotationally symmetric centre, the surface roughness 
was measured with an average Ra of 8.3 nm, while the periphery 
features averaged a surface roughness of Ra of 13.6 nm. This 
corroborates well with the exceptional surface finishing that 
diamond turning produces, which is reflected by the mirror 
finishing as seen in Figure 7. Figure 6 provides a close-up view on 
the composite polygonal Fresnel lens.  

(11) 

Workpiece Mist Nozzle 

Diamond 
Tool 

Microscope 

Lamp 

Figure 4. Physical set-up for VRTS on the 5-axis Ultra-Precision Machine 
with the tool set upon the B-stage. The tool is set with a negative 15 deg 
rake angle to manoeuvre the tool without clashing into the succeeding 
facets of the lens. 

Figure 5. Geometrical considerations must be considered to avoid tool 
collision with the Fresnel facets. (a) Tool with zero rake angle, with the 
front clearance colliding with the corresponding facet. (b) tool with 
negative rake angle to avoid collision with the corresponding facet. With 
the B-axis of the machine still available, full 5-axis machining can be used 
not only for collision avoidance, but also for optimal rake angle 
adjustments.  

Feed Direction 

Feed Direction Facet 

Sectional View 

(a) 

(b) 

Figure 6. A close-up microscope shot of the composite polygonal Fresnel 
lens. 
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With the successful shaping of the composite polygonal 
Fresnel lens, the VRTS algorithm has proven its viability and 
flexibility in producing high quality three-dimensional functional 
features, not limited to rotary symmetric features. This opens up 
the possibility of optical designs which have yet to be realised 
due to current manufacturing constraints.   

5. Conclusion      

The composite polygonal Fresnel lens was successfully 
fabricated by employing a modified VRTS algorithm on a three-
dimensional point cloud. As the functional surface possesses 
both linear and radial features, the VRTS algorithm was required 
to guide the tool along the intended tool path continuously, 
enabling orthogonal cutting despite having off-axis radial 
features.  

 

Two separate approaches were taken to develop the distinct 
features of the functional surface. For the rotary symmetric 
centre, a conventional constant angle Archimedean spiral was 
used. The lens periphery was developed using a geometric 
algorithm to cater for the rounded edges of the lens, after which 
a depth component was added to the profile to realise the three-
dimensional surface. The surface finish of the rotary symmetric 
centre was measured with an Ra of 8.3 nm, while the periphery 
was measured at an Ra of 13.6 nm. This corroborates well with 
the excellent surface finish of diamond turned products. 

Hence, the design, development and production of Fresnel 
lenses are now not just limited to radial or linear lenses, but a 
combination of these features can also be realised on the UPM. 
By producing lenses with brilliant finishing new optical designs 
which have not been realised till date can now be brought to 
fruition to advance optoelectronics and photonics applications. 
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Figure 7. The composite polygonal Fresnel lens was successfully 
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employing the VRTS algorithm.  
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Abstract 

Non-circular part geometries are typically of high relevance for powertrain components and in the field of joining without additional 
fastening elements. Typically, expensive special-purpose machine tools are necessary to generate or finish these geometries. The 
machinery represents a high investment risk combined with low flexibility in job order production. 

A prototypical drive unit is developed to complement existing machine tools and to reduce investment, yet providing non-circular 
machining capabilities. A machining technology based on non-circular turning allows for a simple kinematics, but requires a higher 
kinematic performance of the drive unit. Experimental investigations based on eccentrics, P3G, and cam profiles are used to investi-
gate the machining capabilities of the developed drive unit. The examinations address a steel grade of the type 42CrMo4 in a 
quenched and tempered state and in a hardened state. As cutting materials cemented carbide and cubic boron nitride (CBN) are used 
depending on the heat treatment of the material. Different tool geometries with corner radii of 0.4 mm or 0.8 mm and tools with a 
wiper geometry are applied. 

The results indicate an appropriate geometrical accuracy for the investigated eccentrics and P3G profiles. However, there are still 
challenges with regard to accuracy of the cam profiles. The application of an increased corner radius and a wiper geometry in the 
form of a trailing edge allow for reduced surface roughness values. 

The presented research enhances the exploitation of non-circular turning in job order production. As the necessary drive unit is 
intended to complement existing lathes, the investment risk for potential users can be limited. 

Accuracy, Drive, Surface, Turning 

1 Introduction 

For non-circular turning there is a given state of the art adress-
ing sumperimposition of highly dynamic movements to conven-
tional turning processes. High-performance drive units typically 
incorporate piezoelectric actuators, linear motors, or voice coils. 

Zhou, Henson, and Wang apply a complementary drive unit 
with a machine tool for non-circular machining of pistons. A lin-
ear motor generates the additional motion. Drive unit and ma-
chine tool are interlinked via a RS232 interface and a digital sig-
nal processor [1]. 

Ma, Hu, and Zhang propose the application of a piezoelectric 
drive unit. In order to achieve a long-travelling system maintain-
ing a high movement frequency and precision, a flexure hinge 
structure is introduced. The solid state hinge design incorpo-
rates two piezoelectric actuators combined with a lever system 
to amplify the actuator travel [2]. 

Beekhuis et al. address the non-circular turning of bearing 
rings to compensate clamping force induced form deviations. Af-
ter applying the clamping load, the resulting workpiece contour 
is determined using a stylus measuring setup. Eventually, the 
workpiece is machined using a vertical lathe combined with a 
fast tool servo (FTS). The integrated tool holder connected to the 
FTS via a flexure hinge allows for a maximum tool travel of up to 
300 µm [3]. 

Ma, Tian, and Hu focus on the development of a FTS for non-
circular machining. The drive system combines a piezoelectric 
actuator and a flexure hinge to amplify the actuator travel. In 
experimental investigations a maxium displacement of the FTS 

of up to 442 µm and a repetitive accuracy of 2 µm are deter-
mined [4]. 

Kim, Li, and Tsao discuss the control design of a linear actuator 
for non-circular machining. The drive system intends to over-
come limitations of FTSs in terms of a limited travel. The system 
is designed as a combination of electrohydraulic and piezoelec-
tric actuators. The electrohydraulic component allows for rough 
positioning in a range of up to 25 mm. Precise motions up to 
40 µm are realised with the piezoelectric stage [5]. 

Kim and Tsao also focus on the dynamic adaptation of the rake 
angle in non-circular turning. The sumperimpostion of a linear 
motion in non-ciruclar machining leads to alternating effective 
rake angles due to the changing curvature of the contour. The 
researchers combine a primary drive unit for the translatory mo-
tion with a linkage and an additional drive unit to dynamically 
adapt the rake angle throughout machining [6]. 

Morimoto et al. address the development of a drive system 
and the tool layout to generate non-circular free-form surfaces. 
The drive unit is based on a linear motor superimposing the re-
quired translatory motion. The tool path is calculated using a de-
veloped computer aided manufacturing (CAM) tool processing 
3D workpiece and tool data [7]. 

Morimoto et al. also address optimisations of the introduced 
drive unit. For an acceleration of about 12 g, the slider is re-de-
signed incorporating two linear motor driven tables. The tables 
consist of carbon fibre reinforced plastics (CFRPs) being pow-
ered by separate linear motors. Both tables are arranged in a 
tandem configuration [8]. 
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Liu et al. investigate the combination of a voice coil motor 
(VCM) and a piezoelectric actuator to realise a flexure hinge 
based FTS. Strokes in a range of ± 0.5 mm are realised [9]. 

Scheiding et al. apply a VCM-driven FTS for free-form ultrapre-
cision machining. With maximum strokes in the range of ± 3 mm 
microlense structures can be transferred to a hemispherical ge-
ometry with surface qualities < 4 nm [10]. 

2 Material and methods 

2.1 Steel grade and heat treatment 

The experimental investigations address a CrMo-alloyed heat-
treatable steel of the type 42CrMo4 with applications in auto-
motive and aerospace. The material is characterised by a com-
parably high ultimate tensile strength in the range of 900 MPa 
to 1200 MPa depending on the heat treatment. A high tough-
ness is represented by a fracture elongation in the range of 10 % 
to 14 %. The heat treatments adress quenching and tempering 
in addition to hardening. 

2.2 Cutting material and tool geometry 

Different cutting materials and tool geometries are applied de-
pending on the heat treatment of the specimen material. 

In turning of the quenched and tempered steel, cemented car-
bide indexable inserts are used as cutting material (Mitsubishi 
UE6020). The inserts are CVD-coated with several layers com-
prising Ti, Al2O3, and TiCN. Standardised geometries of the type 
CCMT 09T304 and CCMT 09T308 are used to investigate the in-
fluence of different corner radii of 0.4 mm and 0.8 mm. The in-

serts provide a clearance angle o = 7°, chip breakers, an effec-

tive rake angle o > 0°, and a tool included angle r = 80°. Com-
bined with a tool holder a tool cutting edge angle κr’ = 5° results. 

In machining of the hardened steel, CBN-tipped indexable in-
serts are used with the CBN grade BNC200 as cutting material 
(Sumitomo Electric). The cutting material is characterised by a 
proportion of 65 % to 70 % CBN particles with an average size of 
4 µm, bound in a TiN matrix. The substrate is coated with a ce-
ramic TiAlN/TiCN-layer of an average thickness of 2 µm. Indexa-
ble inserts with the standardised geometry CCGW 09T304 are 
used exhibiting a corner radius of 0.4 mm. Additionally, inserts 
of the type CCGW 09T304-WG2 with a 0.4 mm corner radius and 
a trailing minor cutting edge are used. The CBN-tipped tools do 
not provide chip breakers. Accordingly, the tool angles are iden-
tical to the indexable inserts for the machining of the quenched 

and tempered steel except for the effective rake anlge o = 0°. 

Table 1. Process parameters applied throughout the cutting tests. 

Shape Tool n (min-1) f (mm) ap (mm) 

Ecc. 
 
P3G 
 
Cam 

CCMT 09T304 

710 0.1 

0.2 
CCMT 09T308 

CCGW 09T304 
0.1 

CCGW 09T304-WG2 

2.3 Cutting conditions and experimental setup 

The experimental setup for the cutting tests applies the com-
bination of a machine tool of the type SPINNER PD 32 combined 
with a prototypical high-performance drive unit. The drive unit 
incorporates the active parts of two linear motors actuating a 
single lightweight design slider. The CNC of the machine tool and 
the control unit of the drive system are separate entities. While 
the CNC controls the rotational speed and the feed motion, the 
drive unit motion is controlled independently. However, the su-
perimposed linear motion is synchronised based on a rotary en-

coder signal throughout each spindle rotation. The slider fea-
tures an interface to mount a tool holder which is capable of car-
rying standard geometry indexable inserts. For non-circular 
turning a comparably high clearance angle is required to prevent 
collisions between the flank face of the tool and the generated 
surface. As the used standard geometry indexable inserts pro-
vide clearance angles of about 7°, an additional 8° inclination is 
included within the tool holder. The drive unit is mounted above 
the spindle axis to enable sufficient clearance for positioning and 
feed motions. The drive unit design is based on aerostatic bear-
ing principle. An operational pressure of about 0.5 MPa and an 
internal water cooling enable permanent accelerations of up to 
350 m/s². The control loop uses the spindle angle phi for path 
synchronisation and generates the control commands for both 
linear motors. Figure 1 illustrates the experimental setup con-
sisting of the lathe and the drive unit, the structural design, and 
the control loop design. 

Figure 1. Experimental setup, structural design, and control loop design 
of the applied high‐acceleration drive unit. 

The specimen geometry is represented by cylindrical sections 
with a tool relief towards the mandrel. The outer diameter of 
the specimens is pre-machined to an initial value of 54.5 mm. 
For pre-machining the drive unit is used without superimposing 
an additional motion. Subsequently, the non-circular geometry 
is produced in consecutive paths, incrementally positioning the 
drive unit towards the rotational axis of the specimen. The ma-
chined length is defined with 15 mm. With each path, the ma-
chined length is incrementally reduced down to a final value of 
10 mm in order to prevent circumferential contact of the tool 
corner at the end of each path. Thereby, the tendency of vibra-
tion generation can be reduced significantly. In the cutting ex-
periments, eccentrics, P3G, and cam profiles are generated for 
different heat treatments of the steel. Regarding the cutting 
conditions, the spindle speed is kept unchanged at a value of 
710 min-1 representing a maximum cutting speed vc of about 
107 m/min. The feed f is defined with a value of 0.1 mm. The 
depth of cut ap is adapted depending on the heat treatment of 
the steel. While the quenched and tempered material is ma-
chined with an ap-value of 0.2 mm, for the hardened steel a 
depth of cut of 0.1 mm is applied. All experiments are conducted 
without cooling lubricant. Table 1 summarises the process pa-
rameters and the applied cutting tool geometries. 

2.4 Evaluation of accuracy and surface properties 

For the evaluation of the addressed non-circular geometries 
different quantitative and qualitative methods are used. Firstly, 
the surface structure is taken into consideration. On the one 
hand, three tactile roughness measurements for each surface 
are used to quantify the surface profile. The primary profiles are 
measured using an instrument of the type Mahr LD 120, a trav-
ersed length of 5.6 mm, and an evaluated length of 4 mm. The 

386



  

separation of the waviness and the roughness profiles is 

achieved by applying a filter with a cut-off wavelength c of 
0.8 mm. Using the roughness profiles, the surface roughness 
depth Rz is determined. 

On the other hand, 3D surface plots of the generated surfaces 
are realised based on point cloud data acquired by laser scan-
ning microscopy with an instrument of the type Keyence VK-
9700. The surface data are acquired for a measuring field of 

1 mm  1 mm. The processing comprises pruning the data to the 
required measuring field dimensions, levelling using a subtrac-
tion method, and removing the convex basic shape of the speci-
mens. Accordingly, the surface plots represent the acquired sur-
faces without additional filtering. 

For the evaluation of size and form deviations, coordinate 
measurements are realised for each profile with a measuring 
machine of the type Carl Zeiss Prismo 7. In this context, the ma-
chined non-circular geometries are assessed in comparision to 
the target geometries extracted from the control unit. 

3 Results and discussion 

The experimental investigations primarily are focused on two 
main criteria regarding the generated non-circular geometries. 
Firstly, the geometrical accuracy is evaluated using the coordi-
nate measurements. In order to quantify possible deviations, 
the specified target geometries for each of the addressed pro-
files are used as a reference. Subsequently, a tolerance band is 
predetermined with reference to the target geometry and a 

range of  0.05 mm. Secondly, the surface structure is taken into 
consideration. In addition to roughness evaluations, 3D surface 
representations allow for a qualitative assessment of the gener-
ated surfaces. 

3.1 Geometrical accuracy 

Figure 2 presents the results of the coordinate measurements 
for two cutting tests addressing a polygonal contour defined by 
a maximum stroke of 3.6 mm and a nominal size of 50 mm ac-
cording to standard DIN 32711-1 [11]. The results are obtained 
by the application of comparable tool geometries with a corner 
radius of 0.4 mm. However, the polygonal profiles are realised 
using the same specimen material in quenchend and tempered 
(QT) and in hardened (H) condition. Accordingly, cemented car-
bide and CBN are applied as cutting materials. For the machining 
operations in hardened state, the depth of cut is limited to 
0.1 mm to prevent an overloading of the drive unit in terms of 
the resulting force components. 

Figure 2. Form accuracy when machining a polygonal (P3G) profile using 
42CrMo4 in a) Quenchend and tempered and b) Hardened condition 
(CCxx 09T304, n = 710 min‐1, f = 0.1 mm, ap = 0.2 mm (QT), ap = 0.1 mm 
(H)), red line – upper limit, black line – target geometry, violet line – 
lower limit, blue bars – form deviations. 

The findings indicate a comparable behaviour of the drive sys-
tem when machining the quenched and temperered and the 
hardenend specimen material. The most significant deviations 
from the predefined target geometries can be seen in the areas 
before and behind the local stroke maxima. The focused polyg-
onal profile is characterised by three local maxima, leading to a 

repetition of the motion patterns after an increment of 120°. 
The geometrical deviations approximately start at the tangential 
contact points between the polygonal contour and the inherent 
maximum inscribed diameter (please see marker Figure 2b). The 
generation of the final geometry is achieved by several tool 
paths. In this context, for the final path producing the generated 
surface the drive unit is positioned to the smallest overall radius 
of the non-circular contour. When focusing on the sections, in 
which one of the local maxima is located, it can be seen, that the 
drive unit moves behind the ideal geometry leading to a positive 
form deviation before crossing the target contour and producing 
lower measures than intended. Subsequently, there is a counter 
reaction by the drive system control leading to positive devia-
tions again towards the next local maximum. Moreover, it can 
be seen, that certain scatter effects appear when machining the 
quenched and tempered steel. This is attributed to a significantly 
higher thoughness of the material leading to an increased vibra-
tion tendency and a higher tool load. The maximum deviation 
from the ideal geometry amounts up to about 0.04 mm when 
machining the quenchend and tempered material and about 
0.035 mm for the hardened steel. 

Figure 3 presents the results of the coordinate measurements 
for the addressed cam profile. Comparable to the presented po-
lygonal profile, the targeted geometry is realised using the 
42CrMo4 steel with both heat treatments. In order to maintain 
comparability, the presented results are based on an identical 
tool geometry with a corner radius of 0.4 mm in both cases. 

Figure 3. Form accuracy when machining a cam profile using 42CrMo4 in 
a) Quenched and tempered and b) Hardened condition (CCxx 09T304, n 
= 710 min‐1 , f = 0.1 mm, ap = 0.2 mm (QT), ap = 0.1mm (H)). 

In contrast to the polygonal profile, the cam geometry is char-
acterised by only one local maximum with a slightly higher 
stroke of 4 mm per workpiece revolution. Referring to Figure 3 
the maximum is localised within the angular range from 270° to 
90°, while there is no stroke motion for the remaining angular 
range producing the base circle of the cam contour. It becomes 
clear that the most significant deviations can be found in the sec-
tions before and behind the stroke maximum. In both cases pos-
itive deviations can be found, meaning that there is oversize 
compared to the targeted geometry. Referring to the machining 
process, the non-circular profiles are generated with the drive 
unit mounted above the spindle axis as shown in Figure 1. Ac-
cordingly, the specimens are rotating clockwise with the given 
rotational speed throughout the machining process. While the 
deviations before the stroke maximum indicate a premature 
motion of the drive system, after passing the local peak the sys-
tem appears unable to follow the contour quickly enough. As the 
dynamic requirements, in terms of tool travel per time unit, are 
lower compared to the generation of the polygonal profile it is 
assumed that the deviations can not be attributed to dynamic 
limitations of the drive unit. It appears more reasonable that 
there are further developments needed in terms of the drive sys-
tem control. At this point there is a maximum deviation of 
0.18 mm compared to the specified geometry when machining 
the specimen material in both heat treatments. 
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3.2 Surface roughness and structure 

Figure 4 shows a 3D surface representation of generated sur-
faces for the cam profile. In the illustrated cases both specimens 
are machined in the hardened state using CBN-tipped indexable 
inserts. In order to investigate the potentials of a modified tool 
geometry, a tool with a corner radius of 0.4 mm and a tool with 
a trailing edge combined with a corner radius of 0.4 mm are ap-
plied. The process parameters are kept unchanged in order to 
maintain comparability. 

Figure 4. Surface structure when machining a cam profile using 42CrMo4 
in hardened state with different tool geometries a) CCGW 09T304 with 
corner radius and b) CCGW 09T304‐WG2 with wiper geometry 
(n = 710 min‐1, f = 0.1 mm, ap = 0.1 mm). 

The findings indicate a significant reduction of the surface 
roughness values combined with a more uniform surface struc-
ture when using a wiper geometry. This is attributed to the trail-
ing edge embodying a significantly increased corner radius thus 
leading to a lower kinematic roughness component within the 
surface structure. Quantitatively, the wiper edge allows for Rz 

values of about 1.1 µm  0.1 µm with rather low fluctuations 

compared to 4.2 µm  1.2 µm when using a 0.4 mm corner ra-
dius. The application of a wiper edge apparently enables a stabi-
lisation of the process due to an increased contact length, lead-
ing to evenly pronounced feed marks. However, there are com-
plex interactions between the heat treatment state of the spec-
imens, the applied cutting material, the cutting edge conditions, 
and the corner geometry. Throughout the machining of eccen-
trics, the application of a trailing edge benefited the appearance 
of vibrations. The achieved roughness values increased signifi-
cantly, although the influence of dynamic effects resulting from 
the superimposed stroke motion is lower. 

Figure 5 presents the surface structure when machining ec-
centrics in quenched and tempered steel. Cemented carbide in-
serts with corner radii of 0.4 mm and 0.8 mm are applied for the 
generation of the illustrated surfaces. 

Figure 5. Surface structure when machining an eccentric using 42CrMo4 
in quenched and tempered state applying different tool geometries with 
a) CCMT 09T304 with a corner radius of 0.4 mm and b) CCMT 09T308 
with a corner radius of 0.8 mm (n = 710 min‐1, f = 0.1 mm, ap = 0.2 mm). 

As it can be seen in Figure 5, the non-circular turning of the 
quenched and tempered material provides different surface 
characteristics compared to the hardened material. In general, 
higher roughness values occur. Machining of the eccentric ge-
ometry applying a corner radius of 0.4 mm leads to Rz-values of 

5.1 µm  0.5 µm. When using an increased corner radius of 

0.8 mm, the resulting roughness can be reduced to values of 

3.7 µm  0.4 µm with a slightly lower fluctuation. The 3D em-
bodiments verify that the ridges and valleys of the feed marks 
are pronounced less evenly on the generated surfaces for the 
quenched and tempered compared to the hardened steel. This 
is attributed to the higher toughness, negatively affecting tool-
workpiece-interaction and process stability. 

4 Summary and conclusions 

The results are obtained from experimental investigations of a 
non-circular turning process. In this context, a lathe is comple-
mented with an additional prototypical drive unit based on aer-
ostatic bearing principle. The high-acceleration drive provides a 
maximum permanent acceleration of 350 m/s² and allows for 
the generation of non-circular geometries such as eccentrics, po-
lygonal P3G, and cam profiles. The cutting tests specifically ad-
dress a steel grade of the type 42CrMo4 in quenched and tem-
pered and in hardened condition. 

The findings indicate that a high geometrical accuracy is 
achieved when machining eccentrics and polygonal profiles. In 
these cases, a narrow tolerance range of less than 0.05 mm is 
achieved. Currently, there are still challenges with reference to 
the machining of cam profiles. Regarding the target geometry 
before and behind the stroke maximum there are still inaccura-
cies exceeding the defined tolerances. Ongoing research should 
address these deficiencies optimising the control systems. 
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Abstract 
In this study, a machining error compensation method, not involving comprehensive error modelling, for symmetric free form 
components was proposed. First, the coordinate values of the generatrix were calculated according to the paraboloid equation in 
order to establish a 3D model. After the machining process was completed, the coordinate values of the paraboloid were measured 
by an ultra-precision coordinate measuring machine (CMM). Next, the coordinate values of the contour points on the generatrix of 
the machined surface were measured, and the corresponding machining errors were extracted. The compensation process was 
conducted in the normal direction, and the machining error compensation values were decomposed into two respective coordinate 
directions. Then, the coordinate values of the new generatrix were generated. This was followed by programming a new machining 
process according to the newly refactored 3D model. The finishing processes were repeated again under the same clamping 
conditions, tool paths, and machining parameters. Finally, the coordinate values of the paraboloid were measured again. The results 
indicated that the form error could be reduced to 4.5 μm from 44.4 μm after just one compensation cycle, which validated the 
effectiveness of the comprehensive machining error compensation method. 
 
 
Comprehensive error compensation, model reconstruction, free form, form error 

 

1. Introduction  

Comprehensive errors in machining centers include geometric 
errors, thermal errors, and cutting tool wear induced errors. 
Each of these has negative effects on the machined part, and 
establishment of an integrated model to represent the errors is 
difficult. In practical applications, it has been found that the 
norm of the error vector is simply a comprehensive conception 
of the cutting tool posture [1]. More attention has been paid to 
volumetric error modelling for the purpose of improving the 
precision [2]. However, the volumetric error model accuracy 
strongly depends on the error propagation scheme and 
correctness of the geometric error measurement and 
identification [3]. It should be noted that thermal-induced errors 
are very complex, and pose significant challenges to volumetric 
error modelling [4]. Normally, machining accuracy can be 
effectively improved off-line by means of modifying the 
machining programs according to the nominal or refactored 3D 
model based on the measurement data [5]. This study proposes 
a method to reduce machining errors for symmetric free form 
components using a simple compensation process. A single 
iteration of the compensation process resulted in a significant 
reduction in machining error. The proposed method has the 
potential to save fabricators significant time and expense by 
reducing the need to re-machine components with larger errors. 

2. Description of the symmetric free form component 

The symmetric free form component was made of K9 glass 
using the following paraboloid function: 

𝑍 =
𝑐𝑟2

1+√1−(1+𝐾)𝑐2𝑟2 + 𝐴𝑟4 + 𝐵𝑟6 + 𝐶𝑟8 + 𝐷𝑟10 + 𝐸𝑟12           (1) 

where, 𝑟2 = 𝑥2 + 𝑦2; c is the curvature; and A, B, C, D, and E 
are the coefficients of the polynomials. K is the conicity 
coefficient. The 3D model is shown in Figure 1. 
 

 
 

Figure 1. 3D model of the symmetric free from component 

3. Form error compensation processes 

The model-free form error compensation processes were 
performed as follows. 

Step 1: Calculate the profile points on the original generatrix 
using Eq. (1), and establish a 3D model of the symmetric free 
form component. 

Step 2: Write the machining programs and complete the finish 
machining processes. 

Step 3: Obtain the coordinate values of the profile by using an 
ultra-precision CMM, and calculate the optimum coordinate 
values by using a fitting algorithm. (The measured values contain 
geometric errors, thermal errors, and grinding wheel wear 
induced errors in the machining center.) 

Step 4: Calculate the coordinate values of the generatrix from 
the fitted profile of the free form component as well as the 
comprehensive machining error. Decompose the machining 
error in the norm direction of the profile and conduct the error 
compensation. Then, obtain the new generatrix coordinate 
values. 
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Step 5: Generate a new 3D model using the compensated 
generatrix, which contains the comprehenseive machining error 
represented on the machined symmetric free form component. 

Step 6: Conduct the machining processes again. Write new 
machining programs according to the compensated 3D model, 
and finish the machining processes with the same clamping 
position, tool path, and machining parameters at the same room 

temperature (20±1°C). 

Step 7: Measure the symmetric free form component again, 
and obtain the form error to validate the effectiveness of the 
proposed error compensation method. 

The blue line shown in Figure 2 represents the original 
generatrix of the symmetric free form component. After the 
form error measurement, the machining error was decomposed 
in the norm direction shown by the arrows in the figure. Then, 
the new generatrix, which included all the arrow endpoints, was 
derived.  

 

 
Figure 2. Schematic of the error compensation direction 
 

4. Machining, measurement, and compensation results 

The free form component was machined by a five-axis 
precision machining center (DMG HSC75 Linear). The stroke 
range along the x-, y-, and z-axes was 750 mm, 600 mm, and 560 
mm, respectively. The rotational range of the C-axis was 360°, 
and the rotational range of the B-axis was −10°–110°. The 
repositioning accuracy for the three linear axes and two 
rotational axes was 3 μm and 5 arcsec, respectively. The form 
error of the free form component was measured by an ultra-
precise CMM (Leitz Infinite 12.10.7), for which the measurement 
error in any position of the measurement range was within (0.3 
+ L/1000) μm by using the contacted scanning method. The form 
error measurement is shown in Figure 3. 

 

 
 
Figure 3. Form error measurement and evaluation 

 
It can be seen that the form error reached 44.4 μm prior to 

machining error compensation. The measurement result is 
shown in Figure 4. The accuracy was not acceptable; hence, the 
proposed model-free machining error compensation processes 
described in Section 3 were employed. The form error reached 
to 4.5 μm after only one error compensation cycle, as shown in 
Figure 5, and it is anticipated that this value may become even 
better after two or more iterations of the compensation process. 

5. Conclusions 

In this study, a machining error compensation method, not 
involving comprehensive error modelling, for symmetric free 

form components was proposed. The machining error 
compensation values were decomposed into two respective 
coordinate directions after form error measurement. Then the 
coordinate values of the new generatrix were generated to 
refactor a new 3D model. The form error was reduced to 4.5 μm 
from 44.4 μm after only one compensation cycle, which verified 
the effectiveness of the proposed method. Future work will be 
focus on machining error compensation of asymmetric free form 
component with this method. 
 

 
 
Figure 4. Form error without compensation 
 

 
 
Figure 5. Form error after one cycle of compensation 
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Abstract 
Parts from design models to actual entities generally are achieved by machining. And the machining accuracy rely on the choice of 
CNC machine tool. However, it is hard to predict whether the choice of machine tool is reasonable and whether it can complete the 
machining efficiently on the premise of satisfying the accuracy requirement. In this study a method based on a machine tools big 
data was proposed to select the machine tools. A machine tool big data cloud database was built to collect and upload the data 
through identification experiment of candidate machine tool. The actual position prediction method of the feed shaft for five-axis 
machining and the solving method of the contour error for the part were established respectively.The actual position of the feed 
shaft for five-axis machining is predicted by using the big data cloud database to establish the transfer function of each axis for the 
machine tool, and the actual position of each axis is predicted by inputting the interpolation instruction of each axis into the transfer 
function.The solving method of the contour error for the part is established by using the big data cloud database to  synthesize the 
interpolation instruction and predicted actual position of each axis , and then to calculate the contour error of the part. The new 
method proposed herein can choose the optimal CNC machine tool  with high efficiency and accuracy. 
 
 
Keywords: big data cloud database, CNC machine tool, actual position prediction, contour error      

 

1. Introduction  

At present, the global manufacturing industry is accelerating 
to the era of digitization and intelligence, and the impact of 
intelligent manufacturing on the manufacturing industry is 
growing rapidly. CNC machine tools as the basis of industrial 
manufacturing have an irreplaceable position. Combining CNC 
machine tools with intelligent manufacturing to improve the 
accuracy of CNC machine tools has become the goal of the 
tireless efforts of machine tool designers and manufacturers in 
the new era[1]. 

Machining accuracy and processing efficiency are the main 
indicators for measuring the performance of CNC machine tools. 
However, the processing of complex curved parts is difficult, and 
the machining accuracy and efficiency are difficult to unify. If the 
machining accuracy is to be ensured, it is often necessary to 
reduce the feed rate and sacrifice the machining efficiency. If the 
machining efficiency is to be improved, a higher accuracy 
machine tool is required, which leads to higher processing cost. 
In order to overcome the shortcomings mentioned above, an 
intelligent selection method of CNC machine tools with optimal 
machining accuracy and efficiency was proposed. The purpose 
of this method is to combine the big data cloud database to 
predict the tool path accuracy before processing, and select the 
optimal CNC machine tool to improve the machining accuracy, 
processing efficiency and reduce the processing cost. 

2. Establishing the machine tools big data database for 

accuracy prediction      

In order to choose the optimal CNC machine tool in the 
factory，even the whole society, on the one hand, it is necessary 
to treat the candidate machine tool for identification 
experiments to obtain the transfer function of each axis to get 

the actual displacement of each axis by simulation. On the other 
hand, it is necessary to combine the part displacement 
instruction into instruction continuous path and the actual 
displacement of each axis into actual continuous path to predict 
the accuracy of the parts. Thus, high accuracy machine tools can 
be selected before processing[2-4]. 

Therefore, the cloud database stores not only a large amount 
of data required for the system identification, but also a large 
amount of data required for the accuracy prediction. 
 
2.1. Obtaining the machine tools status data 

2.1.1.  Obtaining the data used for system identification 
The excitation displacement instruction is generated by the NC 

system interpolation of the excitation code which are used for 
the identification of the servo feed system. The excitation 
displacement instruction is mainly used for the identification 
experiment of the candidate machine tool. As the input 
interpolation instruction of the candidate machine tool, the 
excitation displacement instruction is used to fully excite the 
characteristics of machine tool to obtain the transfer function of 
each axis. 

The method for obtaining the system identification data is as 
follows. The excitation code is generated by using the inverse M 
sequence and input into the NC system to obtained the 
excitation displacement instruction after the NC system 
interpolation. After the excitation displacement instruction 
passes through the servo feed system, the generated grating 
feedback displacement, encoder feedback speed, actuator end 
displacement and sampling frequency are collected. 

2.1.2. Obtaining the transfer function of each axis  
The identification experiment is performed by using the 

excitation displacement instruction, actuator end 
displacement/grating feedback displacement/encoder feedback 
speed, sampling frequency etc. to obtain the transfer function of 
each axis for the candidate machine tool. 
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The input-output relationship of established transfer function 
is as follows, 
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Where, )( 1zB is actuator end displacement/grating feedback 

displacement/encoder feedback speed value. )( 1zA is excitation 

displacement instruction value. ib and ja are the coefficients of 

the discrete transfer function numerator and denominator, 

respectively. an and bn are the order of the discrete transfer 

function numerator and denominator , respectively.  And , ib、

ja 、an 、bn  are obtained by identification. 

The identification method of numerator orde an and 

denominator order bn for discrete transfer function is search 

method, in which the discrete transfer function of different 
order is identified by setting the range of order-valued definition, 
and the order value with the least estimation error is selected as 
the order parameter identification result. 

The identification method of numerator coefficient ib and 

denominator coefficient ja of the discrete transfer function is 

the least squares method[5]. 
2.1.3.  Obtaining the data used for accuracy prediction 
First, the geometry of the selected complex surface part is 

designed by CAD, and it is converted into part NC codes by CAM. 
Then, the part NC codes are input into the NC system and the 
part displacement instructions are gotten after interpolation. 
The final step is to collect part NC code, part displacement 
instruction and sampling frequency. 

 
2.2. Establishing the machine tools database 

The excitation displacement instruction is generated by the NC 
system interpolation of the excitation code which are used for 
the identification of the servo feed system. The excitation 
displacement instruction is mainly used for the identification 
experiment of the candidate machine tool. As the input 
interpolation instruction of the candidate machine tool, the 
excitation displacement instruction is used to fully excite the 
characteristics of machine tool to obtain the transfer function of 
each axis. 

The data of machine tools database set up in this paper 
include: part NC code, part displacement instruction, excitation 
code, excitation displacement instruction, grating feedback 
displacement, encoder feedback speed, actuator end 
displacement, each axis transfer function, sampling frequency, 
machine tool number, machine tool type, machine tool axis        
number, and date.  

These data are divided into two types: identification data and 
accuracy prediction data. Then a database form is established. 

In the identification data form, the data such as date, machine 
tool number, machine tool type, machine tool axis number,   
excitation code, excitation displacement instruction, actuator 
end displacement, grating feedback displacement, encoder 
feedback speed, and transfer function are the form header. 

In the accuracy prediction data form, the data such as date, 
machine tool number, machine tool type, machine tool axis 
number, sampling frequency, part NC code, and part 
displacement instruction are the form header. As shown in table 
1 and table2. 

 

 

 

Table 1   Identification Database Form 

Identification Database Form 

Date 
Machine Tool 

Number 
Machine Tool 

Type 

Machine 
Tool Axis 
Number 

Excitation 
Code 

 
No. i    

Excitation 

Displacement 

Instruction 

Actuator End 

Displacement 
Grating 

Feedback 
Displacement 

Encoder 

Feedback 

Speed 

Transfer 

Function 

 
    

Table 2   Accuracy Prediction Database Form 

Accuracy Prediction Database Form 

Date 
Machine Tool 

Number 
Machine Tool 

Type 
Machine Tool Axis 

Number 

 
No. i   

Sampling 
Frequency 

Part NC  Code 
Part 

Displacement 
Instruction 

 

 
   

3. The tool path accuracy prediction method using machine 

tools state data 

3.1. Describing the structure of machine tool 
The relationship between the various parts of the machine 

tool can be described by topology. Taking an A-C double-turn 
five-axis milling machine composite vertical machining as an 
example, the topological structure diagram is set up as shown in 
Fig. 1. 

 

Figure 1. The topological structure diagram of the A-C double-turn 

machine tool. 

3.2. Establishing the feature transformation of moving body 

According to the topology structure diagram established in the 
previous section, the independent coordinate systems for 
machine tool each part are established as shown in Fig.2.   

 
Figure 2. Coordinate system of A-C double-turn machine tool each part. 
 

The research on the position change of each adjacent moving 
body can be converted into the study of each moving body 
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coordinate system, which is described by the mathematical 
method of 4×4 order feature transformation matrix[6]. 

The X-axis, Y-axis and Z-axis translational motion feature 
transformation matrix are as follows 
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The X-axis, Y-axis and Z-axis rotational motion feature 
transformation matrix are as follows 
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If the origin of the coordinates in the tool coordinate system is 
set at the end face of the spindle, the effect of the tool length on 
the coordinate transformation needs to be considered. Setting 
the length of the tool is 

toolL , the feature transformation matrix 

from the end face of the spindle to the tool center point is 
toolT . 
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3.3. Combing into the continuous path of machine tools 

Since the coordinate system of the candidate part is the work 
piece coordinate system, and the data collected in the actual 
machining is the actual position of the tool center point, the 
acquired data needs to be converted from the tool coordinate 
system to the work piece coordinate system. 

Taking an A-C double-turn five-axis milling machine composite 
vertical machining as an example, the feature transformation 
matrix can be obtained as follows 
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 (6) 
In the work piece coordinate system, the homogeneous 

coordinates of the tool center point and the tool axis direction 
are as follows 

 )1( zyxPW

   
 )0( kjiVW

                       (7) 

In the tool coordinate system, the homogeneous coordinates 
of the tool center point and the tool axis direction are as follows 

 )1000(PT

   
 )0100(VT

                        (8) 
so 
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                   (9) 

The forward kinematics transformation of A-C double-turn 
machine tool is as follow 
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So far, the data such as actuator end displacement, grating 

feedback displacement, encoder feedback speed have been 
transformed from tool coordinate system to work piece 
coordinate system. Then, sampling frequency, part 
displacement instruction and other data should be download 
from the cloud database. And the final step is combining the 
displacement instruction of the parts into instruction continuous 
path and the actual displacement of each axis into actual 
continuous path by using MATLAB emulation program. 

3.4. Calculating the continuous path error of machine tools 

The machine tool continuous path error refers to the normal 
path error between the actual continuous path and the 
instruction continuous path. The continuous path error is solved 
according to the tracking error and the end error by using the 
spatial geometric vector. 

Taking a five-axis CNC machine tool as an example, the point 
milling method is used, as shown in Fig. 3. ],,[ rzryrxr pppp   is 

the instruction tool center point, ],,[ azayaxa pppp   is the 

actual tool center point; ],,[ czcycxc pppp   is the point closest 

to the actual continuous path point on the instruction 
continuous path and is the calculation reference point of the 
contour error. The vector )()( ipip ac

 is defined as the tracking 

error vector )(iEc
, )(i  is the approximate path error vector, that 

is, the five-axis continuous normal path error, as shown in Fig.4[7-

10]. 

 
Figure 3. Continuous error caused by five-axis tracking error. 

 
Figure 4. Five-axis continuous normal path error. 
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4. The intelligent optimization method for cnc machine tools 

The flow chart of the intelligent method for machine tools is 
shown as Fig. 5. 

Firstly, the machine tools big data cloud database is built 
including the data used for identification and accuracy 
prediction. Secondly, the candidate machine tool is used for 
system identification experiment. The part displacement 
instruction is input to each axis transfer function read from the 
database, and the output is the actual displacement of each axis 
for machine tool. Finally, the machine tool continuous path 
accuracy prediction is performed. The actual displacements of 
each axis combine into actual continuous path, and the part 
displacement instruction combine into instruction continuous 
path to calculate normal path error between the actual 
continuous path and the instruction continuous path. 

5. Conclusion 

The CNC machine tool and intelligent manufacturing are 
combined in this paper, and the methods of system 
identification, multi-body system motion feature analysis and 
moving volume feature transformation matrix are combined on 
the basis of data cloud database to select CNC machine tools 
which accord with machining accuracy and efficiency before 
machining. 

This method is a general method, choosing the best machine 
tools in the factory and the whole society, and can make full use 
of the performance of the machine tool and ensure the high 
efficiency and high accuracy machining of the parts, realizing the 
unification of machining accuracy. 
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Abstract 
An additive manufactured (AM) Ti-6Al-4V has been expected to apply in medical field like an artificial replacement component. This 
component requires high surface quality. Since the surface of component made by AM is poor quality, the additional machining such 
as cutting and polishing. The cutting process can be carried on with typical machine tool. However, the polishing process has been 
done by the craftsman. There are following problems that this study must resolve: The polishing efficiency is low. The quality of 
polished component is uneven. This study has been proposed the magnetic polishing method that uses ball end-mill shaped 
permanent magnet tool on the typical machining centre and investigated the optimum magnetic polishing paste for the additive 
manufactured Ti-6Al-4V. On the other hand, there are still some tasks to polish the various shaped components with high efficiency. 
In this report, the component specifications of magnetic polishing paste such as abrasive size and amount or α-cellulose amount were 
changed to improve the polishing efficiency. Consequently, the Preston constant was investigated to support the decision of polishing 
path. The estimated polishing amount that used calculated Preston constant corresponded reasonably well the actual polishing 
amount. 
 
3D printing, Estimating, Magnetic polishing, Machining 

 
1. Introduction 

A hybrid additive manufacturing machine having a function of 
machining centre that can integrate the machining processes 
(from shape generation to semi-final milling) is expected to carry 
out the high efficiency fabrication of tailor-made medical 
component like an artificial joint [1]. On the other hand, a final 
polishing process has been depended on a craft-man yet. This 
study proposed the magnetic polishing method using the 
machining centre for automatically polishing of Ti-6Al-4V [2]. In 
this report, the optimum polishing paste that can obtain the 
required surface roughness for artificial coxa and estimation 
method of polishing amount were investigated. 

2. Magnetic polishing method 

A tool having the permanent magnet of R5 mm is attached on 
the machining centre and is adhered the magnetic polishing 
paste that combined magnetic fluid, iron powder, diamond 
abrasive, solvent oil and α-cellrose fibre (Mean diameter: 30 μm) 
as shown in the Fig. 1. There is a clearance (called gap) between 
tool and workpiece and the optimum gap was investigated as 0.5 
mm in the past report [2]. The tool rotates and moves on the 
workpiece along with the circular shaped tool path.  

3. Experimental method and conditions 

As the workpiece, the additive manufactured Ti-6Al-4V that 
was fabricated with the hybrid AM machine LUMEX AVANCE-25 
(Matsuura machinery Corp.). The fabrication condition was 
recommended condition as below; Yb fibre laser was used, laser 
power: 120W, beam spot diameter: 0.2 mm, thickness of layer: 
50 μm, maximum powder size: 45 μm and argon gas was used as 
atmosphere gas. The workpiece size was 30 x 30 x t5 mm. A ball 
end-milling was done as pre-finish machining, the workpiece 
was generated into flat shape. As the surface roughness after 

milling, 2.9 μmRz in X direction and 2.8 μmRz in Y direction. The 
hardness was 519HV. In this report, the two types solvent of 
magnetic fluid (water and oil) were used. Moreover, diamond 
abrasive diameter (Mean diameter: 1, 6 and 12 μm) and iron 
powder diameter (Mean diameter: 2 and 75 μm) were changed. 
These components were controlled with a mass. The optimum 
polishing condition (Rotational speed: 15 m/min, feed speed: 5 
mm/min, gap: 0.5 mm and rotational radius: 5 mm) that was 
obtained in past report was used [2]. As the machine tool, the 
three-axis machining centre was used. The surface roughness 
and polished shape were measured with a point autofocus 
probe 3D measuring instrument NH-3N (Mitaka Kohki Co., Ltd.). 
 

(a) Magnetic polishing tool    (b) Magnetic polishing on machine tool 
Figure 1. Magnetic polishing method on machining centre. 

4. Results and Consideration 

4.1.Effect of component specification on polishing capacity 
First, the influence of solvent type of magnetic fluid on the 

surface roughness as shown in Fig. 2. In the case of using the 
water-based fluid, the surface roughness was increased than 
initial roughness. Because the polishing paste stiffened by a 
vaporization of water. In addition, the polished surface of that 
workpiece occurred an oxide film. Thus, it is considered that the 
workpiece temperature became large by increase of polishing 
pressure and frictional force. On the other hand, the surface 
roughness was improved by using the oil-based fluid. Then, the 
optimum solvent type is oil-based solvent. 

5 mm 
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Shank 

Nd-Fe-B 
magnet 

5mm 

Gap Spindle 

Workpiece 
Table 

Tool 
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Figure 2. Influence of solvent type on surface roughness. 

 
Next, the influence of abrasive diameter is shown in Fig. 3. In 

the case of using abrasive diameter of 1 μm and 6 μm, the 
surface roughness was improved early. In this experiment, since 
the mass of abrasive were constant in any condition, the 
effective abrasive number will decrease in accordance with the 
increase of abrasive diameter. Thus, the surface roughness 
didn’t be improved with abrasive diameter of 12 μm. 
 

Figure 3. Influence of abrasive diameter on surface roughness. 

 
Finally, the influence of iron powder diameter is shown in Fig. 

4. In the case of using iron powder of 75 μm, the surface 
roughness that was obtained by the abrasive of 1 μm was 
improved. However, in the case of using abrasive of 6 μm, the 
surface roughness improved slightly. This different occurred by 
the difference of effective abrasive number. On the other hand, 
the surface roughness that was obtained by using the iron 
powder of 2 μm were also improved slightly. However, these are 
inferior to iron powder of 75 μm and abrasive of 1 μm. The paste 
that included the small iron powder doesn't generate the 
magnetic cluster. Therefore, because the paste using large iron 
powder that generates the magnetic cluster can obtain large 
polishing pressure, it is considered that the polishing amount 
became large. Then, since the cutter-marks of end-milling was 
removed, the surface roughness became small. 
 

 
Figure 4. Influence of carbonyl powder and diamond abrasive diameter. 

4.2. Estimation of magnetic polishing amount 
From the above, the optimum paste components are below; 

solvent of magnetic fluid is oil-based, abrasive diameter is 1 μm 
and diameter of iron powder is 75 μm. In order to generate the 
tool path easily, the prediction model of polishing amount 
distribution is required. In this report, the prediction model 
based on Preston's law (Polishing amount = Preston constant x 
polishing pressure x polishing speed x polishing time) that was 
proposed in past report [3] was used. However, as the original 
work of this study, the polishing pressure model was established 
by use of Hertz contact stress that is defined by Eq. 1. Where, P0 
is maximum polishing pressure that was measured with 
dynamometer, r2 is maximum contact radius, r is any polishing 
point. The calculated pressure distribution is shown in Fig. 5. The 
average Preston constant when using the optimum paste was 
0.2x10-7 mm2/N (standard deviation: 0.05). The comparison 
between the predicted polishing depth distribution and the 
actual polished depth is shown in Fig. 5. It is found that these 
shapes are almost same. The surface roughness after polishing 
was 50 nmRa as shown in Fig. 6. This value satisfies the 
requirement of artificial coxa (ISO7206-2). 
 

𝑃(𝑟) = (𝑃0/𝑟2)√𝑟2
2 − 𝑟2    (1) 

 

Figure 5. Predicted polishing pressure and comparison between 
prediction shape and polished depth. 

 

(a) After ball end-milling                (b) After magnetic polishing 
Figure 6. Comparison of workpiece surface. 

5. Conclusion 

In this report, the optimum paste components were 
investigated. Moreover, the prediction model of polishing depth 
was established. It was found that Investigated paste and 
prediction model are useful to polish the additive manufactured 
Ti-6Al-4V product that requires the precise smooth surface. 
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Abstract 
Ultraprecison diamond turning is used to manufacture standards for tactile and non-contact measurement devices at Physikalisch-
Technische Bundesanstalt (PTB). Besides different types of roughness standards and depth setting standards, a novel chirp artefact 
is developed to determine the transfer function and topography fidelity of optical measuring devices. Reaching the limits of these 
instruments, the mechanical manufacturing technology reaches its limits too with a radius of curvature of a single micrometre. The 
nickel-phosphorus-plated standard has an outer diameter of 84 mm. It incorporates coarse structures with a depth up to 24 µm and 
in addition modulated but stepwise discrete periodic structures with wavelengths in the range from 3.2 µm to 13 µm and amplitudes 
in the range from 400 nm to 1 µm. The first main challenge for the turning process is the limited lifetime of the small diamond tool. 
The second is the use of two tools with the necessary spatial correlation of different tool centre points for working the same 
workpiece. The design of the standards is optimized for this task. Measurement results of optical and tactile instruments as well as 
atomic force microscopy are compared. The suitability of the functional design can be shown. Furthermore, it can be concluded, that 
the chipping mechanism of nickel-phosphorus may change with the size of the small diamond tool. 
 
 
Design, Turning, Ultra-Precision, Measurement 
 

 

 

 
Figure 1. Partial sectional view and sketch of designed chirp standard 

1. Introduction  

Chirp structures are designed to help users to obtain the limits 
of their measurement setup within a single measurement [1, 3, 

5, 7]. For the identification of the limitations of the equipment, 
the users simply must count structures with adequate 
transferred structure amplitudes. These allow an easy 
classification of the used setup. The structures´ purpose is to 
characterize the topography fidelity as a part of the limitation of 
optical instruments [2]. 

 
The herein proposed design (“generation III”) of a classical 

chirp-standard provides five different functional areas with 
varying frequencies and amplitudes in a broad band. The 
wavelengths in the coarse areas vary from 91 µm down to 11 µm 
in 23 discrete steps, providing a structure height of 1 µm. Within 
the fine structure areas, the wavelengths vary from 12 µm down 
to 3 µm in 15 discrete steps with amplitudes of 1.0 µm down to 
0.4 µm. In addition, one area provides 13 discrete amplitude 
shifts from 2 µm down to 0.1 µm with a frequency of 8 µm.  

 
 
 
 

 
 
 
Nevertheless, when reducing the structure height and the 

wavelength of the structures down to the wavelength of light, 
the limits of mechanical manufacturing and optical 
measurements are reached [4, 6]. 

Therefore, for the manufacturing of such standards even 
technologies of semiconductor processing can be involved, see 
e.g. [7]. Discrete processing and areal machinability may limit the 
design of a standard in this case. Thus, in this study an 
ultraprecision face turning process is chosen for manufacturing. 
Diamond tools with nose radii down to one micrometre are rare 
and custom made, but they are commercially available and used 
for this study.  

 

2. Design  

Protruding steps are integrated into the surface design of the 
standards to protect the sensitive structures from mechanical 
contact e.g. during handling or cleaning processes or putting it 
down on its face plane by accident. The step height is chosen 
with respect to the working distance of the measurement 
equipment, which is used to characterize the standard. 

The second purpose of the steps is an easier access to and an 
identification of a single structure with a specific height 
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distribution. Finally, the steps are necessary for machining 
different structure sizes with different tools. A sectional view 
and sketch of the design of the chirp standard is shown in 
figure 1. The radial travel for the lower structure part is 12 mm. 

3. Manufacturing  

The Nanotech 250UPL lathe is used for turning the standards. 
Nickel phosphorous coating on an oxygen free copper substrate 
is chosen for its optical surface quality and process stability in 
ultraprecision manufacturing. Nose radii of the single crystal 
diamond tools are 1 µm and 5 µm. Turning operation is driven 
with 2000 rpm, feed is 1 mm/min and uncut chip thickness is 
1 µm for the 5 µm nose radius. Feed is 0.1 mm/min and uncut 
chip thickness is 1 µm for the 1 µm nose radius. 

Different nose radii of diamond tools are necessary for the 
turning process to realize the wide range of curvatures of the 
designed structure. Due to the limited lifetime of the small tool, 
a second tool must be integrated into the process chain for 
preparing the surface for the fine structures and for finishing the 
coarse structures. Different tool centre points (TCPs) need to be 
correlated for machine control. A vision system with camera is 
used, as implemented in the ultraprecise lathe, to identify the 
nose radii with an accuracy of approximately one micrometre. 
The optical resolution reaches its limits. For a more exact 
determination of the relative shift between the two TCPs, two 
flanks of the workpiece are used, which are not relevant for the 
main measurement task. First, all planes of the rotation 
symmetric flat are turned with the larger tool. In a second step, 
one of such fabricated face surfaces and one of the angled steps 
are touched with the smaller tool. Due to the optical quality of 
the surfaces, a scratch of a single path of the small tool can be 
identified with submicron resolution by means of scattered light. 
The relative distance between both TCPs can be deduced in this 
way. 

 
Form error due to the tool radius must be corrected for steep 

structures. Figure 2 shows the results of a simple numerical 
simulation of the difference between toolpath and machined 
surface of a perfect tool with the given point interval. It reveals 
differences of 50 nm nanometres for the critical high frequency 
structures of the actual standard. Thus, a radius compensation 
is applied. The morphological filter dilation is a proven tool and 
used for this purpose [1]. 

 
 

 
 
Figure 2. Calculated difference (green line, bottom) between target 
contour (blue line, top) and surface generated by envelope of tool with 

nose radius of 1 µm (red line, top), radial increment x = 100 nm 

Optical investigation of the tips and resulting assessment of 
the cutting radius provides an individual value for each tool. 

 
Due to the use of different tool nose radii and the different 

feeds of the tool on the machine, slightly different roughness 
parameters of the generated surface can be predicted. 
According to these theoretical calculations, the influence of the 
effect on surface roughness is marginal for the chirp standards. 
The tool with 5 µm nose radius causes a residual roughness of 
Ra = 1.6 nm and the tool with 1 µm nose radius a value of 
Ra = 0.1 nm, see figure 3. 

 

Figure 3. Effect of tool diameter on roughness of manufactured surface 
– all turned with same feed 

 
With decreasing surface structure size, an increasing part of 

the tool flanks works the designed surface elements. Larger 
parts of the tool are in contact with the workpiece for a longer 
time and affect thermal and mechanical loads during the 
chipping process, see figure 4. The ratio of energy and volume 
becomes more critical. 

 

 
 

Figure 4. Sketch of the tool and surface frequencies  

 
Finally, heat, positioning error and degradation of the cutting 

edge may cause geometric deviations of the finished surface. 
The following investigations with different measuring systems 
show both the ability to manufacture such a standard and its 
limitations, and even the limitations of the used measuring 
instruments. 

 

4. Results and evaluation of the standard 

4.1 Optical measurement 

Optical measurements reveal, that the target topography was 
manufactured with low form deviation and good surface quality.  

Structures with wavelengths larger than 5 times the tool nose 
radius can be reproduced very well. With a decreasing structure 
size, form deviations increase and adverse effects appear.  

Figure 5 shows the intensity distribution of the manufactured 
surface along the fine structure zones.  

 

small 

medium 

large 
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Figure 5. Intensity image of surface section  
 

On the left side of figure 5, a small part of the coarse structure 
is visible. To the right, four zones with low intensity are visible. 
These are the areas of the fine structures. Due to the light 
scattering of steep slopes, most of the reflected light will no 
longer be reflected into the optical path of the instrument and 
thus the areas appear darker. Areas with flat surfaces, as they 
occur in each structural zone, should reflect with undiminished 
intensity. In zone I in figure 5, the slope areas are symmetrically 
and interrupted by three clear visible areas of flat surfaces. This 
characteristic can no longer be recognized in zone II or III. Even 
on their flat areas the surface intensity seems to reduce with a 
gradient from the left to the right side of the image. 

 
 

 
 

Figure 6. Intensity image of zone III, manufactured with fine tool  
 

The intensity plot of zone III in figure 6 reveals a high 
roughness. This change of roughness increases along the x-axis. 
Atomic force microscopy examination of the surface confirms 
this observation. 

 

 
Figure 7. AFM measurements of flats of chirp standard 
 

 

Figure 8. Comparison of measurement results of zone III; red line: 
profiler, blue line: AFM measurement, turquoise line: command profile 

From the left to the right, an increase of roughness along the x-
profile can be observed. The Ra values increase along zone II and 
III to approx. 20 nm and stagnate on the rest of the profile. 
 

4.2 AFM Measurement 

Atomic force microscopy (AFM) measurements can provide 
very high lateral resolution. Figure 7 shows the results of an 
AFM-measurement along the x-axis inside zone I. On the flats A, 
B and C in figure 7, the roughness parameters were determined 
with the same profile length.  

Tool degradation, wear and tear may be responsible for the 
quality loss along the workpiece. The life cycle of the 1 µm tool 
nose is limited, resulting in the requirement of a short tool path 
with low process loads. 

4.3 Stylus measurement 

Like optical devices, profilers are subject to lateral integration 
of data points, whereby the tip acts as a low pass filter for the 
surface profile. Thus, due to the geometric dimensions of a 
stylus tip, the curvature of a surface limits the measurement 
capabilities of such a profiler. Profile fidelity shrinks, once the 
stylus tip cannot follow the surface because it’s radius is larger 
than the concave curvatures of the surface. The dimensions of 
the present structures are close to the limits of mechanical 
machinability, but the stylus instruments reach their 3D-
resolution limits too. The red dashed line in figure 8 shows, from 
left to right, a steadily limited scanning depth of stylus profiler in 
comparison to the blue line, which represents the AFM-
measurement. 
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4.4 SEM visualisation 

Scanning electron microscopy (SEM) reveals parasitic 
filaments at the nanoscale, see figure 9. These may arise due to 
the change of the structure size of the chipping process or the 
change of the spatial stress field in the deformation zone.  

These superposed, sub-wavelength sized structures may be 
optically active by means of a shading effect, which can be 
observed on the surface. They may be one reason for the 
apparently dark areas in figure 6. 

 
 

 
 
Figure 9. SEM picture of fine structure  

 

5. Discussion 

Measurement results show, that the required topography is 
manufactured with low form deviation and good surface quality. 
Due to appropriate tool compensation for the machining 
process, the elements of the coarse areas are close to the 
designed value. The smaller the required structures on the 
surface and the steeper the slope of the elements, the larger the 
negative effects of machining. Heat, change of cutting edge, 
wear and tear may affect the surface quality. The change of the 
chipping process with the nose radius of 1 µm must be better 
understood to be able to develop further compensation 
algorithms, see e.g. [8, 9]. 

 
The standards were measured with various optical and tactile 

measuring systems, as well atomic force microscopy and 
electron microscopy. The different measuring devices capture 
the same 3D-data of the surface. Due to the use of different 
physical effects, the resolution, the filter effect on the surface, 
the field of view and the recording times vary. Finally, each 
measuring device has individual and unique strengths and 
weaknesses. The user must choose the appropriate device 
depending on the requirements of the respective measurement 
task. 
 
 
 
 
 
 
 
 

6. Summary and outlook  

A novel multi wavelength chirp standard is presented. The 
design is optimized for the measurement task and the 
manufacturing process and the handling procedures.  

Due to the small structure sizes of the standard with 
curvatures down to 1 µm, the optical measurement equipment 
reaches its limits and the mechanisms of chipping seem to 
change during the manufacturing process. For an improvement 
of the surface quality of the manufacturing process of such 
standards with small wavelengths, further detailed investigation 
of the chipping mechanism on the microscale is necessary. 
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Abstract 
Progressive multifocal lens is a typical optical free-form surface element. Compared with the traditional spherical lens, the diopter of 
the far-view area and the near-view area of the progressive multifocal lens are different, and the diopter gradually changes smoothly 
in the intermediate transition area. The wearer can continuously and clearly see objects at different distances. However, due to the 
complex surface structure of the progressive multifocal lens, the machining cost is high, so its application is limited. In this study, a 
new machining method named single-point diamond ultra-precision turning technology based on fast tool servo (FTS) is proposed, 
which can achieve the fabrication of progressive multifocal lens with high finished surface quality and low manufacturing cost. In this 
paper,  the  three-dimensional  geometric  model  of  progressive  multifocal  lens  surface  is  converted  into  equidistant  spiral  line 
according to the principle of turning non-rotational symmetric curved surface. In addition, the effect of spindle speed, feed rate and 
cutting depth on the finished surface quality of the  progressive multifocal lens are investigated. The experimental results show that 
the proposed method is feasible for the sustainable and high-efficiency fabrication of progressive multifocal lens. 

Keywords: Progressive multifocal lens; surface quality;  ultra-precision machining; turning parameters 
 

1. Introduction 

Optical free-form surface elements can not only realize some 
special optical functions, but also effectively reduce the volume 
and weight of optical system and greatly improve the imaging 
quality. Currently, it have been widely used in various frontier 
fields and daily life. Progressive multifocal lens is a typical optical 
free-form surface element. The wearer can continuously and 
clearly see objects at different distances. However, due to the 
complex surface structure of the progressive multifocal lens, the 
machining cost is high, so its application is limited. Single-point 
diamond ultra-precision turning technology based on fast tool 
servo (FTS) can achieve the fabrication of progressive multifocal 
lens with high finished surface quality and low manufacturing 
cost. This paper attempts to study the effect of spindle speed, 
feed rate and cutting depth on the finished surface quality of the 
lens for improving the surface quality of the machined lens 
based on the optimized processing parameters. 

2. Material and methods 

2.1. The turning principle and trajectory planning 
Progressive multifocal lens has different diopters in the far and 

near vision areas, and is smoothly connected in the intermediate 
transition area [1]. The functional areas distribution are shown 
in Figure 1.  

 
Figure 1. Illustration of the progressive multifocal lens 

Progressive multifocal lens has excellent optical properties, is 
a typical non-rotationally symmetric curved surface, and its 
fabrication are difficult and expensive with traditional 
processing methods. With the maturity of ultra-precision 

machining technology, the single-point diamond ultra-precision 
turning technology based on FTS device is gradually applied to 
the fabrication of progressive multifocal lens [2]. The surface 
shape equation of the progressive multifocal lens is shown in 
formula (1), where c= -0.005, a1= 4.957×10-5, a2= 1.45×10-5, a3= 
-1.56×10-6, a4= -2.3625×10-8, a5= 4.05×10-9 [3]. 
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The three-dimensional geometric model of the progressive 
multifocal lens surface drawn in MATLAB is shown in Figure 2. 

 
Figure 2. Three-dimensional model of progressive multifocal lens 

2.2. Experimental setup 
The experimental setup of the turning experiment was shown 

in Fig. 3. A home-made precision machine tool was used, and it 
mainly consisted of two horizontal hydrostatic sideways and an 
aerostatic spindle. The workpiece was affixed to the spindle axis. 
The FTS was positioned on the z-axis via a high-precision 
adjustment platform. More details on the machine tool can be 
found in our previous work [4]. In this study, the working stroke 
of the FTS device was 8.2 mm, the maximal response frequency 
was 50 Hz, and the static stiffness was 9.39 N/μm, which meets 
the machining requirements of progressive multifocal lens. In 
addition, the SCD tool has a nose radius of 1.0 mm, a rake angle 
of 0 and a clearance angle of 11. The workpiece material was 
PMMA with a diameter of 40 mm and a height of 10 mm. Three 
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sets of experiment were set up to study the effect of spindle 
speed, feed rate, and cutting depth on the finished surface 
quality. The first set of experiment numbered 1.1 to 1.5 , the 
second set of experiment numbered 2.1 to 2.5, and the third set 
of experiment numbered 3.1 to 3.5. The detailed experimental 
parameters are shown in Table 1. After the completion of 
turning experiment, a Zygo white-light interferometer 
(NewView 5000) was used to measure the machined surface. It 
should be noted that, for each machined workpiece, six testing 
positions are averagely selected in the radial direction from the 
center of the lens to the edge. 

 
Figure 3. Illustration of experimental setup 

Table 1 Experimental parameters 

3. Results and discussion 

It can be seen from Figure 4(a), the five polylines are on a 
downward trend as a whole, which indicates that the surface 
roughness value from the center to the edge gradually decreases. 
This can be explained that when the spindle speed is constant, 
as the radius increases, the cutting speed increases. A large 
cutting speed is conducive to the discharge of chips, and the 
quality of the machined surface is better. In addition, the five 
polylines have a large degree of coincidence, which indicates 
that within the range of experimental data, the spindle speed 
has little effect on the surface quality of the lens processing. 
Therefore, in order to improve the processing efficiency, the 
spindle speed can be appropriately increased. As can be seen 
from Fig. 4(b), when the values of the feed rates are equal to 
15μm/r, 20μm/r, and 25μm/r, the processed lens surface 
roughness values are all less than 0.1 μm. When the feed rate is 
in the range of 15 μm/r to 25 μm/r, a progressive multifocal lens 
with satisfactory finished surface quality can be obtained 
through ultra-precision cutting technology. When the value of 
the feed rate is 30 μm/r, the roughness values of the machined 
surface are greater than 0.1μm, which cannot meet the 
manufacturing requirements of progressive multifocal lenses. 
Therefore, the optimal value of the feed rate is 20μm/r. It can 
be seen from Figure 4(c) that the five polylines are all in a 
downward trend, indicating that the surface roughness from the 
center to the edge gradually decreases. This can be explained 

that when the spindle speed is constant, the cutting speed from 
the center to the edge is increased. The large cutting speed is 
conducive to the discharge of chips, so the quality of the 
machining surface is improved. In addition, the overlap of the 
five polylines is large, which indicates that the cutting depth has 
little effect on the surface quality within the experimental data 
range. In order to improve the manufacturing efficiency, a larger 
cutting depth can be selected. 

 
Figure 4. Comparison of surface roughness of machined surface at 
different machining parameters 

4. Conclusions 

In this study, a comparative investigation of turning 
parameters on surface quality of progressive multifocal lens was 
performed. The experimental results indicate that the 
sustainable and high-efficiency machining of progressive 
multifocal lens was achieved by using the single-point diamond 
ultra-precision turning based on FTS technology. 
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No n/(r/min) f/(μm/r) ap/μm 

1.1 50.0 20 20 
1.2 33.3 20 20 
1.3 25.0 20 20 
1.4 20.0 20 20 
1.5 16.7 20 20 
2.1 50 10 20 
2.2 50 15 20 
2.3 50 20 20 
2.4 50 25 20 
2.5 50 30 20 
3.1 50 20 1 
3.2 50 20 5 
3.3 50 20 10 
3.4 50 20 20 
3.5 50 20 30 

402



 

          
 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

Technological investigation for production of metallic micro-optics employing 
embossing process 
 
D. A. Rolón1, M. Jagodzinski1, S. Kühne1, S. Gebauer1, M. Malcher1, D. Oberschmidt1 
  
1Berlin Institute of Technology, department of Micro and Precision devices MFG, Germany 
 
rolon@mfg.tu-berlin.de 

  
Abstract 
Micro optics are well established in today's world, from the high-tech sector to the broad consumer market. They enable new optical 
functionalities, optimized beam shaping and light utilization with a simultaneous weight advantage and the associated conservation 
of resources. The constantly increasing integration density and speed of innovation present a challenge for the economical 
production of such optics. The production of optical structures in molding tools by means of ultra-precision machining is carried out 
individually and requires considerable effort in terms of production time and machine requirements. The effort increases when arrays 
or large-area diffractive optics are manufactured. Lithographic processes such as interference lithography are established for the 
production of optical arrays. However, the time advantage of this process is at the expense of reduced freedom of form. A barely 
described alternative is to form ultra-precision optics into metallic surfaces. This technique offers the potential to efficiently produce 
both original individual components up to small batches as well as master structures for replication. Moreover, this process has less 
expenses as well as enhanced freedom of form. This paper consists of a technological investigation for the production of micro optics 
(arrays) in aluminum RSA-501 and gold layers by embossing using plunger coil actuators. Moreover, a parameter investigation to 
assess the influence of the embossing force, load time and embossing speed on the micro optic geometry was conducted. The 
experiments were performed using a fast-tool servo coupled with a force sensor and a ruby spherical embossing tool in a modified 
ultra-precision machine centre LT ULTRA MMC 1100. The experimental results indicate the relevance of the embossing force in 
contrast to the embossing speed, indicating that higher speeds could be applied during process to gain an increase in productivity. 
The process is proven to be feasible and successfully implemented for manufacturing micro-optic arrays (MOAs) in RSA-501 and gold. 
 
 
Keywords : micro optic arrays, embossing, RSA-501, gold, forming         

 

1. Introduction 

Optical elements such as minituarized lenses enable a variety 
of recent applications. For instance, micro-optical arrays (MOAs) 
containing a large number of lenslet cells is being used in a wide 
range of applications in cameras, sensors and other photonic 
devices. These MOAs provide a performance enhancement in a 
large visual field and miniaturized size. 

Essentially,  micro-optics (MO) are a few orders of magnitude 
above or below the application wavelength. These MOs enable 
to reach down to the nanometer range. Examples of applications 
can be found in optical arrays in honeycomb condensers, light 
conduction in displays, beam homogenization in laser and 
exposure systems. For efficient production, replication in 
polymers and glass using injection moulding or hot-embossing 
processes are extensively applied. Also, lithographic and 
machining processes compete in the production of the required 
form structures for replication [1]. 

Among the machining processes existing to manufacture high-
quality MOs, ultra-precision on-axis or off-axis turning with 
single crystal diamond tools, also known as single point diamond 
turning (SPDT), is an established method. This process can also 
be enhanced by using a fast-tool- or slow-slide-servo system. 
Additionally, processes such as ultra-precision milling, flycutting 
and shaping process are also well established. Those processes 
are mainly carried out on specially designed ultra-precision 
machine tools based on the manufacturing technology of  

macroscopic optics.  Also, single crystal diamond tools are still 
necessary for manufacturing non-ferrous metallic optical 
elements [2]. The SPDT process is the most common and 
standardized application regarding its process control [3, 4]. 
BRINKSMEIER ET AL. provide a comprehensive overview of MOs 
production [5]. SCHEIDING ET AL. compare the manufacturing 
process with regard to lens arrays on flat and curved surfaces 
using micro-milling process as well as the fast-tool- and slow-
slide-servo [6]. Also KIRCHBERG ET AL. investigated the micro-
milling process with diamond tools to produce micro-lens arrays 
(MLAs) [7]. 

The process parameters, surface development mechanisms 
and the suitability of materials have been extensively 
investigated with regard to the production of continuous 
surfaces. Lithographic methods such as interference lithography 
are time-advantage processes, however it is at expense of 
reduced freedom of form. The SPDT technique requires a 
suitable ultra-precision machine tool and expensive diamond 
tools. Also replication techniques are limited to polymer and 
glasses, therefore not including metallic MOAs. Therefore, this 
paper aims at investigating the usage of embossing process in 
gold (Au) and aluminum RSA-501 for manufacturing micro-
optics.  

2. Methodology 

The experiments presented in this paper consisted of adapting 
a fast-tool-servo (FTS) from the company LT ULTRA-PRECISION 
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TECHNOLOGY GMBH, Germany coupled with a tool holder in a 
modified ultra-precision machine center LT Ultra MMC 1100 
from the company LT ULTRA-PRECISION TECHNOLOGY GMBH, 
Germany. By using a peak current I = 6.85 A, the maximum 
actuator force can be estimated at Fmax = 102.6 N. The 
embossing tool axis and force are aligned to minimize other 
force components and momentum along the experiments. The 
advantage of fixing the embossing system in the ultra-precision 
machine-tool is that its axes (X,Y,Z) are able to move within a few 
nanometers of accuracy. Also, the whole experiment can be 
conducted within almost without external temperature 
influence. For measuring the embossing force, a piezoelectric 
force sensor was adapted between fast-tool servo system and 
tool holder.  

The workpiece is positioned on the machine tool table, fixed 
using CrystalbondTM adhesive. The embossing experiments on 
gold and RSA-501 were done according to the scheme presented 
in Figure 1 where Zs  refers to the safety position, Zwp the 
embossing position, vZ  the embossing speed, t the hold time, Fp 
the embossing force and Z = 0 is the contact position between 
tool and workpiece. 

 

 
Figure 1. Scheme of the embossing procedure for gold and RSA-501 

The workpiece surface is oriented orthogonally to the fast 
tool-servo system. In Figure 2 the set-up of the embossing 
system on the ultra-precision machine Z axis and an illustration 
of the embossing experiments are shown. The embossings were 
measured by means of a white light interferometer (WLI) ZYGO 

NEWVIEW 5010 from the company ZYGO CORPORATION, United 
States. For analysing the WLI measurements, the software 
GWYDDION was used. 

 
Figure 2. Process description and machine kinematic  

2.1. Embossing device specification 
The fast-tool servo (FTS) is based on an air bearing as guidance 

and a voice coiled actuator (VCA). The current signal to control 
the VCA is generated by a micro-controller coupled with an 
amplifier MOSFET IRL530NPbF.  

The tool is fixed on the FTS forcer. In Figure 3 a 3-D model of 
the FTS used for the experiments is shown. The embossing force 
was measured using a force sensor 9131B from the company 
KISTLER GMBH, Switzerland. A scheme of the embossing process 

by moving the machine Z axis is depicted on Figure 4. 

 
Figure 3.   a) 3-D model of the fast-tool-servo used for the experiments   

b) Tool holder and coupled force sensor used 

The FTS system is only indirectly associated with the 
embossing tool displacement during the experiments as the 
primary displacement consists of the machine Z axis movement 
of the ultra-precision machine LT-Ultra MMC 1100. The forcer 
mass of the FTS can be determined from the measurement 
series with pure weight force, at the current I = 0 A. The average 
rotor mass found was m = 331.8 g. The FTS also has two elastic 
stoppers made of plastic. The difference of the operating point 
and the machine current position in Zs must be determined. The 
Z = 0, meaning the contact position between tool and workpiece, 
is stored as soon as the air bearing starts to free running, without 
contact with the FTS plastic stoppers. A safety distance between 
the contact point Z = 0 and the end stopper is set  within a few 
milimiters Zwp. The displacement of the tool is measured by a 
chromatic sensor.  

 
Figure 4. a) Safety position Zs, b) contact position Z = 0 and  

c) embossing position Zwp 

2.2. Embossing tool specification 
For the embossing process, tools of high strength and 

hardness are necessary to shape the workpiece within the 
specific form. The tool geometry is essential for generating the 
desired structures. A hard metal shaft with a corundum sphere 
(ruby-Al2O3) was used as tool for embossing concave optics. The 
ruby radius is Rr = 0.25 mm. The geometrical parameters of the 
tool and process are shown on Figure 5. 

 
Figure 5. Geometrical parameters of the embossing tool 
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Rr stands for the tool radius and de for the embossings 
diameter. Those two parameters and the embossing depth h 
define the optic geometry. The aim of this manufacturing 
process is to produce a surface with low defect rate and as little 
pile-up as possible.  

 
2.3. Embossing system set-up 

Due to the non-linear behaviour of the VCA and the force 
sensor, both need to be investigated before the experiments. 
For this purpose, the force F has been determined for various 
positions Zwp with a speed vz = 30 mm/min. The interval set for 
the working point was ∆Zwp = 150 µm, in range of 
150 µm ≤ Zwp ≤ 750 µm with a holding time t = 5 s. Figure 6 
shows the force measurements N for the different embossing  
depths Zwp. 

 

 
Figure 6. Force measurements N at different Zwp positions 

It was noticed that the force F in the range of 
450 µm ≤ Zwp ≤ 750 µm shows an almost constant behaviour. It 
is presumed that on the range of 150 µm ≤ Zwp ≤ 450 µm, the 
plastic stopper suffers elastic deformations and by further 
increasing the embossing depth Zwp, this deformation no longer 
influences the force F measurements. Therefore, the working 
position Zwp = 600 µm is selected for the experiments. 

The display resolution of the current measuring instrument 
has an uncertanty of u = 0.01 A. This affects the measured force 
with approx. uF(I) = 0.15 N. For the FTS, a current-force 
characteristic curve was defined using the measured values 
(Figure 7). A negative current indicates a Lorentz force of the 
VCA against the gravitational force and a positive current means 
a displacement on the direction of the gravitational force. 

 

 
Figure 7. Current-force characteristic curve of the fast-tool-servo 

The force sensor was used to determine embossing force F. In 
the measuring range, the values show a non-linear behavior 
from the force measured at the sensor to the force measured on 
the precision scale. For this reason, a 3rd degree polynomial is 
approximated. The measured values are shown in the mean 
value with the corresponding standard deviation in Figure 8 and 

used to correct the measured embossing forces.

 
Figure 8.  Difference of the force measured at the force sensor and the 

precision scale 

3. Result 

3.1. Variation of holding time, embossing speed and force 

The main focus is to investigate how strongly the variation of 
embossing force F, holding time s and embossing speed vz affect 
the geometry of embossed cavities. For this purpose, mean 
values of the individual stages are examined using the contrast 
method for the strength of effect they have on the overall 
process. Only the difference between these mean values is 
referred to as the effect. This gives a statement about the 
linearity of the factors on the result. The greater the effect of 
one factor in relation to the other effects, the greater the 
influence of this factor on the overall result. The effect diagrams 
of process parameters are shown in direct comparison in Figure 
9. 

 
Figure 9. Effect diagram for the variation of embossing speed, hold 

time and embossing force Fp 

3.2. Variation of embossing distance 

To show the feasibility of the process, examples of micro-optical 
array in RSA-501 and gold were manufactured using the 
developed embossing system. The parameters are fixed in this 
execution, except for the embossing centre distance ΔX and the 
material. The investigation was carried out for gold and RSA-501. 
From the results of the previous investigation it is known that 
the embossing diameters amount to d ≈ 60 μm when the 
parameters are set as described above. To avoid overlapping the 
embossing cavities, an interval of 10 μm was set to a range of 
60 μm ≤ ΔX ≤ 100 μm. For each characteristic, five embossings 
were carried out. In Figure 10, the experimental results are 
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shown. In Figure 12 the WLI measurement of the cavities and 
the measured profiles of them. 

 
Figure 10. Embossing experiments result varying the embossing 

distance X 

 

 
Figure 11   Example of micro-optical array manufacturing using the   

developed embossing system 

4. Discussion and Outlook 

At this investigation, the feasibility of using a FTS-system 
coupled at the ultra-precision machine tool was successfully 
implemented for embossing MOAs on gold and RSA-501. 
However, some considerations about the material properties of 
the surface and sub-surface zone of gold and RSA-501 have to 
be taken into account. For instance, an accurate method or 
process chain to prepare and induce a minimum of sub-surface 
and surface alterations on the workpiece. The aim of this process 
chain is to reduce the generated residual stresses and roughness 
of the substrate derived from previous cutting or preparation 

methods. Therefore, it will generate a more homogeneous 
workpiece, consequently dimishing the influence of the previous 
manufacturing method on the embossed MO geometry. 

As expected, the embossings show pile-up at the edges. This 
behaviour can be minimized by a comprehensive analysis and 
understanding of the role of residual stresses caused by previous 
preparation methods. Additionally, it was shown that by 
increasing the distance between the embossings cavities, the 
pile-up effect was reduced. These experiments are of particular 
interest for manufacturing of high lens density MOAs. 

Mostly, for embossing individual cavities, it was observed a 
strong dependency of the embossing force Fp, as expected, in 
contrast to hold time s and embossing speed vz. This behaviour 
is expected  as ductile materials such as aluminium and gold do 
not exhibit significant time dependent mechanical properties 
during indentation experiments. In future investigations, this 
process will be tested on materials such as  amorph Nickel 
Phosphorus, in which the hold time s and embossing velocity vz 
are presumed to play a stronger role on the material flow during 
the embossing process in comparison to gold and RSA-501. 

For future developments and in order to increase the general 
knowledge about the process, models and simulation about the 
embossing process will be done. These methods are known for 
their accuracy and cost-effectiveness. For instance, Finite-
Element (FE) simulation alongside analytical models can provide 
a proper description of the embossing process fo different tool 
geometries and embossing force F. However, it is important to 
take into consideration the effects of the micro size effect as 
described by POPOV [8]. Only then, the numeric results can be 
compared to measured experimental results. 

Aknowledgement 

The authors would like to aknowledge the company LT ULTRA-
PRECISION TECHNOLOGY GMBH for providing the fast-tool-servo for 
the investigations. 
 
References 

 
[1] Herzig, H. P., Micro-Optics: Elements, Systems and Applications, 

Chapman and Hall/CRC, Boca Raton 2014. 
[2] Klocke, F., Fertigungsverfahren 1, Springer Berlin Heidelberg, 

Berlin, Heidelberg 2008. 
[3] Gerchman, M. C., in: Korsch, D. G. (Ed.), Reflective Optics II, SPIE 

1989, p. 224. 
[4] Rhorer, R.L., Evans, C.J. (Ed.), Handbook of optics: Fabrication of 

optic by diamond turning, McGraw-Hill, New York 2010. 
[5] Brinksmeier, E., Riemer, O., Gläbe, R. M., Fabrication of Complex 

Optical Components, Springer Berlin Heidelberg, Berlin, 
Heidelberg 2013. 

[6] Scheiding, S., Yi, A. Y., Gebhardt, A., Li, L., Risse, S., Eberhardt, R., 
Tünnermann, A., Freeform manufacturing of a microoptical lens 
array on a steep curved substrate by use of a voice coil fast tool 
servo. Optics express 2011, 19, 23938–23951. 

[7] Kirchberg, S., Chen, L., Xie, L., Ziegmann, G., Jiang, B., Rickens, K., 
Riemer, O., Replication of precise polymeric microlens arrays 
combining ultra-precision diamond ball-end milling and micro 
injection molding. Microsyst Technol 2012, 18, 459–465. 

[8] Popov, V. L., Method of reduction of dimensionality in contact 
and friction mechanics: A linkage between micro and macro 
scales. Friction 2013, 1, 41–62. 

 

X

Y
Z

Gold RSA-501

0

0,25

0,5

 µm

1

P
ile

-u
p

 w

Embossing distance X

Process:
Embossing

Workpiece:
Gold
RSA-501

Measurement device:
WLI

Tool:
Ruby sphere
Rr =         0.25 µm

Process parameter:
t         =       3    s
vz =     10    mm/min
∆X      = 100    µm 54

57

60

 µm

66

60 70 80  µm 100

D
ia

m
et

er
 d

Z: 0.14 mm

Tool:
Ruby sphere
Rr = 0.25 µm
Measurement device:
WLI

Process:
Embossing

Workpiece:
RSA-501

Prozessparameter:
t      = 3 s
vz =  10 mm/min
Fp = 2.26 N

Em
b

o
ss

in
g

d
ep

th
h

Embossing distance X

-1,2

-0,7

-0,2

 µm

0,8

-1,2

-0,7

-0,2

 µm

0,8

0 125 250 375 500

1)

2)

1)

2)

1) ∆X = 60 µm
2) ∆X = 70 µm

406



 

          
 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

 

Investigation of the influence of carbon dioxide cryogenic cooling on surface 

pollution, surface roughness and tool wear during turning   

 
Katja Mannßhardt, Pierre Naisson, Said Atieh 

 
EN Department, CERN European Organisation for Nuclear Research Geneva, Switzerland 
 
katja.mannsshardt@cern.ch      

  
Abstract 
 
Oil-based cutting fluids in machining are not only a burden for the environment, but also pollute the machined workpieces with 
residues. Cryogenic media such as carbon dioxide (CO2) are established incrementally as a cleaner alternative to conventional cooling 
lubrication methods. For this reason, this article investigates the suitability of CO2 as a coolant for turning of materials such as Copper 
OFE, Stainless Steel 316LN (SS 316LN) and Niobium high RRR, which are used at CERN for a wide range of accelerator components 
e.g. radio-frequency (RF) cavities and ancillaries. They are examined with regard to surface pollution, surface roughness and tool 
wear. The tests concerning surface pollution show that CO2 does not leave any residues on the workpieces surface and is therefore 
suitable for ultra-high-vacuum (UHV) applications. The tests regarding surface roughness show an improvement of the surface quality 
of all investigated materials compared to the tested conventional cooling methods emulsion, alcohol and straight oil. In contrast, in 
the investigation of tool wear, the performance of emulsion cooling could only be achieved with the addition of a minimum quantity 
of oil.  
 
Cryogenic Machining, Surface Integrity, Tool wear, Clean Machining 

 

1. Introduction 

The failure of machined parts due to wear, corrosion and fatigue 
often starts at the surface of the manufactured workpieces. In 
machining numerous factors determine the outcome of a 
surface and cutting fluids in particular have a significant 
influence on it [1]. In this context, the use of cryogenic media for 
cooling and lubrication during the cutting process has proven to 
be an environmental-friendly method that has the potential to 
improve surface integrity, avoid contamination of the workpiece 
surface and also increase tool life over conventional cooling 
methods [2] [3]. 
There are various cryogenic coolants on the market, but liquid 
nitrogen (LN2) and CO2 are the most common ones. LN2 boils at 
a temperature of -195.8 °C at atmospheric pressure. For 
machining applications, special measures such as the insulation 
of the spindle and coolant channels are necessary. CO2, on the 
other hand, is less complex to handle and can be stored by 
keeping it under high pressure in gas cylinders. At atmospheric 
pressure it expands and is then converted into 40 % snow and 
60 % gas with a temperature of -78.5 °C [3]. Although CO2 is a 
greenhouse gas, industrial applications usually use recycled CO2 
from other processes, which means that it does not add to the 
environmental burden [4]. 
Milling studies with LN2 were carried out by Shokrani et al. [5] 
on Inconel 718. He reported a reduction of Ra of 33 % when 
comparing LN2 and dry machining. Nevertheless, this effect was 
reversed with increasing machining time and the roughness 
values became much worse under cryogenic cooling, as tool 
wear increased significantly. Çakir et al. [6] compared CO2, 
emulsion and dry machining while turning of AISI1040 steel. The 
experiments showed a surface roughness for CO2 which was 

slightly better than for emulsion and significantly better than for 
dry machining.  
Wstawska et al. [7] has conducted a literature review on the 
cryogenic machining of titanium alloys and concluded that the 
use of cryogenic coolants shows great potential to improve tool 
wear. In contrary, Tapoglou et al. [4], who investigated tool wear 
progression during milling of Ti-6Al-4V, reported differently. In 
those experiments emulsion coolant performed better than CO2. 
Additionally, he reported that the performance of CO2 regarding 
tool wear can be improved by combining it with Minimum 
Quantity Lubrication (MQL). 
The literature research shows that while there is a wide variation 
in results, depending on the selected machine parameters, tools 
and materials, there is great potential to improve workpiece 
quality and tool wear by using cryogenic media. For this reason, 
it is worthwhile to further investigate a possible replacement of 
conventional cutting fluids for certain applications.  
The purpose of the article is to evaluate the performance of 
cryogenic coolant for finishing machining applications. 
Therefore, experiments are carried out to compare its 
machining performance with the conventional cooling methods 
emulsion, straight oil and alcohol. The tests are designed to 
investigate the surface contamination caused by cutting fluids, 
the surface roughness after finishing and the tool wear. The aim 
is mainly to provide a solution to the need of reworking clean 
parts for UHV-applications, where any kind of surface 
contamination is prohibited.  
The materials under investigation are SS 316LN, Copper OFE and 
Niobium high RRR. The experiments will be carried out on a lathe 
and as cryogenic medium CO2 is used, because of its suitability 
for a flexible and cost-effective integration into an existing 
machine environment. 
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2. Experimental Setup 

The machine used for the studies is a CNC turning machine of 
the CMZ TA Series. Regarding tooling the cutting insert 
VCGT160404-AK H01 is used for the Copper OFE and Niobium 
high RRR samples and the VBMT160404-MM 2035 for SS 316LN.  
For the CO2 cooling the mobile cryogenic system AEROSOL 
MASTER 4000cryolub by Rother is used. The system provides an 
aerosol oil mixture in combination with CO2, which can be used 
in different ratios. The injected CO2 rate can be adjusted from 0 
to 100 %, the compressed air pressure from 0 to 7.5 bar and 
moreover oil for micro spraying can be added in different levels. 
The CO2 supply is provided by a rack with twelve bottles and the 
cooling lubricant can be fed into the cutting zone through two 
nozzles which can be installed on the machine turret, illustrated 
in Figure 1. The nozzles are positioned in a way to guide the CO2 
to the rake and flank face.  
 

 

Figure 1. Positioning of the two CO2-nozzles during turning tests 

The conventional cooling lubricants emulsion, alcohol and the 
cutting oil Vascomill HD 20 [8] are used for comparison. Ethanol 
represents the current solution for clean machining without 
surface residues. The emulsion is provided directly by the 
machine supply. Ethanol and Vascomill are manually injected 
into the cutting zone.  

3. Experiments 

3.1 Surface Pollution 
In order to test the pollution effects of CO2-cooling, a test 
chamber is machined of SS 316LN with pure CO2 as cutting fluid. 
It is subsequently cleaned by the CERN cleaning method for 
UHV-applications [9]. To measure the gas species which are 
present on the workpieces surface, a Residual Gas Analyzer 
(RGA) is used.  
The diagram in Figure 2 shows the ion current of the molecules 
found on the surface of the SS 316LN samples. It includes the 
limit for UHV-applications, the values of the test background and 
the measured values of the test chamber.  
 

 

Figure 2. Ion current of the molecules found on the surface of the 
SS 316LN sample by RGA 

It can be observed that that only peak 26 reaches the limit and 
peak 31 is above the limit. However, since this is also the case 
for the background, the peaks can be attributed the test bench. 
The surface contamination caused by CO2 machining is therefore 
within the allowed limit and it is thus a suitable method for UHV-
applications. 
 
3.2 Surface Roughness  
The tests to compare the surface roughness after finishing are 
carried out for all the aforementioned materials. The values are 
measured after face turning, which is relevant for the machining 
of ancillary components such as flanges for RF-applications. For 
the examined cutting parameters, the feed rate fz and cutting 
depth ap are kept constant and the cutting speed vc is varied by 
about ± 20-30 % compared to the reference condition of the 
respective material. The exact test matrix is shown in Table 1.  

Table 1. Examined turning parameters for each tested material 

Material vc [m/min] fz 
[mm/tr/dent] 

ap 
[mm] ref vc+ vc- 

SS 316LN  110 140 80 0.05 0.1 

Copper OFE 100 130 70 0.05 0.1 

Niobium 
high RRR 

60 80 40 0.05 0.1 

 
Depending on the material, the tests are carried out with 
different CO2 configurations, with either extra compressed air or 
oil being added. For the comparison, only the conventional 
cooling lubricants are tested on the respective material, which 
also represent the commonly used method for it. In addition, for 
many samples only the reference speed is tested with those 
coolants, since the suitability of the conventional methods has 
already been established and the tests are only intended for 
comparison purposes. For the measurement of the surface 
roughness the portable roughness meter MARSURF PS 10 is 
used. The values for Ra are measured on the machined surface 
at two points each and the average is taken.  
Figure 3 shows the Ra-measurements on the face after turning 
SS 316LN with emulsion, alcohol and CO2 for different cutting 
speeds. CO2 seems to perform significantly better than alcohol 
or emulsion turning. Furthermore, the sensitivity for CO2 with 
varying cutting speed is lower than for alcohol.  
 

 

Figure 3. Ra on the face of machined SS 316LN samples under CO2, 
alcohol and emulsion cooling 

For Copper OFE there seems to be a low sensitivity to the type 
of lubricant (Figure 4). CO2 gives comparable results to alcohol 
and emulsion. Only for the Ra at lower cutting speed a clearer 
difference between the cooling lubrication types is visible and 
emulsion cooling reaches a much better result than CO2 or 
alcohol. In addition, CO2 appears to be again much less sensitive 
to variation in cutting speed than alcohol. Nevertheless, the 
surface for CO2 improves slightly with increasing cutting speed. 
This may be a sign of a shift in the thermal balance of the cut.  
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Figure 4. Ra on the face of machined Copper OFE samples under CO2, 
alcohol and emulsion cooling 

The Niobium high RRR samples were only tested with reference 
speed with different cooling lubrication methods. For the lower 
and higher cutting speed exclusively CO2 is tested. The result is 
visible in Figure 5. CO2 with air reaches the same Ra as the cutting 
oil Vascomill HD20, which is usually used for niobium machining 
and is lower than emulsion. The extra high oil supply positively 
influences the surface roughness, which can be seen both by the 
supply directly via the cryogenic system, recognizable by the 
orange bar, and manually (brown bar). It seems that in the case 
of niobium it is the lubricating aspect of the cutting area that is 
more important than the cooling aspect of the material to be 
machined. Besides, it can be stated that increasing cutting speed 
has a positive effect on Ra. The cutting speed selected as a 
reference for niobium may therefore be too low when 
machining with CO2. 
 

 
Figure 5. Ra on the face of machined Niobium high RRR samples under 
cooling with different CO2 configurations, emulsion and Vascomill HD20 

3.3 Tool wear  
For the investigation of tool wear different CO2 configurations 
are compared with emulsion cooling. Therefore, pure CO2 is 
tested as well as with the addition of compressed air and with 
compressed air and oil. The tests are carried out with a bar of 
SS 316LN, from which material is removed on the diameter 
under the aforementioned reference cutting conditions.  
After a specific machining time the condition of the cutting insert 
is recorded with a digital microscope (Leica DMS1000) and the 
surface roughness on the stainless steel bar is measured with the 
portable roughness meter. The measurements are conducted 
without removing the tool holder or workpiece from the 
machine to avoid deviation error. In total 22 minutes are 
machined. The first test is carried out with pure CO2, as this is 
expected to be the most critical due to the lack of lubricating 
effect, which is why its performance has to be evaluated first. 
The same tests, with fewer measurements, are then repeated 
for emulsion and the other CO2 configurations. After the 22 
minutes the condition of each insert is further examined with a 

Zeiss Scanning Electron Microscope (SEM) in order to investigate 
the wear mechanisms. 
Figure 6 shows the development of the measured surface 
roughness Ra with increasing machine time. The values for 
emulsions and CO2 cooling with air and oil are significantly lower 
and the progression of the curves is softer than for pure CO2 or 
CO2 with air. What is also noticeable is the large peak for CO2 
plus air cooling. The profile of the machined surface shows 
discontinuity with defects such as particle adhesion. This 
depicts, especially by comparing it with the previous surface 
roughness tests, that the process cooling with CO2 is not yet 
stable and reliable.  
 

 

Figure 6. Ra depending on the machining time for cooling with different 
CO2 configurations and emulsion while turning of SS 316LN 

When observing the flank wear evaluation in Figure 7 and the 
microscopy pictures of the used cutting inserts in Figure 8 and 9 
a possible reason for the higher Ra-values can be found. As seen 
in the flank view images, all the used inserts exhibited flank and 
notch wear. In the diagram and in the pictures (Figure 8 and 9) 
it can be seen that the worn area is generally slightly larger in 
the specimen with only CO2 cooling and with CO2 and air cooling. 
The higher tool wear may affect the quality of the machined 
surface.  
 

 

Figure 7. Evolution of flank wear VBmax depending on the machining time 
for cooling with different CO2 configurations and emulsion during 
turning of SS 316LN 

Besides, especially the insert which is only used with 100 % CO2 
shows considerably more build up edge (BUE) than the others. 
BUE tendency is known to be reduced with increasing 
temperatures in the cutting zone. Thus, this effect can be 
attributed to the low temperatures while machining with pure 
CO2. Comparatively high notch wear is also visible on the SEM-
images, which is enhanced by BUE. Another effect that can be 
observed is the chipping on the tool tip. Again, it is mainly the 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

100 m/min 70 m/min 130 m/min

R
a

[μ
m

]

Cutting Speed [m/min]

100 % CO2 +
2.5 bar air

Ethanol

Emulsion

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

60 m/min 40 m/min 80 m/min

R
a

[μ
m

]

Cutting Speed [m/min]

100 % CO2 + 2.5 bar air
100 % CO2 + 2.5 bar air + 2.6 bar oil
100 % CO2 + 2.5 bar air + Vascomill HD20
No CO2 + 2.5 bar air + 2.6 bar oil
Emulsion
Vascomille HD20

0
0.5

1
1.5

2
2.5

3
3.5

4

0 5 10 15 20

R
a

[μ
m

]

Machining Time [min]

100 % CO2

100 % CO2 + 2.5 bar air

100 % CO2 + 2.5 bar air + 2.6 bar oil

Emulsion

0

50

100

150

200

250

300

0 5 10 15 20 25To
o

l f
la

n
k 

w
ea

r 
V

B
m

ax
[μ

m
]

Machining Time [min] 

100 % CO2

100 % CO2 + 2.5 bar air

100 % CO2 + 2.5 bar air + 2.6 bar oil

Emulsion

409



  

inserts which are CO2-cooled without additional lubrication that 
are affected.  
Overall, it can be observed that the flank wear decreases with 
increasing oil proportion in the cutting fluid, which can be traced 
back to the higher mechanical load due to the higher friction.  
Hence the wear and abrasion for emulsion or CO2 with 
compressed air and oil is less than for pure CO2 or CO2 with 
compressed air only. CO2 in combination with compressed air 
and oil shows the lowest wear, which is probably due to the 
lubricating effect combined with the low temperatures caused 
by CO2, since flank wear is a mainly temperature driven 
phenomenon. The results emphasize the dual purpose of 
coolants: both the cooling and the lubricating of the cutting zone 
must be ensured in order to dissipate the produced heat and 
extend tool life. 
 

 

Figure 8. Flank view of the investigated cutting inserts by microscopy 
after machining for 22 min of SS 316LN under 100 % CO2, emulsion, 100 
% CO2 + 2.5 bar air and 100 % CO2 + 2.5 bar air + 2.6 bar oil cooling 

 

 

Figure 9. Flank and nose view of the investigated cutting inserts by SEM 
after machining 22 min of SS 316LN under 100 % CO2, emulsion, 100 % 
CO2 + 2.5 bar air and 100 % CO2 + 2.5 bar air + 2.6 bar oil cooling 

4. Conclusion 

In this article surface pollution, surface roughness and tool wear 
during cryogenic machining with CO2 and conventional coolants 
have been investigated and compared during turning operation. 
The purpose was to investigate the suitability of CO2 cooling for 
the finishing operation of SS 316LN, Copper OFE and 
Niobium RRR, with special focus on residue-free machining.  
The conclusions and outlooks are as follows: 
– The examination of surface contamination clearly shows 

the suitability of CO2 for UHV-applications. Further tests, 
which also check the degree of contamination of CO2 in 

combination with compressed air could be beneficial, to be 
able to produce clean workpieces with the best possible 
surface quality.  

– The surface roughness tests show a CO2 performance, 
which is comparable to or even better than conventional 
coolants. It is also shown that the used reference cutting 
parameters, which work well for other cutting fluids, do not 
necessarily produce the best possible results for CO2 
machining and still need to be adjusted. 

– Regarding the tool wear tests, it could be observed that the 
stand-alone-method with pure CO2 seems to be only 
suitable for finishing operations and that additional 
lubrication is required for longer machine times to ensure 
sufficient workpiece quality. However, in order to verify 
these results, tests should be carried out on other materials 
as well and the course of tool wear should be further 
observed over extended machining times. 

Hence,  cryogenic  machining  with  CO2  offers  more  than  just  a 
clean  process  but  has  the  capability  to  improve  the  final  part 
performances  through  enhanced  machined  surface  quality. 
Nevertheless,  the  successful  performance  of  cryogenic 
machining is dependent on a number of factors, which need to 
be investigated further.  
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Abstract 
This study describes the qualification of damaged layer removal after die-sink Electrical Discharge Machining (EDM) and wire EDM 
cutting to reach the high surface quality. Stainless steel, aluminium, copper OFE and niobium are the materials widely used within 
the accelerator applications. The requirements on their surface quality are very strict and therefore the thermally affected layer due 
to EDM should be removed. The objective of this work was to define the damaged layer thickness and to qualify the etching methods 
for its removal. The Scanning Electron Microscopy (SEM) and Focus Ion Beam (FIB) technique were used to determine affected layer 
depth and to confirm afterwards its chemical etching removal. The surface roughness measurement was realised to evaluate the 
final surface quality after the EDM and the chemical etching. 
 
EDM cutting, niobium, white layer, chemical etching   

 

1. Introduction   

EDM is a non-traditional electro-thermal cutting technique 
based on erosion of the workpiece material using a successive 
discrete discharge between the electrode (wire or die electrode) 
and workpiece in dielectric liquid [1]. During the EDM cutting the 
surface is strongly heat-affected and a so-called white layer is 
generated [1]. The white layer is the fast melted and fast cooled 
surface layer which is not heated enough to be removed 
between the wire electrode and the workpiece. Its topography 
and metallurgical structure are changed and it can contain voids, 
cracks and some ejected particles that have been re-deposited 
on the surface (Figure 1). Each material exhibits different 
behaviour and the aspect and thickness of damaged layer as 
well. The EDM surface quality was examined on stainless steel 
316LN, aluminium EN AW 6082, Oxygen Free Electronic copper 
(OFE) (C10100) and even on the difficult-to-machine metals such 
as pure niobium RRR300. Niobium is  widely used for 
superconducting radio-frequency applications, e.g. acceleration 
cavities, higher-order mode (HOM) couplers. 

 The reason of EDM damaged layer removal is the same for all 
tested materials: recovery of bulk metal properties and 
microstructure as before manufacturing process. In case of 
stainless steel, the etching of damaged surface layer improves 
cleanability and wettability and reduces the adhesion of 
impurities and water outgassing due to the reduction of the 
intrinsic surface [2] and eliminates residual stresses in recast 
layer due to shrinkage. For niobium, the surface quality is 
essential in term of radio-frequency (RF) application. The 
smoothness and damaged-free surface is very important 
because any sharp topographic features or microstructure 
changes (porosity, cracks) can cause non-field-emitter quenches 
that contribute to higher surface resistance and to quality factor 
drop of SRF parts [3, 4]. The same requirements are on copper 
RF accelerating parts. In case of aluminium, any changes in 
recast damaged layer can affect mainly hardness and corrosion 
resistance so its removal is also preferable [5]. 
 

 
 
Figure 1. The representation of white layer features.  

 
The objective of this study was to define the white layer 

thickness formed after EDM cutting and to qualify the etching 
methods for its removal. 

2. Material and Method      

Four materials were chosen for the EDM evaluation: stainless 
steel 316LN, OFE copper, aluminium EN AW 6082 and niobium 
RRR300. The samples dimensions were about 80 x 30 x 8 mm. 
The die EDM machine FORM P600 Agie Charmille was used with 
the copper electrode of diameter 15 mm (Figure 2a). For wire 
EDM cutting of additional niobium samples the Charmille 
ROBOFIL 501 machine was used with copper wire of diameter 
ø0.25 mm (Figure 2b). 

The surface roughness was measured by contact probe device 
according to ISO standard 25178. Figure 2 shows the areas of 
interest and the measurement direction. The mean arithmetic 
roughness (Ra) and the maximum roughness (Rz) were 
evaluated. In case of niobium, SEM and FIB technique, were used 
to evaluate the surface structure and the white layer thickness. 
The metallography was also realised on the inclined wire EDM 
cut Nb sample to confirm the thickness of damaged layer. 
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a) 

 
b) 

 
Figure 2. The Surface roughness measurement by the contact probe 

device: a) stainless steel and copper OFE specimen cut by EDM electrode 
machine and b) Niobium block cut by wire EDM (dimensions 200 x 100 x 
40 mm). 

 

Subsequently, the etching method specific for each material 
were investigated. The etching techniques were chosen 
according to best practice at CERN. The common method of 
stainless steel chemical finishing technique is electropolishing 
(EP) with mixture of sulfuric and phosphoric acids. Then, for the 
copper OFE the SUBU (mixture of sulfamic acid, hydrogen 
peroxide, n-butanol and ammonium citrate [6]) etching were 
realized. The Aluminium underwent the etching by NaOH. For 
niobium, the Buffer-chemical polishing (BCP) etching composed 
of phosphoric acid (H3PO4, 85 vol.-%), nitric acid (HNO3, 60 vol.-
%), and hydrofluoric acid (HF, 40 vol.-%). The removed thickness 
was 20 µm.   

3. Results      

3.1. Die EDM cutting     
The Table 1 summarises the surface parameters for individual 

materials and makes a comparison of surface parameters after 
die EDM and after die EDM & chemical etching. The process 
parameters of die EDM machine were set-up to get the best 
surface finish (Ra < 1.0 µm). As shown in Table 1, only the 
stainless steel and copper OFE roughness were lower then 1.0 
µm after EDM. But even the niobium and aluminium resulted in 
very suitable Ra < 1.6 µm.  

After chemical etching of EDM surfaces, the stainless steel EP 
improved the surface roughness in term of Ra by 40 % and Rz 
more then 70 %. The niobium roughness was also significantly 
improved after BCP about Ra of 0.88 µm. The Ra of aluminium 
remained equal after NaOH treatment, but in case of Cu OFE the 
surface roughness got worse from 0.87 µm to 1.15 µm.  
 

Table 1 Surface topographic parameters after die EDM and after die 
EDM & Chemical etching. 
 

  

Die EDM Die EDM & chemical etching 

Ra [µm] Rz [µm] Ra [µm] Rz [µm] 

316LN 0.31 4.07 0.18 1.17 

Al 6082 1.43 9.64 1.46 9.75 

Cu OFE 0.87 7.02 1.15 5.6 

Nb 1.27 7.82 0.88 6.37 

 

In Table 2, there is an scanning electron microscopy (SEM) 
evaluation of the damage layer with main surface features for 
each material before and after etching. 
 
Table 2 The comparison of EDM damaged layers before and after 
chemical etching. 
 

 EDM EDM & Chemical etching 
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Cracks, dark spots, embedded 
powder particles – Copper 
electrod traces with EDX 
spectre: 

 

Visible grains border. In 
centre a detachment was 
observed. 

 
  

 

The chemical etching of 20 - 45 µm removed the damaged 
layer for all materials. 

 
3.2. Wire EDM cutting     

The additional tests by wire EDM for niobium material were 
realized because of frequent application in Superconductive  
radio-frequency (SRF). In this case, the wire EDM average from 
five measurements Ra was about 2.96 ± 0.02 µm and Rz 21.49 ± 
0.48 µm. After subsequent BCP, the surface roughness was 
improved by more than 50 % with Ra = 1.55 ± 0.10 µm and Rz = 
13.57 ± 3.14 µm.  

The SEM observation showed a slightly higher damaged layer 
thickness than in case of die EDM cutting. Figure 3a) shows a top-
view and a cross-section view of wire EDM rough surface with 
visible white layer of 30 – 60 µm. According to  FIB observations 
the cracks propagates in the depth of 5 µm under melted layer 
(Figure 3b)). An additional macroscopic method, the 
metallography using a tilted sample analysed by optical 
microscope, was used to confirm the total white layer thickness 
around ~ 50 µm. Therefore the BCP removal was increased to 80 
µm (with security margin) and the damaged-free surface is 
presented in Figure 3c). 

 

a)  

a)  

b)  
 
  

 

c)  
 

Figure. 3 The SEM and FIB representations of Nb damaged layer after 
wire EDM: a) SEM top-view and  cross-section view of white layer whit 
cracks, overlapping surface craters, plastic deformations, porosity, 
rubbing and cavitation patterns; b) FIB of crack depth propagation and 
c) The Nb specimen after 80 µm od BCP – no damaged layer. 

4. Discussion      

For the stainless steel and niobium, the chosen etching method 
were suitable in term of the damaged layer removal and the 
improvement of surface roughness which was the main goal of 
this study. Nevertheless, the SUBU etching of copper OFE 
generated higher surface topography and the investigation of EP 
method should be carried out in the next step for the copper. 
The NaOH etching of aluminium left some small porosities and 
craters on the surface which may be due to insufficient etching 
or the etching process itself. Therefore a futher investigation of 
aluminium surface treatment might be studied more closely. 

5. Conclusion      

The EDM damaged layer had different features for individual 
materials: 

 Stainless steel: round recast topographic features; 

 Aluminium 6082: High non-uniformity with craters 
and voids with over-lapped discontinuities; 

 Copper OFE: Powder particles dispersion over the 
surface with impurities traces;  

 Niobium: Cracks, porosities and copper electrodes 
traces. 

The chemical etching of 20 µm removed damaged layer caused 
by die EDM in all materials, except of aluminium where the 
further investigation of the etching effect might be followed. The 
wire EDM of niobium requires higher BCP etching around 80 µm. 
The very significant surface roughness improvement was 

44.66 µm 
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observed for stainless steel and niobium. The aluminium Ra and 
Rz did not change after NaOH treatment and copper OFE 
resulted even in slightly worse surface roughness after SUBU 
attack.  
 
References      

 
[1] Maher I. et al. White layer thickness prediction in wire-EDM using 

CuZn-coated wire electrode – ANFIS modelling. DOI 
10.1080/00202967.2016.1180847. 2016. 

[2] Cleaning handbook for CERN UHV applications M. Malabaila. CERN 
– TE/VSC 2016. 

[3] Tian, H. - A novel approach to characterizing the surface topography 
of niobium SRF accelerator cavities. ISSN 0169-4332. Applied 
Surface Science Vol. 257; Issue 11. 2011 

[4] Raškovič M. - Plasma treatment of bulk niobium surface for SRF 
cavities. Nuclear Instruments and Methods in Physics Research Vol. 
569 p. 663–670. 2006. 

[5] Surface integrity of wire EDMed aluminum alloy: A comprehensive 
experimental investigation. Author links open overlay 
panelPujariSrinivasa Rao. Journal of King Saud University - 
Engineering SciencesVolume 30, Issue 4, October 2018, Pages 368-
376 

[6] SUBU CHARACTERISATION: BATH FLUID DYNAMICS VS ETCHING 
RATE A. Pérez Rodríguez, L. Marques Antunes Ferreira, A. Sublet, 
CERN, Geneva, Switzerland. SRF 2018. 

 
 

414



 

          
 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

Finite element study of two-dimensional ultrasonic vibration-assisted cutting 
 
Rendi Kurniawan1, Saood Ali1, Gun Chul Park1, Tae Jo Ko1   
  
1School of Mechanical Engineering, Yeungnam University, 214-1 Dae-dong, Gyeongsan-si, Gyeongsangbuk-do, 712-749, South Korea  
   
rendi@ynu.ac.kr, saoodali62@gmail.com, gu2572@ynu.ac.kr, tjko@yu.ac.kr        

  
Abstract 
 
Recently, the ultrasonic vibration-assisted cutting (UVAC) becomes more attractive in academia due to several benefits compared to 
conventional cutting (CC), for example, decreasing cutting load, decreasing flank wear, and improving roughness. In this manuscript, 
the two-dimensional ultrasonic vibration-assisted cutting (2D-UVAC) was carried out through finite element (FE) in AdvantEdge 
software. The FE study becomes more sophisticated in the metal cutting process because of its ability to predict cutting output 
especially cutting forces. In this FE study, the ultrasonic vibration frequency of the cutting tool was adjusted from 16 to 32 kHz. 
Meanwhile, the maximum transient depth of cut (DOCt), cutting speed (VF), and vibration amplitude was set as a constant value. In 
the AdvantEdge, the adaptive re-meshing and the updated Lagrangian were embedded in the FE algorithm thus a large element 
distortion can be possibly avoided for the micro-cutting process. A two-dimensional orthogonal cutting was adopted in this FE study. 
The workpiece was set as SC45 and the tool material was set as cubic boron nitride (CBN). In this paper, both principal and thrust 
forces are the main objective of this study. The FE simulation results show that the cutting forces in the 2D-UVAC are periodically 
changing due to transient depth of cut. Based on comparison results, the cutting forces in the 2D-UAVC is averagely lower than that 
in the CC process. Based on the FE result, the average cutting forces are decreased by increasing vibration frequency in the 2D-UAVC.  
 
Keywords: Cutting; Finite element method (FEM); Force; Ultrasonic. 
 

 

1. Introduction   

Finite element (FE) is a computation tool that can be utilized 
to examine an engineering problem. In metal cutting, the FE 
method has been proved as a sophisticated tool to manly solve 
cutting force, von Misses stress, cutting temperature, strain, 
strain rate in the main contact zone between tool and chip. The 
FE method has some benefits for solving complicated problems 
such as multi-coated tool analysis [1],  textured cutting tool [2], 
tool wear and chip formation [3].  

In the field of vibration-assisted cutting, a few FE studies [4,5] 
have been conducted to predict mainly cutting forces, cutting 
temperature and stress. The cutting force and stress in the 
vibration-assisted cutting is significantly lower than that in the 
conventional cutting [4], due to disengagement of the cutting 
tool from the main cutting zone. In conventional cutting, the 
cutting tool engages permanently with the deformed chip in the 
deformation zone during the entire cutting process. Meanwhile, 
in the vibration-assisted cutting, the cutting tool engages with 
the deformed chip about 40% of the 100% duty cycle [5]. 

The 2D-UAVC is different than the ordinary vibration assisted 
cutting. Wherein in the 2D-UVAC, the cutting tool is vibrated 
elliptically in two-directions: the thrust and cutting directions 
[6]. One of benefit using the 2D-UAVC is a lower roughness than 
that in conventional cutting [6].  

In this short manuscript, the main aim of this FE study is to 
investigate the cutting forces during the 2D-UVAC process. The 
FE study was conducted by setting ultrasonic vibration in 
variable values from 16 to 32 kHz.    

2. FE simulation setup     

Table 1 shows the simulation parameter in the case of the 
ultrasonic vibration frequencies which were varied from 16 to 32 
kHz. The cutting speed, maximum depth of cut, and vibration 
amplitude were set as constant. Figure 1 shows the FE 
simulation setup where a sliding constraint is set at the bottom. 
Table 2 shows the dimension and meshing parameter. The 
meshing parameter has been selected appropriately to save 
computation time without losing its accuracy.  

 
Table 1 Simulation cutting parameter in the 2D-UVAC 
 

Simulation parameter Value 

Cutting Speed (VF) 1500 mm/min 

Max Depth of Cut (DOCmax) 10 µm 

Frequency (f) 16 - 32 kHz 

Amplitude x- and y-axis (a and b) 1  µm 

Phase shift (θ) 45° 

Length of cut 200 µm 

Tool material CBN 

Workpiece material AISI 1045 

 
Table 2 Dimension and meshing parameter 

 
Rake angle 0° Node element 72000 

Clearance angle 7° Max size (µm) 10 

Cutting edge radius  3 µm Min size (µm) 1 

Workpiece height 40 µm Refinement factor 2 

Workpiece length 200 µm Coarsening factor 6 
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Figure 1. Simulation setup for the 2D-UAVC process 
 

 
 
Figure 2. Cutting force Fx and Fy with different ultrasonic frequencies 
 

 
 
Figure 3. The trend of the cutting force Fx and Fy with different ultrasonic 
frequencies 
 

 
 
Figure 4. Comparison of the average cutting force Fx and Fy  
 

3. FE simulation results      

3.1. Effect of vibration frequency 
Figure 2 shows the cutting force Fx and Fy shape when the 

ultrasonic vibration frequencies are varied. In the case of the 
principal cutting force Fx, the force starts to climb due to an 

increase in the depth of cut. And then Fx achieves maximum 
when the depth of cut is maximum. Finally, Fx decreases as the 
depth of cut decreases. In the case of the thrust cutting force Fy, 
while Fx decreases, the Fy also decreases up to the negative 
value in which the friction reversal effect occurs. The friction 
reversal occurs due to the tool slides upward to the deformed 
chip instead of a cutting process. Both Fx and Fy are equal to zero 
because the cutting tool disengages from the main cutting zone. 

The effect of increasing vibration frequency makes a 
substantial benefit. Both Fx and Fy decrease as the vibration 
frequency increases as shown in Figure 3. It is acknowledged 
that by increasing vibration frequency, it leads to a decrease in 
cutting contact length between tool and workpiece during 
cutting (see Figure 2). In other words, the contact period 
between tool and workpiece decreases when the vibration 
frequency increases.    

 
3.2. Comparison to CC process      

In the comparison process, the ultrasonic vibration frequency 
was set at 24 kHz in the 2D-UAVC case. Meanwhile, the cutting 
speed and depth of cut was set similar for both methods at 1500 
mm/min and 10 µm, respectively.     

Figure 4 shows a comparison of the cutting force Fx and Fy 
between the 2D-UAVC and the CC process where the cutting 
force in the 2D-UAVC process is less than that in the CC process. 
It can be understood clearly that in the CC process, the cutting 
tool and the deformed chip always contact during the entire 
cutting process. Meanwhile, in the 2D-UAVC process, the cutting 
tool disengages periodically from the main cutting zone, it yields 
a reduction of the average cutting force.  

4. Conclusion      

Based on the FE results, the principal (Fx) and thrust (Fy) cutting 
force decreases by increasing the ultrasonic vibration frequency 
in the 2D-UAVC. The FE result also shows that the average 
cutting forces in the 2D-UVAC are significantly lower than that in 
the CC process due to the disengage effect of the cutting tool. 
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Abstract 
In this age where high precision technology thrives in micro-optical applications, the augmentation of manufacturing productivity 
has never been more needful. Optical-grade surfaces can be difficult to machine on brittle materials that limit the critical depth of 
cut, requiring multi-step precision machining tool paths to achieve the desired surfaces by conventional means. Despite multiple 
advances in improving ultraprecision machining technology, these developments involve sophisticated equipment with precision 
control to achieve material removal capabilities with high accuracies. Therefore, a novel technique is visited to enhance ductile-mode 
machining of microfeatures on single crystal calcium fluoride optics by single point diamond machining with a solidified coating. This 
paper confirms the mechanical influence of the coating as observed by the anisotropic improvements in the ductile–brittle transition 
(DBT) on the (100)-plane oriented crystal with the application of varying two-part type epoxy coating thicknesses (2–10 μm). The 
strong influence of the coating thickness on the enhancement of ductile-mode machining is subsequently investigated along the 
(111)[01̅1] direction, with an average enhancement factor of 2.57. An analytical analysis of the work material stress status during 
microcutting with the coating indicates high compressive stresses and an increase in shear strength of the material.    
 
Keywords: epoxy coating, ductile-mode cutting, calcium fluoride, ultraprecision machining, surface effect 
 

1. Introduction  

Calcium fluoride (CaF2) single crystal is a promising material 
that is used in optical windows applications such as 
spectrometers, lithography, microfluidic channels, and micro-
resonators. The popularity of the material is a result of its 
excellent optical properties such as a wide transmission range 
from deep-ultraviolet wavelengths of 0.125 µm to medium 
infrared wavelengths of 12 µm. As compared to other optical 
materials such as magnesium fluoride (MgF2) and fused silica 
(SiO2), CaF2 is a relatively soft material in comparison to other 
optical materials. However, the low material fracture toughness 
classifies the ionic crystal as a brittle material.  

Single-point diamond turning serves as an excellent solution 
to microfabrication of CaF2 optics with intricate micro-features 
at high material removal rates. However, the material removal 
rate is limited by the brittle nature of the material that leads to 
micro-crack formation on the machined surfaces, a.k.a. brittle-
mode machining. The micro-cutting process of crack-free 
surfaces is defined as ductile-mode machining, which is 
governed by a ductile–brittle transition (DBT) factor that 
commonly corresponds to a critical uncut chip thickness during 
micromachining [1]. The varying DBT values with respect to the 
crystallographic orientations add on to the difficulties of 
machining these optics [2]. Therefore, it is of crucial importance 
to investigate techniques that improve the machinability of the 
brittle material.  

Several advanced machining technologies have been 
introduced to improve the machinability of CaF2 such as 
ultrasonic vibration-assisted machining [3] and thermally-
assisted machining [4–6]. Recently, Lee et al. [7] proposed an 
innovative and inexpensive method to increase the DBT during 
micro-cutting of CaF2 with the use of an ink coating applied on 
the sample surface prior to micromachining. In addition to the 

improved machining performance, transmission electron 
microscopy analysis revealed a reduction in subsurface damage 
in the machined surface. The phenomenon was ascribed to be 
correlated to the effects of machining under high hydrostatic 
pressure exerted in a pressurized chamber by Yoshino et al. [8]. 
It is presently believed that the two methodologies to promote 
ductile-mode machining are governed by the same mechanics of 
crack formation, where the stress intensity factor is reduced due 
to the counteracting compressive stresses. In this paper, the 
new technique will be investigated using epoxy as the coating 
material to evaluate its effectiveness and process limitations in 
augmenting the production of micro-features on CaF2 single 
crystals.  

2. Experiments        

A 0.8-mm round-nosed single crystal diamond cutting tool was 
set at a -10° rake angle and fixed on a Toshiba ULG-100 ultra-
precision diamond turning machine for all the experiments 
(Figure 1). 10×10×5 mm sized CaF2 samples were secured onto 
the air bearing spindle with a vacuum chuck. Prior to micro-
cutting tests and coating applications, the sample surface was 
trimmed by face turning to achieve a flat surface with perfect 
reference to the cutting tool tip. The face turning process 
parameters were set at 1,200 rpm spindle speed, 1.0 mm/min 
feed rate and 10 µm nominal depth of cut. Oil coolant was used 
during the trimming process to achieve better surface finishing. 
The surface roughness of the face-turned CaF2 sample was 
measured to be 1.92 nm Ra using an atomic force microscope 
(AFM) as shown in Figure 1(b). Cutting forces were measured at 
a frequency of 10 kHz using a Kistler 9256C1 dynamometer. 

 
2.1. Radial-plunge cutting 

As a standard practice in evaluating the ductile–brittle 
transition (DBT) during ultraprecision machining of brittle single 
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crystal materials, orthogonal plunge-cutting was performed on 
the (100) plane. Plunge-cuts inclined at 0.038° were performed 
radially at 15° intervals with a speed of 50 mm/min. Oil coolant 
was omitted from all plunge-cut experiments. A set of 24 
grooves were made with and without a 2-µm coating layer. The 
ductile–brittle transition (DBT) was determined using optical 
microscopic imaging of the taper-cut grooves at the point where 
micro-cracks began to appear. The detailed DBT evaluation 
procedure in relation to the critical uncut chip thickness was 
described in Ref. [7].  

The epoxy coating was set by comingling the epoxy resin and 
an aliphatic amine as the curing agent with a 1:1 ratio for 1 
minute followed by the application of a layer of epoxy onto the 
machined CaF2 sample surface and left to cure under the 
ambient conditions for 30 minutes. To achieve a uniform thick 
solidified coating on the sample surface, the coated sample was 
diamond turned on the ultra-precision machining centre with a 
spindle speed of 500 rpm and feed rate of 20 mm/min. The 
nominal cutting depth was set according to the desired coating 
thickness by offsetting the corresponding tool-workpiece 
displacement. For example, the tool will be set at 2 µm away 
from the CaF2 surface to achieve a coating thickness of 2 µm. 
Figure 1(c) displays the top-view optical image of the machined 
epoxy coating surface.  

 

 
Figure 1. (a) Experimental setup on the ultra-precision machine center; 
(b) face-turned CaF2 profile measurement by AFM; (c) optical image of 
the face-turned epoxy coating  

 
In addition to the machining tests, a microhardness test was 

performed on the (111) plane using a Shimadzu HMV-2 Vickers 
microhardness tester to evaluate potential chemical effects 
during the application of the epoxy coating. Indentations were 
performed at 0.5 N with the indenter moving at 0.5 mm/s and 
dwelling in the material for 15 s. Three groups of indentations 
were performed – on an unaltered CaF2 surface, a 10 µm coated 
surface, and a CaF2 surface after the dissolution of the coating 
with ethanol. Indentation size effects [9] are negligible in this 
length scale. 

 
2.2. Orthogonal plunge-cutting 

To investigate the effectiveness of the coating on improving 
the DBT of CaF2, orthogonal plunge-cuts were performed at an 
inclination angle of 0.014° to a final cutting depth of 2 µm. 

Plunge-cuts were performed along the (111)[01̅1]  direction 
over a total cutting length of 8 mm under dry cutting conditions 
at varying cutting speeds (100–400 mm/min). A set of grooves 
were first made without the solidified coating to define 
reference values for further comparison. Three plunge-cuts 
were performed at each cutting speed to decide the average 
DBT for each cutting condition.  

Four variations of coating thickness were tested (2–10 µm) to 
evaluate the optimal thickness for enhanced material plasticity 
during micro-cutting. Prior to the coating process, the CaF2 
sample surface was first prepared by face turning on the ultra-
precision machining centre with the process parameters listed 
Section 2.1.  

3. Results and discussion      

3.1. Ductile–brittle transition  
Figure 2 presents the critical uncut chip thickness for DBT of 

each taper groove performed along different cutting directions 
on the (100) plane. The 4-fold symmetry characteristic of the 
(100) plane is displayed with the [01̅1] direction showing the 
highest DBT depth of an average of 0.605 μm (without epoxy) 
along G1, G7, G13, and G19. In comparison, the average DBT 
depth with epoxy was enhanced by 126.1% to 0.763 μm. These 
results successfully demonstrate the use of the epoxy as a 
coating material to enhance ductile-mode machining with 
respect to different crystal orientations in comparison to the 
improvements observed by Lee et al. [7] in the use of solidified 
ink on the (111) plane. 

 

 
Figure 2. Critical uncut chip thickness along different cutting directions 
with and without epoxy coating and the first groove (G1) indexed along 
(100)[01̅1] 

 
Vickers micro-hardness indentations before and after 

dissolution of the epoxy coating with ethanol showed negligible 
change in micro-hardness at 182.8 HV0.05 and 182.0 HV0.05, 
respectively. The indifference indicated insignificant chemical 
reactions between the coating and CaF2. Therefore, the 
enhanced plasticity is justifiably ascribed to the mechanical 
influence of the coating. The microhardness of the epoxy was 
measured to be a tenth of that with CaF2 at 19.98 HV0.05, which 
provides further insights into the use of a relatively soft coating 
for effective enhancement in material plasticity during 
machining. The coating ductility is necessary for the coating to 
remain adhered to the workpiece surface during machining and 
to induce the necessary compressive stress. This suggests that 
there must exist a critical relationship between the mechanical 
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properties and thickness of the coating. On one hand, the use of 
a harder coating may possess stronger mechanical properties 
and correspondingly require a thinner coating thickness to 
provide the necessary compressive stresses. On the other hand, 
a super hard coating may exhibit certain degrees of brittleness 
that may lead to failure of the coating during machining and 
rendering the technique ineffective to enhance ductile-mode 
cutting. 

The DBT depth shown in Figure 2 consistently increases with 
the use of the coating across all cutting directions. However, the 
magnitude of improvement is not a constant across all cutting 
directions such as the [001] direction (G4, G10, G16, G24). The 
anisotropic DBT is strongly influenced by the Schmid factor, such 
that the plastic deformation will occur when the stress state 
exceeds the critical resolved shear stresses for slip deformation 
before surpassing the resolved tensile stress for cleavage 
fracture. In this aspect, the increased compressive stresses 
induced by the coating may be insufficient to suppress the 
cleavage stresses during cutting along certain directions. An 
increase in coating thickness may provide the enriched 
compressive stresses necessary to suppress crack formation 
during cutting. To this end, the effect of coating thickness is 
discussed in the subsequent section.  

 
3.2. Influence of coating thickness 

The critical uncut chip thickness results along the (111)[01̅1] 
crystallographic direction with increasing coating thickness is 
reflected in Figure 3. The average improvement in DBT across 
the four cutting speeds with an 8 µm thick coating is 257.05% 
(i.e. an improvement factor of 2.57). The results are in good 
agreement with previous work performed on solidified ink in 
Ref. [7] where the DBT is governed by the coating thickness. It is 
important to note that the discrepancies in the reported critical 
uncut chip thickness when comparing with previous results 
[2,7,10] could be attributed to the differences in groove 
gradient, tool rake angle, and machine tool. Although the 
influence of the cutting speed cannot be clearly distinguished, 
an increasing DBT trend can be immediately observed with 
thicker coatings. Interestingly, there exists a maximum coating 
thickness of 8 µm before a decline in the critical uncut chip 
thickness.  

 

 
Figure 3. Critical uncut chip thickness in micro-plunge cutting of CaF2 

along the (111)[01̅1] direction with increasing coating thickness and 
varying cutting speeds 

 
The improvement in DBT depth can be associated with the 

resistance to deformation of the coating during machining, 

which induces compressive stresses into the work material 
ahead of the cutting tool to stabilize the cutting process. An 
infinitesimal element in the work material (Figure 4) can be used 
to study the stress state during cutting with the coating. The 
effective stresses acting on the work material can be estimated 
based on the tool-workpiece contact geometry and the 
machining forces. The tool exerts cutting forces (Fc) parallel to 
the cutting direction and thrust forces (Ft) perpendicular to the 
cutting plane. The effective areas (A1, A2) perpendicular to these 
respective forces shown in Figure 5 can be determined by 
Equations 1–5 that have been adapted from Ref. [11].  

 

 
Figure 4. Schematic of stress status in an infinitesimal element during 
cutting  

 

 
Figure 5. Effective tool-workpiece contact areas: (a) perpendicular to the 
cutting direction; (b) perpendicular to the cutting plane 

 
ℎ1 = tan 𝛾 [𝑑 − 𝑅𝑒(1 − sin 𝛾)] + 𝑅𝑒    (1) 

 

𝑎1 = 2√𝑅𝑛
2 − (𝑅𝑛 − 𝑑)2     (2) 

 

𝑏1 =
2

cos 𝛾
√2𝑅𝑛 cos 𝛾 (𝑑 − ℎ1 cos 𝛾) − (𝑑 − ℎ1 cos 𝛾)

2 (3) 

 

𝐴1 = 𝜋𝑑√𝑅𝑛
2 − (𝑅𝑛 − 𝑑)2     (4) 

 

𝐴2 = ℎ1𝑏1 +
1

4
𝜋ℎ1(𝑎1 − 𝑏1)    (5) 

 
where Re and Rn are the tool edge radius and nose radius. 𝛾 is 
the tool rake angle and d is the effective cutting depth.  

The stresses induced during cutting at the DBT can then be 
derived from the forces and the effective tool-workpiece contact 
areas in Equations 6 and 7. The principle stresses can then be 
resolved in Equations 8 and 9 where the angle 𝜃 can be 
determined from the ratio of the machining forces (Equation 
10).  

 

𝜎𝑦 =
𝐹𝑐

𝐴1
         (6) 

 

𝜎𝑧 =
𝐹𝑡

𝐴2
         (7) 
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𝜎11 =
𝜎𝑦+𝜎𝑧

2
+

𝜎𝑦−𝜎𝑧

2
cos 2𝜃     (8) 

 

𝜎12 = −(
𝜎𝑦−𝜎𝑧

2
) sin 2𝜃     (9) 

 

𝜃 = tan−1 (
𝐹𝑡

𝐹𝑐
)     (10) 

 
Figure 6 presents the calculated normal stress (𝜎11) and shear 

stress (𝜎12) acting on the element based on the measured 
machining forces at the DBT of each plunge-cut along the 
(111)[01̅1]  direction. In general, a gradual increase in 
compressive and shear stresses with increasing coating 
thickness can be observed. The trend is in good agreement with 
the DBT results, where the workpiece sustains higher 
compressive forces prior to the activation of cleavage failure. 
The enhanced compressive forces tend to close and delay 
microcrack propagation by decreasing the tensile stress and the 
corresponding stress intensity factor [8]. The similar trend of 
increasing shear stress corresponds to the increase in shear 
strength of the workpiece as the material undergoes hydrostatic 
compression [12].  

 

 
Figure 6. Calculated normal and shear stresses during cutting at the DBT 
zone with varying coating thickness and cutting speed  

 
Interestingly, the further increase in coating thickness to 10 

μm results is not effective for ductile-mode machining. This may 
imply that the excess pressure hinders the cutting efficiency as 
observed by Zhang et al. [13] in blowing high pressure air at the 
cutting zone. However, the decrease in compressive stresses 
indicates that the poor machinability is not caused by the 
excessive pressure on the work material but rather suggests that 
it was the detachment of the coating from the work material by 
either failure or loss of adhesion. According to Figure 3, there 
are instances where the DBT is relatively higher than 
conventional conditions and also negative effects. While the 
coating may have been dislodged from the work material 
surface, there still remains an opportunity for the broken coating 
to act as an obstacle in the machining path to provide the minute 
compressive stresses to enhance ductile-mode machining. On 
the other hand, the sudden failure or dislodging of the coating 
may cause an abrupt change in stress status of the work material 
that effects a large strain gradient that is known to affect the 
degree of plastic deformation. In this aspect, the coating 
material properties should also be considered for optimization 
of this methodology, where other machining parameters such as 
cutting speed will influence the machinability of the coating 

material. Moreover, precision control of the machining tool path 
can be explored to minimize machining time [14] and enable 
diamond shaping of microchannels [15]. 

The mechanics of the increase in pressure induced by the 
coating is analogous to the modified tool proposed by Uezaki et 
al. [16] where an additional jig is affixed a distance ahead of the 
cutting tool to exert compressive stresses on the work material 
during chip formation. However, the coating methodology 
dismisses the need for complex machine tools. At present, the 
current machining efficiency is hindered by the time required for 
coating solidification. Liquid resins that can rapidly solidify under 
UV exposure in milliseconds can potentially overcome this 
prevalent issue to make way for the fabrication of microfeatures 
with optical-grade quality.  

4. Summary and future works      

Ductile-mode machining of calcium fluoride (CaF2) single 
crystals can be enhanced by applying solidified two-part type 
epoxy resin on the pre-machined surface. In this work, the 
ductile-brittle transition is augmented by an average magnitude 
of 2.57 during microcutting with a coating thickness of 8 μm. 
Fundamental estimations of the stress status of the work 
material suggests that there is an increase in compressive stress, 
which depends on the coating thickness. However, a limit to the 
coating thickness has been identified that may be a result of 
coating detachment from the work material. Future research 
will include the development of a micro-coating device using UV 
cured liquid resin to enable simultaneous coating and cutting.  
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Abstract 
During the machining of steel the excessive tool wear of diamond tools typically prevents their successful application. In recent years 
the application of ultrasonic assisted machining of steel dramatically reduced the tool wear by a superpositioned elliptical vibration 
motion of the diamond tool. Though the influence of different steel alloys and material properties was not yet taken into account. In 
this investigation different steel alloys generated with electroslag remelting (ESR) and selective laser melting (SLM) were machined 
with diamond tools at various cutting speeds. One hypothesis is, that the generation of a workpiece material by SLM offers positive 
effects to the ultrasonic assisted machining on otherwise identical steel compositions due to a different material structure. Another 
hypothesis states, that the machining of different steel alloys with different compositions and heat treatment conditions results in 
different surface properties and tool wear.  
Surface roughness of the newly machined surfaces was measured and correlated with the cutting distance as an indicator for the 
tool wear. An optical surface (Sa < 10 nm) was archieved with nearly each steel type investigated whereas different cutting speeds 
(1.5 m/min, 3 m/min, 4.5 m/min) had little or no influence on the resulting surface roughness, although the surface revealed a 
different structure. This result was affiliated with a small change of effective cutting speed due to a high superpositioned ultrasonic 
induced speed and different kinematic movements of the tool. With new tools the machined surfaces exhibited a relatively low 
roughness, but after a specific cutting distance roughness raised rapidly. This critical cutting distance changed with the steel alloys. 
 
Precision machining, Diamond cutting, Steel, Elliptical vibration, Tool wear, Surface quality 

 

1. Introduction  

Due to the technical advancements in the last years the 
demand of components with optical functions grew significantly. 
Examples are lenses for mobile phones as well as headlights and 
head-up-displays for the automotive industry. To produce large 
numbers of those components typically injection molding. A 
high durability of supplied molds is desirable, which can be 
archieved with steel as mold material. Unfortunately, a surface 
with certain optical properties can only be machined with 
diamond tools, although their use in the machining of steel 
results in catastrophic tool wear. [1, 2] 

In the past years different ideas and methods to reduce the 
wear of diamond tools while machining steel were investigated 
[1, 2, 3]. Most promising is ultrasonic assisted machining, which 
in the meantime is successfully used in the industry. However, 
the exact mechanics and influences of the ultrasonic assisted 
machining are not yet known. The goal of this investigation is the 
correlation of surface integrity, tool wear and process 
parameters on steel materials manufactured with electroslag 
remelting (ESU) or selective laser remelting (SLM).  

2. Elliptical vibration cutting 

Elliptical vibration cutting is a further developed ultrasonic 
assisted machining process. Instead of vibrating on a linear path 
with the direction similar to to the cutting direction the tool 
vibrates on an elliptical shape. [2] The relative movement 
between the tool and the workpiece consists of two 
independent movements. The first one is the conventional 
cutting with the cutting speed vc and the feed rate vf, as shown 

on the left in Figure 1. The second movement is the vibration of 
the tool with the the amplitudes a and b of the ellipse and the 
ultrasonic vibration frequency fUS. The movements schematics 
are shown in Figure 1, right. 

 
Figure 1. Schematic kinematics of conventional (left) and ultrasonic 
assisted (right) movements 

The kinematical change of the process effectively reduces the 
percentage of the contact time between the tool and the 
workpiece, resulting in reduced friction, temperature and time 
for the carbon to diffuse into the steel. 

3. Experimental setup  

The experiments were performed on an ultra precision 
machine Moore Nanotech 500FG with single crystal diamond 
radius tools. The workpiece holder and the workpiece itself were 
mounted on the spindle with an aerostatic bearing, whereas the 
tool was mounted on top of the ultrasonic system on the rotary 
B-axis-table. The piezoelectric ultrasonic system enabled the 
tool to vibrate on a specific elliptical path with amplitudes of 

421



  

a = 3 μm and b = 0.3 μm at a frequency of fUS = 94 kHz. The setup 
is despicted in Figure 2. 

 
Figure 2. Experimental setup  

The cylindric workpieces with a diameter of 20 mm were face 
turned with a single crystal diamond tool with a nose radius of 
rε = 300 nm. The conventional cutting speed was varied with 
vc = 1.5 m/min, 3.0 m/min and 4.5 m/min, while cutting depth 
and feed were constant with ap = 5 μm and f = 5 μm/rev for all 
experiments. 

4. Analysis of the impact of cutting speed 

Cutting speeds were varied during the experiments. The effect 
of the ultrasonic vibration is influenced by the ratio between the 
frequency fUS and the conventional cutting speed vc. Therefore 
the local process kinematics and the tool wear are expected to 
alter in the experiments. A simulation of the kinematics shows, 
that the variation of the cutting speed within the examined 
parameters has little or no effect on the arithmetical mean 
height Sa, as well as the active contact time between the tool 
and the workpiece. However the maximum height Sz changes. 
This can be seen in Table 1. 

Table 1 Simulated kinematic heights with variated cutting speed 
Cutting speed 1.5 

m/min 
3.0 

m/min 
4.5 

m/min 
Active contact time 9.2 % 9.3 % 9.4 % 

Sa 3.2 nm 2.8 nm 2.9 nm 
Sz 11.0 nm 12.8 nm 15.9 nm 

Table 2 Experimental results of the arithmetical mean height Sa while 
machining different steel alloys 

Cutting speed 1.5 
m/min 

3.0 
m/min 

4.5 
m/min 

ESU-3 13.9 nm 8.5 nm 9.0 nm 
ESU-7 3.7 nm 3.0 nm 2.4 nm 
ESU-8 3.6 nm 2.9 nm 3.4 nm 
ESU-9 3.3 nm 2.9 nm 3.1 nm 

The experimental results as seen in Table 2 verify the 
simulations regarding the arithmetical mean height. Different 
steel materials were machined each with a new diamond tool. 
After changing the cutting speed vc and comparing the resulting 
workpiece surfaces there is no significant difference visible in 
the values of Sa, other than a constant increase probably due to 
the normal tool wear.  

5. Analysis of the impact of cutting length 

The arithmetical mean height machined by each tool was 
correlated with the cutting length the tool had machined up to 
that point. Each tool was used with a different steel alloy as 
workpiece. The results are summarized in Figure 3. 

 
Figure 3. Measured arithmetical mean height correlated with the cutting 
length in machining different steel alloys 

As expected, most investigated steel alloys could be machined 
to a relatively low surface roughness with a new tool, which 
increased only slightly with the cutting length. Additionally to 
the surface properties of the workpiece the cutting edge of the 
tool was measured periodically. The displayed trendline of ESU-
5 shows the expected behaviour, where a critical surface 
roughness has to be specified to determine a critical cutting 
length. On the other investigated materials the cutting length 
was not high enough to reach a critical value. The alloy ESU-4 
could not be machined to an optical surface, as the tool wear 
raised directly at a low cutting length. This was affiliated with the 
high carbon content in this specific steel, as it is ten times higher 
than in the other investigated alloys. 

6. Conclusions 

The conventional cutting speed and the manufacturing 
method of the steel have little or no influence on the average 
roughness in the machining of any investigated material. 
Althought the ultrasonic elliptical vibration reduces tool wear on 
certain steel alloys to a point, were diamond tools have a 
significantly higher lifetime, the average roughness increases 
with a progressive cutting length. In future works a hypothesis 
based on prior experiments should be investigated, which states 
that a critical cutting length exists, where the surface roughness 
rapidly increases due to different mechanics in the cutting zone. 
The value of the critical cutting length could be used to 
determine, whether a steel can be classified as diamond 
machinable with ultrasonic assistance. 
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Abstract 
Since single-crystal calcium fluorite (CaF2) is widely used for transmissive optics in ultraviolet and vacuum ultraviolet (UV and VUV) 
wavelength applications because of its exceptional transmission performance. Generally, products using CaF2 are manufactured 
through finishing processes such as chemo-mechanical polishing (CMP), magnetorheological finishing (MRF) or ion-beam figuring 
(IBF) after performing precision cutting and grinding processes for profiling. However, CaF2 is known as a brittle material with high 
anisotropy, and subsurface damage is induced by each cutting process. Subsurface damage of the material deteriorates the optical 
performance, however the effects of subsurface damage on the optical and functional performance of precision machined CaF2 has 
not been reported. In this research, a newly developed multiaxial adjustment system that can precisely align specimens is used in 
single-axis orthogonal cutting experiments with zero degree and negative rake angle diamond radius tools to prevent pre-machining 
and thus pre-damaging of single-crystal CaF2 specimens. Cutting forces evaluation via piecoelectric dynamometer aquisition as well 
as surface and subsurface analysis by atomic force microscopy and white light microscopy has been performed. Finally, smooth 
surfaces with low or no subsurface damage due to ductile material removal mechanisms could be determinded. 
 
Single crystal calcium fluorite CaF2, precision specimen alignment, ultra-precision diamond machining, surface and subsurface damage analysis  

 

1. Introduction 

Single crystal CaF2 is one of only a few materials that can be 
used for transmissive optics in the vacuum ultraviolet (VUV) and 
ultraviolet (UV) wavelengths, but the mechanisms responsible 
for degradation of optical quality caused by machining processes 
are not scientifically understood [1].  This lack of understanding 
limits potential use in nanometer aspheric or free-form optics 
where diamond machining processes are used.  Current studies 
are focused on machining of initial CaF2 single crystal surfaces, 
damage-free polished by CMP and MRF, using a specially 
designed and analysed specimen alignment fixtures holding the 
work piece specimens [2].  The single crystal CaF2 material 
having two different crystal orientations, (111) and (100) from 
two different manufacturers (A and B), were machined under a 
range of cutting conditions.  The diamond cutting process and 
the generated surfaces have been characterized by cutting force 
measurement via piecoelectric dynamometer aquisition and a 
combination of atomic force microscopy (AFM) and white light 
interferometry (WLI). 

2. Experimental procedure      

Single crystal (111)CaF2 from manufacturer A was used for 
initial cutting experiments on a 5-axis ultraprecison machine 
tool.  Linear cutting, as illustrated in Fig. 1, was performed with 
a cutting direction of <101> and a cutting velocity of 
vc = 50 mm/min.  Single crystal diamond tools with a nose radius 

of r = 1 mm were used and the nominal depth of cut was 
dc = 3 μm.  The diamond tools used have two different rake 

angles , 0° and -20°, and the feed step between each successive 
cut was either f = 10 or 15 μm, resulting in a total strip for surface 

and subsurface analysis of approx. b = 3 mm.  Tip and tilt 
adjustment of the specimen were achieved by the developed 
alligment system to max. 70 nm deviation in X or Y direction of 
the machine tool to avoid pre-machining by face turning or 
milling and thus pre-damaging of the single crystal material. 

The second set of specimens provided a much larger area for 
surface and sub-surface analysis, here b = 6 mm,.  Single crystal 
(111)CaF2 from manufacturer A was used again, as well as 
(111)CaF2 and (100)CaF2 from manufacturer B. The cutting 
direction for (111)CaF2 was <101>, and <110> for (100)CaF2.  

 

Figure 1. Schematic of cutting process with a round nose diamond tool. 

     
The process parameters were again diamond tool nose radius 

r = 1 mm, tool rake angles  = 0° or -20°, cutting velocity vc = 50 
mm/min, and the step between each successive cut was reduced 
to f = 3 µm or 5 μm.  Additionally, cutting forces were measured 
by a three-component piezoelectric dynamometer at a sampling 
rate of 10 kHz.  The cutting force data was collected for the first 
10 cuts, along with another two to four sets of 10 cuts during the 
subsequent machining process. 

3. Results and discussion 

Cutting forces 
Figure 2 shows the cutting force Fc and thrust force Fp of the 

first 10 cuts in the (111)CaF2 from manufacturer A cut with rake 
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angle  = 0° and step of f = 3 µm. The cutting forces on the first 
cut are larger than the others since the diamond tool is fully 
engaged across its full width.  Subsequent cuts have a smaller 
area of engagement with only the shoulder region of the 
diamond tool being enganged with the single-crystal material.  
Cutting forces from that point remain relatively constant.  The 
sharp peaks in force signal observed between the cuts results 
from the stop and then backward motion of the y-axis and then 
positioning of the x-axis to position for the next cut.   
 

 
Figure 2. Cutting force Fc and thrust force Fp collected during the first 

10 cuts of (111)CaF2 from manufacturer A,  = 0°, p = 3 m. 

 
Cutting forces for each specimen at various times during the 

cutting process are summarized in Table 1.  The difference in 
cutting forces from a step f = 5 µm compared to 3 µm was 
relatively small.  However, cutting forces for the specimens 

generated with  = -20° were higher than those for specimens 

generated with  = 0°.  Cutting of (100)CaF2 from manufacturer 
B resulted in much higher cutting and thrust forces in the first 
cut compared to all (111)CaF2 specimens cut under the same 
parameters.  After the initial cut forces were still higher for the 
(100)CaF2, but only by a factor of approximately two.  

 
Table 1. Summary of cutting forces collected at various times. 

CaF2 manufacturer 
and material type 

A  
(111) 

A  
(111) 

A  
(111) 

A  
(111) 

B  
(111) 

B  
(100) 

Step f [µm] 5 3 5 3 5 5 

Rake angle  [°] 0 0 -20 -20 0 0 

Cutting direction <101̅> <101̅> <101̅> <101̅> <101̅> <110> 

First 
cut 

Fc [mN] 14 20 92 110 10 480 

Fp [mN] 64 83 203 235 43 1059 

Fc/Fp 
ratio 0.22 0.24 0.45 0.47 0.23 0.45 

Average 
of 9 cuts 
after the 

first 

Fc [mN] 4 5 12 10 4 11 

Fp [mN] 10 7 20 17 9 22 

Fc/Fp 
ratio 

0.40 0.71 0.6 0.59 0.44 0.50 

Average 
of 10 
cuts 

Fc [mN] 6 7 15 15 5 12 

Fp [mN] 15 13 25 24 10 25 

Fc/Fp 
ratio 0.40 0.54 0.60 0.62 0.50 0.48 

 
Surface and sub-surface analysis 
AFM scans were performed on the machined CaF2 over areas of 
5x5 μm2 and 20x20 μm2 to investigate the surface topography 
and to measure the Ra surface roughness.  Extensive pits and 
evidence of fracture was observed on all four of the machined 
surfaces. The Sa surface roughness as measured by AFM is 
shown in Table 2, as well as that measured by WLI.  The surfaces 
machined with the higher step of f = 15 μm had higher surface 
roughness compared to those machined with the 10 μm step, 

which is consistent with the more extensive pits and fracturing 
that was observed from these surfaces.  
  
Table 2 Surface roughness values from AFM and WLI analysis 

 
 

Measured area/ 
magnification 

Sa (nm) 

AFM  
(20x20µm2) 

AFM  
(5x5µm2) 

WLI  
(5x mag.) 

WLI  
(10x mag.) 

WLI  
(20x mag.) 

0° 
rake 
angle 
tool 

10 μm 
step 

34.0 33.5 30.2 33.3 50.4 

15 μm 
step 

58.0 54.5 48.4 61.1 80.4 

-20° 
rake 
angle 
tool 

10 μm 
step 

33.0 25.0 24.3 35.6 54.1 

15 μm 
step 

55.5 45.0 50.9 68.0 92.4 

 

AFM scans were performed on the CaF2 over areas of 5x5 μm2 
and 20x20 μm2 to investigate the surface topography and to 
measure the Sa surface roughness. Both of the surfaces 
machined from CaF2 manufacturer B show more signs of pitting 
on the surfaces compared to those of manufacturer A.   

The Sa values reported from the AFM measurements are the 
average of four scans, one from each quadrant of the specimen.  
In general, the surfaces generated with a 5 μm step had a slightly 
higher Sa than those created with f = 3 μm step.  The (111)CaF2 
surface from manufacturer B had a Sa surface roughness that 
was two to three times that of the (111)CaF2 from 
manufacuterer A, cut under identical process conditions.   

4. Conclusion 

Specimen alignment fixtures that were designed and built were 
used to diamond machine two sets of CaF2 specimens. Linear 
cutting of single crystal CaF2 from two different manufacturers 
was performed with single crystal diamond tools with rake angle 
of either -20° or 0°.  
Measured cutting forces show strong correlations to the applied 
tool rake angel and crystal orientation. Thus, higher cutting 
forces by larger negative rake angles and (100) oriented material 
compared to (111) materials. 
The relatively high surface roughness Sa of the first set of 
(111)CaF2 material, as measured by AFM, coincided with a 
decrease in transmittance compared to the initial material.  The 
second set of specimens used (111)CaF2 material from 
manufacturer A, as well as (111)CaF2 and (100)CaF2 from 
manufacturer B. Here, the surfaces generated with 3 μm steps 
had a slightly lower Sa than those created with 5 μm steps, 
resulting in an obviously higher surface integrity.  
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Abstract 
Diamond cutting is superior to generate complex surface of high accuracy and good quality. Ultrasonic Vibration Cutting (UVC) 
technique is used to further improve the machining performance of conventional diamond cutting by adding vibrations to standard 
cutting motions. The one-dimensional (1D) linear and two-dimensional (2D) elliptical vibration cutting has been proven to offer 
superior performance over conventional diamond cutting process. However, massive production of ferrous and hard-to-machine 
materials by vibration-assisted diamond cutting at industry scale is still unachievable due to severe tool wear. To make diamond 
cutting a mass production available for manufacturing of cost-effective surface on various materials, high efficiency diamond cutting 
technology assisted by multi-degrees of freedom vibration is developed in this research. The system will be used to machine complex 
mirror surfaces of ferrous and hard-to-machine materials by utilizing turning process. The novel and advanced machining technology 
will be developed to provide economic fabrication of complex surfaces on ferrous and hard-to-machine materials. In this paper, the 
development of software platform for experimental data acquisition and control signal generation is presented. The presented 
methodology is an efficient diamond cutting technique resulting in a significant reduction of cutting forces and tool wear, 
improvement of surface quality, and massive extension of tool life.  
 
Ultrasonic Vibration Cutting (UVC), system development, mould machining 

   

1. Introduction 

Diamond cutting allows the surfaces to be manufactured with 
mirror-finished quality and fine-groove microstructures [1]. 
However, diamond cutting tools are not suitable for machining 
ferrous alloys at high speeds, as carbon is soluble in iron at high 
temperature created by high-speed machining, leading to 
greatly increased wear on diamond tools. To overcome this 
problem, vibration-assisted cutting technique is introduced to 
improve the machining performance of conventional diamond 
cutting by adding vibrations to standard cutting motions. 
Vibrations with small amplitude (2 to 100 μm) and high 
frequency (1 kHz to 60 kHz) are added to the initial machining 
motions. The 1D linear and 2D elliptical vibration cutting has 
been proven to offer superior performance over conventional 
diamond cutting process. The objective of this work is to develop 
a three-dimensional (3D) ellipsoidal vibration cutting system. 
The hardware experimental rig set up and control software 
platform development will be presented in this paper. 

2. Hardware and Software System Development 

The 3D ellipsoidal vibration cutting system will be working at 
resonance to give desired tool path in 1D, 2D and 3D space under 
micron amplitudes and ultrasonic frequencies. This technology 
is used to machine complex mirror surfaces of ferrous and hard-
to-machine materials by utilizing turning process. To achieve a 
successful prototype design, the simulation based calculation is 
critical. 

In this system, the horn is expected to have vibrations in three 
directions with a 1-D actuator at the resonant frequency. The 
inherent frequency of the horn was designed to ~ 100 kHz as 
shown in Figure 1. The asymmetric structure of the horn design 
was adjusted slightly to create similar inherent frequency 
(similarity over 95%) in continuous three vibration modes. The 
overall design of the UVC was drawn in Figure 1 left. This design 
includes the horn, the tool, and the exciter with a cooling cover 
[2]. This paper focuses on the hardware and hardware 
development for the system.  

 

Figure 1. Hardware and software development for ultrasonic vibration cutting system. 
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2.1. Piezostack Specifications 
To meet the frequency and amplitude requirements, higher 

resonant frequency of the selected piezo stack is preferred and 
ideally with a free-loading amplitude of 5-6 µm. The 
specifications of the piezostack is listed in Table 1 . There are 
mainly two challenges when using ultrasonic vibrating piezo 
stacks: quick heat up and high dynamic force. The quick heat up 
problem can be overcome by using external cooling system as 
demonstrated in [2]. Generally, 10% of the blocking force is 
recommended under static operation, while the maximum 
recommended preload under dynamic operation is 50% of the 
blocking force. However, due to a high dynamic vibration as in 
this project, higher preloading force may be applied. The 
dynamic force generated by piezo component can be calculated 
by: 

𝐹𝑑𝑦𝑛 ≈ ±4𝜋2𝑚𝑒𝑓𝑓
∆𝐿

2
𝑓2                                                                         (1) 

 
In which, 𝐹𝑑𝑦𝑛  is Max. dynamic force, N; 𝑚𝑒𝑓𝑓  is Effective 

mass of the piezo stack actuator, kg; ∆𝐿 is Displacement (peak-
to-peak), m; 𝑓 is Resonant frequency. In the proposed project, 
the displacement is assumed to be 1.42 µm in cutting direction, 
the frequency is 100kHz, so the dynamic force per kilogram is 
±14.2 kN/kg as (2). 

 
𝐹𝑑𝑦𝑛

𝑚𝑒𝑓𝑓
≈ ∆𝐿𝑓2 = ±1.42 × 10−6 × (100 × 103)2                            (2) 

 
The flexure and horn parts are 40 g, so the dynamic force is 

±14.2×0.04=568 N, which is 57.9 tonforce. A preloading force 
higher than this value is needed to protect the piezo stack from 
a tensile force. Due to the limit of amplifier bandwidth, the final 
vibrating amplitude will be much smaller than 2 µm, taking piezo 
stack SA030305 and amplifier PX200 as an example, the full 
voltage (150 V) amplitude of piezo stack is 5.6 µm, so the 
amplitude under 90 kHz (20 V) is only 0.7 µm, and the dynamic 
force is calculated as 22.75 kg force (223 N). If the preload is 
using a M2 screw hole, the tensile stress is 497.8 MPa, 
corresponding to 1.03 kN tensile force which is bigger than the 
calculated minimum preload force. The piezo stack will then be 
safe under the preload applied by a M2 screw. 

 
Table 1 The specification of the piezo stack selected 

Range +/-10% Length Cross Section Cap. +/-20% 

5.6 [um] 5 [mm] 3x3 [mm] 140 [nF] 

Mass Blocking Force Stiffness Res. Freq. 

0.53 [g] 330 [N] 80 [N/um] 300 [kHz] 

 
2.2. Amplifier Specifications 

A high-speed amplifier/piezo driver which can process 90 kHz 
driving voltage is needed in the proposed system. Accordingly, 
the bandwidth is the major parameter when choosing the 
amplifier. The power bandwidth is defined as the maximum 
frequency of an amplifier under full output voltage, while the 
small signal bandwidth (−3 dB gain bandwidth) is defined as the 
maximum frequency of an amplifier with a small signal applied, 
usually 200 mVp-p. When the amplifier output is open-circuit, 
the power bandwidth is limited by the slew-rate; however, with 
a capacitive load, the power bandwidth will be influenced by the 
values of 1). output voltage range, 2). load capacitance, 3). 
output voltage (peak to peak), and 4). driving frequency. The 
author did not find any existing commercial available amplifier 
with a power bandwidth up to 90 kHz. None of the selected 
amplifiers can process a full voltage with 90 kHz, the final output 
frequency is a compromised result between voltage range, piezo 
capacitance and the driving voltage peak.  

  

2.3. Controlling system  
To meet the high-speed signal updating requirement, the 

National Instruments PXI system was selected as the controlling 
platform. A PXI express chassis PXIe-1073 was chosen to provide 
power, cooling and a communication bus for following modular 
instruments and I/O modules. Waveform generator and multi-
functional A/O were then selected to PXIe-5413 and PXIe-6361 
(or PXIe-6363 with more A/O channels). These modules will be 
controlled by a controller PXIe-8301 that remotely connect to an 
external PC. Finally, the control system can be customized by NI 
software LabVIEW.  

 
2.4. Software Development   

Experimental rig and LabVIEW platform were developed to 
verify the simulation results. In this system (shown in Figure 2), 
piezoelectric stacks are employed as core oscillators due to their 
quick response, high acceleration, high accuracy and high 
stiffness. The following research aspects have been addressed: 
piezo-stack dynamic response characterization; system resonant 
frequency identification; system nodal position determination 
and verification; and mechanical structure design and 
optimization. In the system, a high resolution displacement 
sensor is used to monitor tip position and frequency.   

 

Figure 2.  Experimental set up and the assmebled UVC system 

The experimental set up includes: (1) NI controller for DAQ; 
(2) Oscilloscope monitoring amplified voltage; (3) Piezoelectric 
voltage amplifier; (4) 3D UVC horn fixed on isolation stage; 
(5) Laser displacement sensor; (6) Laser sensor controller; (7) PC 
for signal generation; (8) Monitor for laser signal sampling. 

3. Summary      

A 3D ellipsoidal UVC system is designed in this work. The 
developed prototype is working under micron amplitudes and 
ultrasonic frequencies. Hardware and software are developed 
for the system. The following research aspects have been 
invested: piezo-stack and amplifier dynamic response 
characterization; system resonant frequency identification; 
system nodal position determination. Till present, the proposed 
system works near ultrasonic vibrations. To further increase the 
frequency, the mechanical structure of the horn and the piezo-
stack preload mechanism will be optimized as future work. 
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Abstract       
 
Due to the international competition, continuous increases in productivity, product quality and reduction of production costs  
are required. Especially, the development of milling tools made of innovative cutting materials and application-specific tool  
geometries are in focus to overcome these challenges. Besides copper, graphite is the most important electrode material for  
electrical discharge machining (EDM). The machining of graphite leads to high tool wear due to a strong abrasive effect. Short tool 
life has a considerable influence on the economic efficiency of manufacturing processes. Currently, for the machining of graphite cost 
intensive diamond coated carbide tools are applied. In order to reduce machining costs, innovative cutting materials and dedicated 
manufacturing processes have to be applied. First results show a great potential of ceramics as tool material for machining graphite. 
The aim of this investigation is the characterisation and identification of novel ceramic cutting materials and the evaluation of an 
innovative tool micro-geometry especially designed for machining graphite. Therefore, the cutting material properties such as 
hardness, fracture toughness and wear resistance of four ceramic materials were investigated. Various hardness tests and particle 
blasting tests were carried out. Based on this investigations to manufacture the ceramic milling tools, a specific and innovative tool 
micro-geometry with defined angles was used. Thereby, a suitable cutting ceramic was identified, which represents a promising 
approach for an optimised machining of graphite.  
 
 
Keywords: Ceramic, micro-milling, graphite, grinding        

 

1. Introduction   

Tool and mould making is one of the most important sectors in 
the manufacturing industry. The manufacturing of cost-effective 
and wear-resistant tools is needed to increase the efficiency of 
production processes and product quality. 
Graphite and copper are the most important electrode materials 
for die-sinking EDM. Graphite is mainly used as an electrode 
material for die-sinking EDM in tool and mould making, in 
reactor technology for radiation and heat generation and in the 
aerospace industry [1, 2].  
Currently, the machining of graphite is limited due to the crystal 
structure. During the machining of this material,  
no chip formation occurs, much more graphite particles  
are broken out of the micro-structure, which results in  
graphite dust. The described material behaviour leads to high 
wear and rapid tool failure [3]. According to the state of the art, 
cost-intensive carbide tools with abrasion-resistant diamond 
coatings are currently used for industrial applications. In order 
to overcome current challenges in precision machining of 
graphite, cutting tools made of oxide ceramics are a promising 
approach. 

2. Experimental setup        

2.1. Cutting material selection  
 
For the investigations, three different aluminium-reinforced 

zirconium dioxide ceramics from the company 
BCE SPECIAL CERAMICS GMBH, Mannheim, Germany, and the 
zirconium dioxide-reinforced aluminium oxide ceramic from the 

company OXIMATEC GMBH, Hochdorf, Germany, were analysed. 
Table 1 shows the chemical composition of the ceramics. 

Table 1 Main chemical composition of the used ceramics 

Ceramic Chemical composition 
Amount 

[%] 
Aluminium oxide 
ceramic AZ25PPr 

Aluminium oxide 
Zirconium dioxide 

75.0 
25.0 

Zirconium oxide 
ceramic Z 513 

Zirconium & Hafnium oxide 
Magnesium oxide 

remaining ingredients 

96.0 
3.5 
0.5 

Zirconium oxide 
ceramic Z 700 E 

Zirconium & Hafnium oxide 
Yttrium oxide 

remaining ingredients 

94.5 
5.2 
0.3 

Zirconium oxide 
ceramic Z 700 3E 

Zirconium & Hafnium oxide 
Yttriumoxid 

Aluminiumoxide 
remaining ingredients 

92.0 
5.2 
2.5 
0.3 

 
2.2. Testing methods and devices 

 
For the investigation of the material properties, the 

hardness H, the fracture toughness KIc and the wear against 
abrasion and surface attrition were examined.  
The measurement of the hardness H was realised with the 
testing device Miniload 2 of the company 
ERNST LEITZ WETZLAR GMBH, Wetzlar, Germany. The macro-
hardness measurement device Dia Testor 2 of the company 
WILSON WOLPERT INSTRUMENTS, Aachen, Germany, was used to 
investigate the fracture toughness KIc.  
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The wear behaviour of the used ceramics could be analysed 
according to POLTE ET AL. [4] with particle blasting tests using the 
air blast machine FSA-1 of the company SABLUX TECHNIK AG, 
Bachenbülach, Switzerland. For the measurement of the 
mass losses ml, the precision scale PLS 1200 of the company 
KERN & SOHN GMBH, Ettenheim, Germany, was used. 

3. Experimental investigations 

In order to analyse the properties of the ceramics, a Vickers 
hardness test was performed to identify the hardness of the 
ceramics. The test force to carry out the experimental 
investigations was Ft = 9.81 N. Based on the experimental 
results, it could be demonstrated that the aluminium oxide 
ceramic has the highest Vickers hardness with a value of  
Hv = 2,189 HV, while the Vickers hardness of the three  
zirconium oxide ceramics was determined in the range of  
1,200 HV ≤ Hv ≤ 1,500 HV. The micro-structure of the ceramic 
type AZ25PPr has a specific micro-structure, which result in 
optimised hardness properties. The micro-structure consists of 
special elongated grain structures of lanthanum and aluminium 
oxide, which improve the material properties. 
To determine the fracture toughness KIc, the Palmquist method 
was used. Within the investigation, a flat surface is needed 
because surface defects have a strong influence on the crack 
formation. The results of the experimental investigations 
showed slight advantages of zirconium oxide ceramics with a 
fracture toughness of KIc ≥ 7.6 compared to the aluminium oxide 
ceramic with a fracture toughness of KIc = 7.5. However, the 
aluminium oxide ceramic showed a significantly higher 
fracture toughness KIc than conventionally used aluminium 
ceramics. This property is also achieved by the special micro-
structure.  
Furthermore, the resistance of the ceramic milling tools against 
abrasion and surface attrition was investigated and explained in 
the following describtion. The abrasion describes the 
mass loss mI of a material with a low hardness H by the 
penetration of a material with a higher hardness H. Surface 
disruption is the effect of temporally and locally changing 
stresses in a tribological system. 
Figure 1 show the mass loss ml over the blasting time tb for the 
resistance of the ceramics against abrasion. 

 
Figure 1 Resistance against abrasion 

The mass loss ml of all investigated ceramics increases as a 
function of the blasting time tb and shows a linear curve for all 
graphs. The lowest mass loss ml and the highest wear resistance 
against abrasion was achieved with the aluminium oxide ceramic 
type AZ25PPr with a value of ml = 151 ‰. Figure 2 shows the 
results for the investigations of the resistance against surface 
attrition. 

 
Figure 2 Resistance against surface attrition 

The mass loss ml of all ceramics increases strongly up to a 
blasting time of tb = 300 s and all graphs show a linear 
behaviour. The highest wear resistance could be proved for the 
aluminium oxide ceramic type AZ25PPr with a mass loss of 
ml = 122 ‰ after a blasting time of tb = 900 s. The results show 
that the improved properties of the aluminium oxide ceramic 
type AZ25PPr enables an optimised machining of graphite. 

4. Innovative geometry of the used ceramic tools  

The tool geometry has defined angles for optimised machining 
of graphite and a parabolic radius r transition to the cutting part. 
This enables optimised process conditions and a low tool wear. 
The developed ceramic milling tool is shown in figure 3. For the 
grinding process, the grooves-, the circumference-, the recess- 
and the face grinding were used. Furthermore, optimised 
process results could be identified by increasing the 
cutting speed vc. 

 

 

 

 

 

 

 

 
  

Figure 3 Innovative ceramic milling tool with specific micro-geometry 

5. Conclusion 

The aim of the investigation was the identification of a suitable 
ceramic for the optimised machining of graphite. The best 
conditions could be identified for the aluminium oxide ceramic 
type AZ25PPr due to the material properties. Further 
investigations will adress the experimental applicability of the 
ceramic milling tools, optimisation approaches should be aimed 
and simulations will be carried out. This work is supported by the 
funding program Zentrales Innovationsprogramm Mittelstand 
(ZIM) by the FEDERAL MINISTRY FOR ECONOMIC AFFAIRS AND 

ENERGY (BMWI). 
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Abstract 
 
This article describes the investigation of the ability of WORKNC® Computer-Aided Manufacturing (CAM) software to generate sound 
toolpaths for high-precision machining. This study is being conducted in the scope of Radio Frequency Quadrupole (RFQ) 
manufacturing for Proton Induced X-ray Emission (PIXE) detector. By default, CAM software is configured to obtain a good 
compromise between accuracy and calculation time. Nevertheless, for greater accuracy, these default parameters must be tweaked. 
The machining of the modulations on the PIXE RFQ, which involves a shape tolerance of 10 µm, is used as a case study. The software 
parameters and milling strategies are evaluated in regard to the toolpath accuracy. The investigation of the successive data 
transformations has permitted a significant improvement of the toolpath accuracy generated by the software compared to results 
obtained prior to this study. The best practice that allows high-precision machining using WORKNC® is presented. 
 
Manufacturing (CAM), Machining, Accuracy  

 

1. Introduction 

The manufacturing industry meets constantly increasing 
challenges both in terms of quality and part complexity. The 
emergence of Computer-Aided Design (CAD) software has 
facilitated the design of parts with complex geometries. 
Although the kinematics of the machines offers great flexibility, 
programming toolpaths to machine such surfaces can be 
challenging without the use of a software. Nowadays, 
Computer-Aided Manufacturing (CAM) is widely used in the 
industry. It allows the computation of toolpaths for the 
machining of complex shapes using multi-axis kinematic, 
permitting to improve the surface quality [1]. CAM integrates 
the CAD files into the manufacturing process for a consistent 
stream of information all along with the design, manufacturing, 
and metrology. Nevertheless, the data from CAD undergoes 
conversions and geometric transformations during its 
processing in the software. The efficiency of the toolpath 
computation is one of the most challenging problems in the 
design of CAM software [2-4]. By default, it is configured to 
obtain a good compromise between accuracy and calculation 
time. For greater accuracy, default parameters must be 
tweaked. The purpose of this study is to assess the ability of 
WORKNC® (version 2020.0) to fulfill CERN requirements in terms 
of toolpath accuracy and give the best practice for high-precision 
machining.  
1.1. Case study 

This study is being conducted in the scope of Radio Frequency 
Quadrupole (RFQ) manufacturing for Proton Induced X-ray 
Emission (PIXE) detector. In the CAD model, the vane tips of the 
RFQ are generated using a spline. Since this surface is complex, 
CAM is used for the roughing as well as for the finishing of the 
vane tips [5]. The finishing of the modulation, which is studied in 
this article, is performed with a shape milling cutter and using 
only 2 of the 5 axes of the machine. This shape has to be 

machined very precisely to accelerate the particle beam with the 
least possible losses. For this reason, the shape tolerance on the 
modulation is ± 5 µm [6]. The tests that are discussed in this 
article have been conducted on the most critical portion of the 
lower major van of the PIXE HF-RFQ module 1 (see Figure 1), 
containing the minimum radius of curvature of the modulation. 

 
Figure 1. The studied portion of the PIXE RFQ modulation 

2. CAM workflow and methodology 

During the design phase of the PIXE RFQ, a finite element 
method (FEM) software is used to optimize the shape of the 
modulation. The FEM software produces a list of points, which 
are interpolated in the CAD software using a spline to generate 
the profile of the modulation. This section describes various 
workflows that permit to produce equivalent milling toolpaths 
for the finishing of the vane tips as well as the methodology used 
to assess the data processed by the software. 
2.1. Various CAM workflow to produce milling toolpaths 

For 2- and 3-axis milling, WORKNC allows to work either from 
a curve or from a 3D model (see Figure 2). CAD models can be 
imported in the STandard for the Exchange of Product (STEP) 
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format or directly in the specific CAD software file format. From 
this point, the model is converted into a mesh, which is used to 
generate a toolpath using CAD model-based strategies. It is also 
possible to use a mesh-sectioning feature to extract a section 
curve from the mesh, and use it to generate the toolpath using 
a curve-based strategy. Another workflow consists of importing 
directly a list of points in the CAM software, and generate a 
toolpath from it. In both cases, the toolpath is composed of a list 
of tool positions and orientations, which are converted into 
machine axes positions with linear and/or circular interpolations 
during the post-processing step. 

 
Figure 2. Flow chart of the CAM workflows to produce milling toolpaths. 

In most cases, the CAM software computes the point of Cutter 
Contact (CC) between the tool and the part (see Figure 3), and 
applies an offset to generate the positions of the Cutter Location 
(CL). In some strategies, it is also possible to generate toolpaths 
with cutter compensation: the strategy generates the positions 
of the CC points and not the CL points. In this case, the machine 
has to calculate the compensation and the CAM software is not 
responsible for the offset computation. 

 
Figure 3. Representation of the position of the cutter location and cutter 
contact points 

2.2. Global methodology for CAM software evaluation 
First, baseline data is established to allow the evaluation of the 

results from the CAM software. The loss of accuracy at each step 
of CAM workflows described above as well as the general 
accuracy is evaluated using the case study. Not only the toolpath 
points are evaluated, but also the error due to the linear 
interpolation between these points. In the context of the 
machining of the PIXE RFQ, the maximum allowable amplitude 
of the error on the toolpath is set to 1.50 µm from peak to peak 
such that it remains below 15% of the tolerance to be respected 
after machining. The results are discussed not only in terms of 
accuracy but also in terms of workflow efficiency, and 
adaptability to workshop use. 

3. Method used to assess data from CAM software 

To avoid introducing errors using software to assess the data, 
python algorithms are used, for which both the accuracy and 
computation method are controlled. 
3.1. Definition of the reference curves 

As mentioned above, the points exported from the FEM 
software are interpolated in the CAD software to generate a 
spline. This spline is used as a directrix to generate the 
modulation shape, the profile of the shape tool being the 
generatrix (see Figure 1). Some tests have shown that data 
undergoes several transformations in the CAD software also. 
The implication is that the spline and the resulting 3D model do 
not fit perfectly together. For a better consistency of the results, 
two different references have been defined. The first reference 
is defined by polynomial interpolation of a list of points from the 
spline. This reference is used for workflows involving directly the 
points from the spline. The second reference is defined by the 
interpolation of a list of points projected on the surface of the 
3D model and is used to evaluate data from workflows involving 
the CAD model. The projection of the points on the surface has 
been computed and verified using two different CAD software. 
The points exported from the FEM software have a constant 
spacing in the longitudinal direction of 0.1 mm. Since the 
polynomial interpolation function defining the curve is of class 

𝑪𝟏, and that the spacing of the points is small compared to the 
curvature (the ratio is greater than 18), the radius of curvature 
can be considered a constant between each couple of 
consecutive points. In this case, the error due to the linear 
interpolation ε of the points from FEM simulation can be 
approximated geometrically using Equation 1, where 𝜌𝑚𝑖𝑛 is the 
minimum radius of curvature of the curve and 𝑠  is the 
longitudinal spacing of the points. In the future, this model can 
be used to assess quickly the accuracy of a list of points 
regarding linear interpolations. 

𝜺 = 𝝆𝒎𝒊𝒏 − √𝝆𝒎𝒊𝒏
𝟐 − (𝒔 ∕ 𝟐)𝟐𝟐

    (Equation 1) 

In the case of the PIXE RFQ, the minimum radius of curvature is 
1.709 mm, which gives a maximum theoretical error of ± 0.73 
µm on the modulation (0.72 µm was found using a numerical 
algorithm). This value is almost 15 % of the tolerance to be 
respected after machining, and does not include the errors due 
to the computation CL point. For this reason, the curve has been 
resampled with 5000 points along the CAD spline, giving a 
spacing of 0.0316 mm, and a maximum error of ± 0.07 µm. The 
differences between the reference curve and the CAD spline 
were minimized using cubic polynomial interpolation. The 
maximum error is 0.001 µm, which is negligible and permits to 
validate the definition of the reference curve. 
3.2. Evaluation of the distance between a point and the 
reference curve 
    The assessment of the accuracy of the mesh, software 
features, and toolpaths consists in the computation of the 
distance between points and a reference curve. As mentioned 
above, the reference curve 𝐶  is computed using a cubic 
polynomial interpolation function 𝑓 of the list of 𝑛 points  

𝑃𝑖 = (𝑥𝑖
𝑦𝑖

) , 𝑖 ∈ ⟦1, 𝑛⟧. 

Since the sequence  
𝑥𝑖 , 𝑖 ∈ ⟦1, 𝑛⟧ 

is strictly monotonically increasing, 𝑥 is used as a parameter to 
define the curve 𝐶 as follows: 

𝐶(𝑥) = (
𝑥

𝑓(𝑥)
). 

The tangential vector �̂� to the curve 𝐶  is a unit vector in the 
direction of the velocity vector and is defined as 
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�̂�(𝑥) =  
1

√1 + 𝑓′(𝑥)2 
2

∙ (
1

𝑓′(𝑥)
). 

Since the normal vector �̂�  is perpendicular to the tangential 

vector �̂�, 

�̂�(𝑥) ∙ �̂�(𝑥) = 0 ⇒ �̂�(𝑥) =  
1

√1 + 𝑓′(𝑥)2 
2

∙ (
−𝑓′(𝑥)

1
). 

From here, it is possible to define the line 𝑳 in the direction of 

�̂�(𝑥) passing through 𝐶(𝑥) using the parameter 𝑡 as shown in 
the following equation: 

𝐿(𝑥, 𝑡) = 𝐶(𝑥) + 𝑡 ∙ �̂�(𝑥). 
An optimization algorithm is used to solve numerically the 
equation  

𝐿(𝑥, 𝑡) = (𝑥𝑖
𝑦𝑖

), 

which is obtained for 𝑥 = (𝑥𝑠)𝑖  and 𝑡 = (𝑡𝑠)𝑖 (see Figure 4). In 
this method, the precision of the algorithm is controlled since 
the solution lies in a disk of radius R𝜀 around the point 𝑃𝑖. While 
(𝑥𝑠)𝑖  defines the position of the projection on the reference 
curve, (𝑡𝑠)𝑖 is the distance between the point and the curve.  

 
Figure 4. Representation of vectors and points used for the point-curve 
distance computation algorithm. 

Since this method only permits to find a local solution, the choice 
of the initial guess is important. In our case, the initial guess for 
the algorithm is (𝑥 = 𝑥𝑖 , 𝑡 = 0). Since the expected error is well 
below the  minimum radius of curvature (below 0.6 % of 𝜌𝑚𝑖𝑛 if 
errors up to 0.02 mm are considered), the local solution is the 
global solution. For this study, a computational tolerance of 10-8 
mm is chosen. 
3.3. Computation of the machined profile from a two-
dimensional toolpath without radius compensation 
    When evaluating the results of a strategy without radius 
compensation, the toolpath, which corresponds to CL points, 
has to be assessed against the profile of the part. For this reason, 
an algorithm is used to compute the theoretical machined 
profile. The algorithm developed here supports the linear and 
circular interpolations. The simplest algorithm would consist of 
computing the normal vector to the curve and applying an offset 
of the value of the radius in this direction. Nevertheless, this 
method is not suitable if, at a given point, the curve is convex 
and the radius of curvature is smaller than the offset value 
because cusps are generated. 

 
Figure 5. Representation of the offset algorithm on a randomly 
generated toolpath. 

    A better approach is to compute the envelope generated by a 
circle having the same radius as the tool, and whose center can 
move along the toolpath [7]. For a numerical implementation of 
this algorithm, the computation is not efficient because it 
involves discrete positions of the circle. For this reason, a hybrid 
approach permitting an exact solution is used. The profile is 
computed using the tool shape only on the toolpath points while 
linear and circular interpolation are offset mathematically (see 
Figure 5). 

4. Evaluation of software features and toolpath computation 

4.1. Evaluation of the mesh accuracy 
    When a part is imported into the software, the geometry is 
converted into a triangle mesh. The size of the triangles is 
directly linked to the accuracy of the mesh and to the 
computation time. In WORKNC, the mesh size can be controlled 
using the “Tolerance” and “Scaling Factor” parameters. While 
the smallest tolerance is ± 1 µm, the scaling factor can be used 
to virtually enlarge the part for calculation, such that the 
tolerance is divided by the scaling factor. The mesh has been 
exported as STL and sectioned. For a tolerance parameter of ± 1 
µm and a scaling factor of 10, the error was evaluated to 0.05 
µm from peak-to-peak for a model in the specific CAD software 
file format, which is well below the tolerance. Equivalent results 
were obtained when importing a STEP file, with a maximum 
error of 0.08 µm. The same mesh parameters are used for the 
evaluation of all the features and toolpaths in the following 
sections. 
4.2. Evaluation of curve-based toolpaths accuracy (with and 
without cutter compensation) 
    One way to work with curves is to import directly the points in 
the software. In the case of a toolpath with cutter 
compensation, the computation of the toolpath should 
correspond to a simple resampling of the curve to meet the 
toolpath tolerance criteria. The results obtained for the “tangent 
to curve” strategy without cutter compensation was 0.50 µm for 
a tolerance of 1.00 µm (corresponding to the value of ± 0.50 µm 
entered in the software). The same strategy with cutter 
compensation (corresponding to the “On profile” option) gives 
better results, with a maximum error of 0.22 µm (which is logical 
because less data transformation is involved). Using the 
“Minimal compensation” option, which permits to add a 
smoothing radius in the corners, the accuracy was evaluated to 
0.50 µm (with a smoothing radius of 0). When programming with 
a tolerance of 0.20 µm, the accuracy reached the tolerance value 
only for the toolpath without cutter compensation (with a value 
of 0.19 µm). Although the evaluation of the toolpath was 
performed only on the portions of the modulation where the 
tool radius is smaller than the radius of curvature of the curve, 
some tests showed that the tool is tangent to the curve in two 
different points when it is not the case, which prevents the tool 
from penetrating the part geometry. 
4.3. Evaluation of the mesh-sectioning feature 
    To use curve-based strategies, the curve can be obtained by 
sectioning the 3D model directly in WORKNC. When importing 
the geometry, the software generates a mesh for the 
computation and a coarser one for a more efficient visualization. 
By default, the section is computed with the visualization mesh 
and is not controlled by any tolerance parameter. Errors over 26 
µm were generated by this method, which is not sufficient for 
high-precision milling. To improve the quality of the section, the 
computation must be performed on the computational mesh. By 
assessing the mesh section with the “tangent to curve” strategy 
evaluated in the section above, an accuracy of 1.04 µm was 
achieved, giving a loss of accuracy of 0.54 µm. Although this 
method gave better results, the workflow is not efficient since a 
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specific command line must be used, and the visualization mesh 
must be hidden while using the function. 
4.4. Evaluation of model-based toolpath computation (without 
cutter compensation) 
    When considering model-based strategies, the toolpath 
contains the errors caused both by the meshing (evaluated in 
4.1) and the computation of the toolpath itself. With toolpath 
tolerances of 0.20 µm, 1.00 µm, 2.00 µm, and 10.00 µm, the case 
study has permitted to evaluate the precision of the toolpaths 
to respectively 0.90 µm, 0.93 µm, 1.05 µm and 4.68 µm. The 
tolerance for 0.20 µm is not respected. By importing the points 
from this toolpath in the CAD software, a value of 0.90 µm was 
measured for the tolerance of 0.20 µm, which confirms the 
results obtained with the python algorithm. 
4.5. Evaluation of the circular interpolations 
As mentioned above, the strategy permits to compute the 
toolpath, which is composed of the lists of tool positions, and 
eventually, orientations. The last step after the toolpath 
computation is the post-processing, which generates a file in the 
numerical control (NC) programming language of the machine. 
The toolpath points can be interpolated using circular arcs with 
a given tolerance. Using circular interpolations permits to reduce 
the number of lines in the NC file, but the loss of accuracy has to 
be taken into account for precision machining since this 
interpolation is done after the toolpath points computation. The 
accuracy of the toolpath containing circular interpolations was 
compared to the accuracy of the toolpath containing exclusively 
linear interpolations. For circular interpolation tolerances of 
0.20 µm, 1.00 µm and 2.00 µm, the loss of accuracy compared 
to the toolpath without circular interpolation has been 
evaluated to respectively 0.02 µm, 0.30 µm and 1.28 µm. The 
results are consistent with the tolerance value. Nevertheless, 
the drawback of using circular interpolation is that the tolerance 
parameter cannot be changed anywhere else than in the post-
processor configuration file. 

5. Global workflow tolerance and validation on a test part 

5.1. Global workflow tolerance 
    At each step of the data processing in the CAM software, 
tolerances are involved. The global tolerance between the input 
and the output of the software is given by the sum of the 
tolerance used for the mesh creation, mesh-section, toolpath 
computation and circular interpolation. The results from each 
section are summarized in Table 1. By combining the obtained 
results, a global accuracy of 1.00 µm was obtained using the Z-
level finishing strategy while respecting the tolerance value. 
Using prior re-sampling, an accuracy of 0.50 µm was reached by 
importing directly the points in the CAD software (for a toolpath 
without tool compensation). This method involves a more 
complex workflow but permits to improve the results. If using 
the mesh-section feature on the computational mesh, an 
accuracy of 1.04 µm was achieved.  
 

 
Table 1. Achieved tolerances in the scope of the PIXE RFQ. 

5.2. Machining and measurement of a test workpiece 
The most efficient way to use the software is to use model-

based strategies. A sample has been machined and measured to 
validate this workflow. The toolpath used for the machining is 
the toolpath showed in 4.4, with a tolerance of 1.0 µm. The 
results of the measurements of the part are given in Figure 6. 

The part was successfully machined using the model-based 
strategy, with a tolerance after machining below 4.0 µm. 
 

 
Figure 6. Results obtained in the longitudinal plane of the test part after 
the machining with a carbide shape mill. 

6. Conclusion 

    In this article, several features and toolpaths from WORKNC 
CAM software version 2020.0 have been evaluated in the scope 
of the PIXE RFQ fabrication. By using prior curve resampling, 
reducing the circular interpolation tolerance in the post-
processor, and avoiding the use of the mesh-sectioning feature 
on the visualization mesh, the accuracy was significantly 
improved for several different workflows.  Using the most 
efficient workflow (involving the 3D model), a tolerance of 1 µm 
was achieved on the toolpath, which is 18 times smaller than the 
tolerance obtained previously using WORKNC. With this 
toolpath, a test part was machined with a shape accuracy of 4 
µm, while 19 µm was obtained without these improvements. 
This study has permitted to develop a better understanding of 
the successive data transformations as well as the way to control 
the global tolerance of the toolpath, which will be very valuable 
in future projects. The software has demonstrated its ability to 
produce accurate toolpaths for the machining of high-precision 
parts for CERN facilities. 
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Achieved tolerances (case study)

Mesh computation 0.1 µm (not tested below)

Mesh sectionning feature 0.6 µm (with errors  on the "On-curve" strategy)

Strategy : Tangent-to-curve 0.5 µm

Strategy : Z-level finishing 1.0 µm

Circular interpolation 0.1 µm
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Abstract 
High demands on product quality force companies to reduce production costs. Due to the growing international competition, optical 
surfaces for tool and mould making need to be produced economically. These surfaces are commonly produced using ultra-precision 
cutting. However, the efficiency is limited due to low feed velocities vf, small depth of cut ap and associated long process times tPr. An 
innovative manufacturing process represents diamond burnishing, which can be carried out directly after the high-precision milling 
process. For this purpose, super-hard materials made of single crystalline diamond (SCD) are currently used as tool materials. Since 
the material costs are high and the availability is limited, SCD needs to be substituted. An innovative substitution material is 
polycrystalline diamond (PCD). Within this paper, a machining strategy for the high-precision production of PCD spheres for 
diamond slide burnishing tools is presented. The processes grinding, polishing and electrical discharge machining (EDM) were 
applied. Therefore, the manufacturing costs, the surface roughness, the shape accuracy as well as the concentricity accuracy were 
analysed. Based on these investigations, an efficient and economical machining strategy for the production of high-precision spherical 
geometries made of PCD can be provided. First results showed that the prefered machining strategy uses a cross-process chain 
consisting of grinding and polishing. Thereby, the advantages of both processes with the fast manufacturing of the macro-geometry 
by the grinding process as well as the high surface qualities, which can be achieved by the polishing process, are combined. 
 
Keywords: burnishing, polycrystalline diamond (PCD), shape accuracy, surface roughness 

 

1. Introduction 

Diamond slide burnishing (DSB) can be used to produce 
economically optical surfaces. During this process, a fixed hard 
sphere is pressed into the surface of the workpiece and guided 
over the surface with a defined process force FPr without any 
rotational movement. The surface roughness can be reduced by 
more than 90 % [1]. The advantages of using diamond as tool 
 material are the high hardness H, the high resistance 
against abrasive wear and the low coefficient of friction μ [2]. 
The high hardness H of polycrystalline diamond (PCD) offers  
optimum conditions for the production of workpieces with 
low arithmetical mean deviation Ra. Currently single crystalline 
diamond (SCD) is successfully used for diamond burnishing.  
Due to the high material costs, SCD needs to be replaced  
by PCD. The machinability of PCD and the ecconomic  
manufacturing of spheres need further knowledge about  
the processes. However, the machinability of PCD  
with the aim of producing spheres has not been sufficiently  
investigated. Futhermore, the grinding, polishing and  
electrical discharge machining (EDM) were analysed. The 
manufacturing costs CM, the arithmetical mean deviation Ra, 
the shape accuracy TS as well as the concentricity accuracy TC 
were considered for each machining process. 

2. Experimental setup 

According to the results of POLTE [3], a PCD material with an 
average grain size of 0.5 µm ≤ DKo ≤ 1.0 µm was used for this 
investigation to produce best surfaces of the PCD-spheres. For 

each manufacturing process, a sphere geometry with a radius of 
rS = 0.9 mm and an azimuth angle of α = 90° was produced. 
Figure 1 shows the PCD-tool geometry parameters. 

 
Figure 1. PCD-tool geometry parameters 
Due to the manufacturing process, a PCD layer is applied to a 
carbide metal (CM) substrate and thermally separated from a 
PCD-CM-plate as circular blanks. The PCD layer thickness on the 
blank was tPKD = 1 mm. The chemical composition was examined 
with a scanning electron microscope (SEM) of the type 
Leo 1455 VP from CARL ZEISS AG, Oberkochen, Germany, using 
energy dispersive X-ray spectroscopy (EDX). In addition, 
corresponding SEM images of the machined surfaces were 
taken. The stoichiometric composition is given as a percentage 
of mass m% for each element. The carbon (C) content is 
m%,C ≈ 66.14 %, the cobalt (Co) concentration is m%,Co ≈ 27.24 %, 
the oxygen (O) level is m%,O ≈ 0.55 % and the tungsten (W) 
content is m%,W ≈ 6.07 %. The elements carbon and cobalt are to 
be expected. In addition, the elements oxygen and tungsten 
appear in small quantities. The oxygen input is less than one 
percent and can be explained by oxidation processes in the edge 
view due to thermal separation. The tungsten input 
 can be reasoned by the use of the CM substrate.  

dS = 0.9

PCD

CM
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In order to enable the machining of the PCD blank, it was  
bonded to a carbide metal shaft by high-vacuum  
soldering (HVS). A HOMMEL-ETAMIC nanoscan 855 from  
JENOPTIK AG, Jena, Germany was used to measure the 
arithmetical mean deviation Ra. The measurement of the 
shape accuracy TS as well as the concentricity accuracy TC was 
carried out with the measurement device O-Inspect 442 from 
CARL ZEISS INDUSTRIELLE MESSTECHNIK GMBH. On a Vertex 1F from the 
company GF MACHINING SOLUTIONS GMBH, Geneva, Switzerland, 
EDM machining was carried out. For this purpose, a wire 
electrode with a diameter of dwe = 0.1 mm made of CuZn36 and 
coated with Zn was used. Grinding was executed on a RG5 from 
COBORN ENGINEERING CO LTD., Romford, Great Britain. A grinding 
wheel with a ceramic bond and a diamond grain size of 
dD = 35 µm was used. The polishing process was carried out on a 
PG3 from the same company COBORN ENGINEERING CO LTD., 
Romford, Great Britain. 

3. Results and discussion 

3.1. Manufacturing costs 

The manufacturing costs CM quantify costs such as the 
creation of a machining program. Recurring costs per 
component such as the machine cost rate are also integrated. 
Grinding is the most cost-effective method with costs of 
CM,G = 88 € per workpiece. The EDM process has production 
costs of CM,EDM = 170 € and the costs for the polishing process 
are CM,P = 122 €. The results are presented in Figure 2. For the 
polishing process, a cross-process chain including grinding and 
polishing were used. 

  
Figure 2. Comparison of the machining processes 

 
3.2. Machined surfaces 

Table 1 shows the SEM images of the processed surfaces. The 
surface of the EDM process has a rough though regular 
structure. This surface structure is typical for EDM workpieces. 
The ground surface shows grooves and scores, which show a 
uniform radial expression along the centre axis of the PCD 
diamond slide burnishing head (DSB head). Compared to the 
surfaces described above, the polished surface shows only 
minimal scratches and no machining direction can be detected. 
 
3.3. Geometrical investigations 

The  arithmetical mean deviation Ra, the shape accuracy TS 
and the concentricity accuracy TC were investigated and  
the results are showen in Figure 2. The analysis of the 
arithmetical mean deviation Ra shows that the best  

results were achieved with the polishing process. The 
arithmetical mean deviation is about Ra = 0.013 µm. The 
measured values confirm the observations from the analysis of 
the SEM images. The best results for the shape accuracy TS could 
be achieved with the machining process polishing. A 
shape accuracy of TS = 5.8 µm could be achieved. An 
examination showed that the lowest concentricity accuracy of 
TC = 0.8 µm could be achieved with the EDM-process. 

 
Table 1 SEM image of machined surfaces 
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4. Conclusion and outlook 

The aim of this contribution is the development of an  
efficient and economical machining strategy for  
manufacturing of PCD spheres for diamond slide burnishing 
tools. A low arithmetical mean deviation Ra and low 
shape accuracy TS are most important to produce optical 
surfaces using burnishing. A cross-process chain of grinding and 
polishing could be evaluated as preferring machining strategy. 
Thereby, the advantages of both processes with the fast 
manufacturing of the macro-geometry by the grinding  
process as well as the high surface qualities by the  
polishing process, are combined in a target-oriented way. An 
arithmetical mean deviation of Ra = 0.013 µm, a shape accuracy 
of TS = 5.8 µm and a concentricity accuracy  of TC = 3.6 µm could 
be achieved. Further investigations will examine the 
machinability of varying tool geometries. This work is supported 
by the funding program Zentrales Innovationsprogramm 
Mittelstand (ZIM) by the Federal Ministry for Economic Affairs 
and Energy (BMWI). 
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Abstract 
Carbon fiber reinforced plastic (CFRP) is widely used in aerospace and automobile industries because it is lighter and more rigid than 
metals. However, CFRP is a difficult-to-cut material, and increased production cost is a problem. Hence, various methods have been 
tested for CFRP machining. This study focuses on electrical discharge machining (EDM) and grinding. A diamond core drill was 
attached to the EDM electrode while grinding was performed simultaneously. The CFRP used in this study is a unidirectional prepreg 
(Toray, T700SC) laminated on the inner layer so that the fiber direction shifts by 90°, and the surface is covered by plain woven 
prepreg (Toray, T300). After machining, the hole diameter was measured with a laser microscope and the surface of the tool electrode 
was observed. The feasibility of the method was considered from the experimental data obtained. 
 

Key words: CFRP, grinding, electrical discharge machining       

 
 

1. Introduction 

The use of carbon fiber reinforced plastic (CFRP) have been 
increasing in the aerospace industry owing to its high specific 
strength compared to metals. However, it is a difficult-to-cut 
material, and incurs a high production cost. In addition, precision 
is particularly required in the machining of CFRP used in the 
aerospace industry. Conventional CFRP machining has problems 
such as delamination, carbon fiber drawing, and intensive tool 
wear. Various processing methods are proposed to solve these 
problems, grinding, electrical discharge machining (EDM), 
cutting, and drilling. In grinding, tool wear is severe and diamond 
tools have been developed as countermeasures. 

Ito et al. [1] performed electrical discharge machining (EDM) 
of CFRP and confirmed that EDM of CFRP was possible. In EDM, 
the numerical values vary greatly depending on the 
experimental conditions, such as the relationship between 
voltage and pulse time, and machining time.  

Kitajima et al.[2] studied the grinding performance of a 
grinding wheel against CFRP.  

In this study, grinding is performed using a core drill with EDM 
to examine its feasibility. 

2. Experimental method 

2.1. Workpiece material 
Table 1 shows the specification of CFRP used in this study. The 

CFRP has a laminated structure that is sandwiched by a plain 
weaved top and bottom layer and consists of a unidirectional 
prepreg shifting by 90° in each layer. To improve the 
conductivity of the material by removing the non-conductive 
layer of the epoxy, the surface was rubbed with the sandpaper . 

 
2.2. Tool fabrication 

The tool electrode used a diamond core drill made of steel 
having a shaft diameter of 3 mm, with a ⌀ 1.5 mm copper 
electrode inserted in half. Furthermore, a 1 mm hole was drilled 
to enable the machining fluid to pass through. Additionally, the 

diamond core drill and tool electrode were fixed with an 
adhesive. 
 
2.3. Experimental setup 

Figure 1 shows the experimental setup. The vise was fixed on 
the table of a small hole electric discharge machine (Sodick, K1C). 
The CFRP sample was fixed using copper plates to improve 
conductivity. The tool was installed in a 3 mm electrode guide, 
and the upper electrode part was fixed using a 1.5 mm chuck.  

Table 2 shows the experimental conditions. In the experiment, 
the effects on tool wear and work material were investigated by 
changing the peak current value (Ip). 

Table 1 CFRP specification  

 

Surface layer Inner layer

Carbon Fiber T300-3000 T700SC-24000

Number of Filament 3K（3000） 24K（24000）

Tensile Strength（MPa） 3530 4900

Tensile Modulus（GPa） 230 230

Elongation（%） 1.5 2.1

Density（kg/m3） 1760 1800

 
Figure 1. Experimental setup 

CFRP

Copper plate

Tool electrode

Rotational 
direction

Feed direction

Core drill
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3. Results and discussions 

3.1. Tool wear 
Figure 2 shows the effect of peak current value (Ip) on the tool 

wear after 1-pass machining. The images were taken the picture 
by a digital microscope (Saitohkougaku, SKM-Z300C). As the 
value of Ip increased, tool wear due to tool melting also 
increased. Furthermore, the resin of the CFRP adhering to the 
tool surface was visible. It was considered that the adhesion of 
the resin to the tool surface was assumed to be the cause of less 
tool wear because the resin of the CFRP adhering prevented 
machining. Therefore, when the Ip value was 13 A or more, there 
was only a little adhesion of the resin, and the tool melted from 
the tip. As the Ip value increased, the amount of melted tool 
increased. Finally, the abrasive grain of the tool tip melted at 19A.  

EDM was possible with an electrode with a core drill. However, 
future research considering tool wear is needed. 

 
3.2. The diameter and machining time 

Figure 3 shows the diameter of the hole measured using a 
laser microscope after 1-pass machining. As the Ip value 
increased, the diameter of the hole expanded. As with normal 
electrical discharge machining [3], it was considered that the 
diameter of the hole expanded due to the high Ip value as the 
machining amount of the work material increased.  

The hole was observed using a digital microscope. On the 
machining side of the hole, a lot of resin was observed that was 
similar to the resin adhering to the tool at low Ip value.  

Figure 4 shows the effect of changes in Ip value on the duration 
of 1-pass machining. The longest machining time was observed 
at 2 A. In other words, the machining time was 90 min at 2 A, 
which is 14 times more compared to that at 19 A. At 2 A, the 
resin adhered to the surface. In contrast, the tool wear due to 
melting was small. It is considered that the result of reduced 
average material removal of machining caused an increase in 
machining time.  
 
3.3. SEM images of hole side 
    The SEM images of the 1-pass machining hole side when Ip = 
2 A and 19 A are shown in Figure 5 From the images, at 2 A, the 
front of the hole did not expand. However, resin melting and un-
cut fiber was observed. On the other hand, at 19 A, the front of 
the hole showed expansion. However, a better machining 
surface was observed. The low Ip value caused unexpected resin 
melting and un-cut fiber. 

4. Conclusions 

EDM and grinding of CFRP was performed using a tool 
electrode that was attached to a diamond core drill. From the 
results obtained in this investigation, the following conclusions 
were reached: 
(1) When the peak current value (Ip) is small, tool wear was 

reduced. 
(2) The diameter of the hole increased as the Ip value increased. 
(3) The machining time at Ip = 2 A was about 14 times longer 

than that at 19 A. 
(4) The lower the value of Ip, worse the surface of the hole side.  
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            Figure 3. The Diameter of machined hole 
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Table 2 Experimental conditions 

 

Tool electrode Cu(φ1.5mm), Steel(φ3mm)

Peak current value, Ip (A) 2, 6, 13, 19

Pulse-on duration, τon (μs) 30

Pulse-off duration, τoff (μs) 30

Machining fluid VITOL-KS

 
Figure 4. The effect of machining time 
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Figure 5. SEM images of machining hole 
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Figure 2. Digital microscope image of the tool electrode 
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Abstract 
 
Ti-6Al-4V is considered to be the most important and useful alloy in the aerospace industry and many other applications. It has good 
mechanical properties as well as lower machining properties, especially in traditional drilling processes. In the previous study, 
ultrasonic assisted plasma oxidation grinding (UPOG) had been reported. This technology showed better material removal ability for 
Ti-6Al-4V. In this study, in order to investigate the material removal process for ultrasonic assisted plasma oxidation grinding (UPOG), 
scratching test was carried out with plasma oxidized samples. For the purpose of comparison, Ti-6Al-4V sample was also probed 
under similar conditions. This study has clearly demonstrated that the nature of plasma electrolytic oxidation present in the 
mechanism of  deformation  or  material removal during nanoscratching test. During the test the deformation was distinctly captured 
with a high speed camera. 
 

Keywords: Ultrasonic vibration, Plasma electrolytic oxidation, Nanoscratching, Ti-6Al-4V,  

 

1. Introduction   

Ti-6Al-4V have many excellent properties (such as high specific 
strength, good heat and corrosion resistance and light weight) 
so that it is popular in the aerospace industry and many other 
applications. These above applications have now become 
energy conscious, and every industry is going to follow the 
health and safety requirements at all levels. The concept of 
sustainable manufacturing has now become the key focus, 
which deals with the economic, social, safety and environmental 
issues.  

In most industrial applications, Ti-6Al-4V products are firstly 
manufactured by precision casting, followed by finishing 
machining processes to shape and remove excess materials[1]. 
Grinding is one of the common methods to improve form 
accuracy, dimensional accuracy and surface quality. In grinding 
processes, every abrasive grain removes a small amount 
material from the workpiece, benefit to improve the surface 
finish and structure accuracy. However, the grindability of 
titanium alloys are not so good, causing low efficiency and high 
tool wear, which means high cost[2]. Actually, Ti-6Al-4V are 
typically difficult to machining due to these factors: 1) high 
specific strength; and 2) low thermal conductivity[3]. Its physical 
and mechanical properties include high specific strength and 
hardness lead to higher machining force. The low conductivity 
result in heat accumulation at the tool-workpiece interface and 
lead to higher machining temperature. These problems become 
more critical when grinding the Ti-6Al-4V, the thermal-
mechanical stress induced by high machining force and 
temperature result in tool wear, bad surface roughness and 
mechanical properties alterations. The grinding wheel wear 
rotates quickly due to high temperature in the grinding zone and 

heavy friction between the workpiece and the grinding wheel. 
[4] 

In recent years, numerous research about the grinding process, 
grinding force and ground surface quality were reported. For 
example, Zhao et al.[5] carried out grinding experiments of Ti-
6Al-4V at different parameters respectively, and studied the 
influence to the grinding force, material removal efficiency and 
grain wear characteristics. They found the wear dominantly 
consists of the grain and bond fracture; subsequently leading to 
a dramatic increase in grinding force. Therefore, it is vital to 
develop a better grinding process for Ti-6Al-4V. 

As a promising grinding technique, UAG has attracted great 
attention for decades for the sake of its excellent features, such 
as smaller grinding force, higher material removal rate, better 
surface quality, longer grinding wheel working life, and lower 
grinding heat generation compared with those in conventional 
grinding (CG). Nik et al.[6] showed that compare with 
conventional grinding(CG), UAG of Ti-6Al-4V can get higher 
cutting depth and feed rate, as well as better surface roughness 
in the feed direction, even though ultrasonic vibration induced 
on the grinding wheel. Pujana et al.[7] found that lower feed 
force and higher processing accuracy was achieved when 
ultrasonic vibration was induced on the drilling of Ti-6Al-4V. 
Further, the materials removing mode in ultrasonic-assisted-
grinding of brittle materials and titanium alloys was studied 
experimentally and theoretically by Qin et al.[8] On the other 
hand, UAG process of Ti-6Al-4V is not rapid and brilliant as its 
use in hard and brittle materials. In order to improve the 
grinding ability and ground surface quality of Ti-6Al-4V, Li et 
al.[9] proposed a kind of hybrid grinding technique, which calls 
ultrasonic-assisted plasma oxidation grinding (UPOG). His study 
showed the grinding ability and ground quality was obviously 
improved, however, the material removal mode of oxidized Ti-
6Al-4V is still not very clear. 
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In this study, in order to investigate the material removal mode 
for ultrasonic assisted plasma oxidation grinding (UPOG), 
nanoscratching test was carried out with ultrasonic-plasma 
oxidation samples to simulate the single-grain grinding 
processes. For the purpose of comparison, Ti-6Al-4V sample was 
also probed under similar conditions. Normal Forces and 
tangential force during the scratching test are collected, and the 
scratching result have been observed by laser microscope and 
scan electron microscope. This study can clearly demonstrate 
the influence of ultrasonic-plasma electrolytic oxidation in the 
mechanism of deformation or material removal during 
nanoscratching test. 

2. Processing principle and experimental  

2.1. Principle and experimental setup   
In order to simulate the plasma electrolytic oxidation in UPOG, 

as shown in Fig.1, an ultrasonic plasma electrolytic oxidation 
(UPEO) device was set up. The adhesive of grinding wheel is Ni 
alloys. Therefore the cathode material was made by Inconel 718, 
which was most overuse Ni alloys. Before the UPEO process, the 
Ti-6Al-4V workpiece would be polished. In this work insulate 
holders were used to make sure the plasma discharge only occur 
between cathode and anode.  

Z axis lift (by sh-lianyi Co.,Ltd.,China) was used to control the 
width of plasma discharge gap with an accuracy of 20 μm. The 
ultrasonic wave generator was amplified and transfer to PZT, 
which will generate ultrasonic vibration. The metal elastic body 
was stuck with PZT. DC pulse power can generate single square 
wave current, the voltage of plasma DC power is 0-10 V and 
pulse width of plasma DC power is 10 μs.  

After the UPEO treatment, thickness of the oxide layer was 
measured by ellipsometer (Film Sense Co., Ltd., USA). The 
measured thickness of UPEO layer is shown in Fig.2, five points 
were measured on each sample then calculate the average and 
standard deviation. As the result, the thickness of oxidized layer 
increases with the voltage. Ultrasonic vibration on cathode can 
promote the oxidation occurs, especially when the voltage is 
higher, this effect can be more obvious. The thickness of the 
oxide layer can up to 35nm under 10V-10μs with UV assisting. 

 

 
Figure 1.  Schematic of setup for UPEO of Ti-6Al-4V 

 
Figure 2.   Thickness of oxide layers 

 

 
Figure 3.  Schematic of nanoscratching test 

 
 In order to simulate the single-grain grinding processes, 

scratching test (by Anton-Paar Co., Ltd., Germany) was carried 
out with ultrasonic plasma oxidation samples. Non-treated 
workpiece was also tested for comparison. As shown in Fig.3, the 
load of indenter was gradually increased to the set value, as well 
as the depth in the scratching test, this mode is similar to the 
micro-cutting mode of grain on the grinding wheel. 

Finally, chips formed in scratching test were collected and 
observed by SEM-EDX (Hitachi Co., Ltd.), morphology of 
scratching chips and groove were observed by SEM (Zesis Co., 
Ltd.). Meanwhile, confocal laser scanning microscope (CLSM) (by 
KEYENCE Co., Ltd.) was used to measure the depth of scratching 
grooves. 
 
2.2. Experimental conditions      

 
Table 1 Experimental conditions 

Ultrasonic 
vibration 

Frequency (f) 40 kHz 

Amplitude (Ap-p) 5.0 μm 

Workpiece Ti-6Al-4V (L10 X W10 X T4 mm) 

Ultrasonic 
plasma 
oxidation 

Discharge gap 20 μm 
Pattern Square 
Plasma voltage(U) 0,5,10 V 
Pulse width(T) 10 μs 

Scratching 
test 

Speed(V) 5000 μm/min 
Length(L) 1000 μm 
Load(P) 0-50 mN 
Indenter  B-T74 (Diamond) 

Electrolyte NaCl solution, 5% wt 

 
In grinding, the maximum undeformed thickness, tm, of the 

chip formed by the cutting action of the cone-like abrasive 
grain can be expressed as [10]: 

sg

w
m

dV

V
at


 2

                 

           (1) 

Where a is the successive cutting point spacing. In order to 
determine the processing parameters of Δ, Vg, and Vw. Typically, 
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cBN abrasives require a speed of over 50 m/min for grinding Ti-
6V-4Al [11], which means the undeformed thickness  will be less 
than 1 μm. Therefore, nanoscratching test was conducted under 
the conditions listed in Table 1. Especially the scratching speed, 
which is the largest value allowed by device. 

3. Results and discussion       

Firstly, as shown in Fig. 4, the depth of scratching grooves was 
measured by CLSM. Obviously, the depth of oxidized workpieces 
were larger than TC4 comparison at most of the normal force 
point. Further, the UPEO samples shown larger depth than the 
general plasma oxidized samples. It means oxidation increased 
material remove ability, and ultrasonic vibration on cathode 
could promote this effect. It is noteworthy that the increasing 
depth of general plasma oxidized samples tend to stable after 
20mN, which means the chip forming processes would be 
affected by oxide layer and this effect would be weakened with 
the deeper depth of cutting. This subsequently results in the 
minimization of chips and makes it easier to remove the chips 
from the grinding zone.  

 
Figure 4.  Depth of scratching grooves at different normal force 

 

Fig.5 showed the relation between the tangential force and 
the normal force, as mentioned earlier, the weakening effect 
may be invalid when the normal force is larger than 20mN, 
therefore the analysis of the curve in 0-20mN is 
highly specialized. Oxidized sample shown lower scratching 
force, especially the 10V UPEO sample.  At 5V condition, there 
was little difference between UPEO and PEO samples, result 
from the smaller thickness of the oxide layer. The decrease in 
the tangential force was probably achieved for the sake of 
friction. As the TiO2 layer formed on the work-surface is a well-
known lubricating material, implying that the resultant TiO2 
leads to a significant decrease in the tangential force. 

 
Figure 5.  Scratching force to normal force diagram 

Scratching grooves were observed by SEM, the result is shown 
in figure.6. There is obviously material piling up on the both side 
of the groove in UPEO sample (b, c). While in the TC4 
comparation, there is none or little materials piling up. Further, 
the striping (c) or tending to strip (b) oxide layer was observed 
in UPEO samples. What is more, in Figure.6c showed the region 
where all the oxide layer has been scratched away. In Figure.6c, 
the groove at right side of arrowhead tag is totally different to 
the left side, which has piling chips and oxide layer at the bottom 
of the groove. This appearance can be the evidence of the 
previous guess. 

 

 

 
Figure 6.  Scratching grooves of TC4 (a,d) and 10V UPEO sample (b,c) 
 

Besides, SEM observation of forming chips in scratching test 
was carried out. As shown in Fig.7, the chips from 10V oxidized 
sample are more fragile, means the oxidized sample has a 
brittler and weaker surface. SEM-EDX analysis was carried out to 
10V UPEO chips, the result (Fig.8) shows that the main element 
of chips is titanium, proving the collected chips are from 
workpieces. In addition, there are also some particles with 
sodium element in the EDX result, it may be from NaCl 
electrolyte. The difference of chips from TC4 and oxidized 
sample. It is supposed that the displacement mode influences 
the equivalent internal friction angle of interlayer. Armarego 
and Brown [12] concluded that the shear angle φ is independent 
of both the indenter width of cut and the chip thickness and can 
be determined by Eq. (2).  

                           cottan  β)(φ                                         (2) 

Where β is the friction angle and determined by the friction 
coefficient μ (ratio of tangential force to normal force in Figure.5) 
between the rake face of cutting edge and the chip through the 
relationship of tanβ=μ and α is the rake angle of cutting edge. In 
CG, the angle α is usually the same with the half vertical angle θ 
of the grain; hence, it can be figured out from Eq.(2) that as long 
as the indenter is performed with a given size at a given depth 
of cut, the α will be a given constant, consequently the φ would 
increases as the β decrease.  

 
 

 
Figure 7.  SEM image of chips from TC4 (a) and 10V oxidized sample (b) 
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Figure 8.  SEM-EDX analysis of chips from 10V UPEO sample 
 

Finally, a high speed camera with 12X micro focus lens was 
used to the deformation of Ti-6Al-4V sample and UPEO sample 
in nanoscratching test. The chip deformation was difficult to be 
observed in Ti-6Al-4V sample nanoscratching process. In 
combination with the small groove area, the material was 
chipped out in UPEO sample nanoscratching process. It is 
obvious that the thin oxidation layer was enough to be affected 
the chip deformation process by the change of stress 
propagation. The extrusion of nanoscratching process lead to 
faulted of oxidation, which would release the stress and made 
more material removal rather than compressed under the 
surface. 

 

   

  
Figure 9.  Chip deformation process of TC4 (a,b) and 10V UPEO sample 

(c,d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. Conclusions      

Ti-6Al-4V samples were processed by UPEO with different 
parameters and then tested in nanoscratching. The results 
obtained in this work are summarized as following: 
(1) Ultrasonic vibration on cathode can promote the plasma 

electrolytic oxidation, when the voltage is larger, this effect 
can be more obvious. 

(2) The UPEO processes can form an oxide layer on the surface 
of Ti-6Al-4V, result in lower surface hardness and 
decreased cutting force in the scratching test. 

(3) Chips from UPEO samples are brittler and more fragile. 
(4) The scratching test of UPEO sample showed higher 

scratching depth which means a good material removal. 
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Abstract 
Functional surfaces enabled by micro-/ Nano-structures have been investigated intensively in recent years. In the previous work, the 
authors managed to manufacture an optical functional surface on 2D/3D steel surfaces by micro milling. The surface function was to 
maximize the contrast introduced by the orthogonal textured anisotropic surfaces where the micro ridges worked as a micro mirror 
array. However, due to the severe tool wear of the mill, the geometry of the micro ridges was not finished perfectly [1]. The present 
paper reports a new process chain by utilizing diamond engraving to manufacture the same structures on the surface of RSA 905 with 
high accuracy. The manufacturing of the functional surface was conducted on an ultraprecision CNC machine. A 90° sharp tip tool 
were used for the shaping of the micro ridges. The tool path was programmed by Matlab and imported to the machine in the .NC 
format. A data matrix was used as an experimental object to test the optical functionality. Eight flat samples with different 
combinations of dimensions were produced to determine the machinability of the RSA 905 in terms of contrast generation. The 
optimal combination was the slope angle of 45° and the pitch of 50 µm. Moreover, the quantitative evaluation of the geometrical 
dimensions and the contrast of the microstructures was dedicated to the process optimization. 
 

  Keywords: Diamond machining, functional surface, contrast. 
 

1. Introduction 

Functional surfaces have been applied in a wide range of  
applications such as bio-engineering [1,2], chemical [3], optical 
[4] and mechanical production [5,6]. Diamond machining 
applied in the manufacturing of optical functional surface and 
the characterization of resultant surface quality were studied in 
depth. The works on the diamond machining of the radial 
Fresnel lens on roller moulds and the evaluation based on the 
surface roughness and 3D profile of the corresponding lens were 
reported by [7,8]. X. Zhang et al utilized diamond micro 
engraving to machine the gravure roller mould for roll-to-roll 
printing of fine line electronics and the application in real 
production [9]. E. Brinksmeier and L. Schonemann presented the 
application of the diamond micro chiseling to generate 
discontinuous microstructures and associated the surface finish 
with the structure size [10]. More generally, F. Z. Fang et al 
reported the state of art of the manufacturing and 
measurement of freeform optics where they discussed the 
applications and presented different manufacturing and 
characterization methods of varities of freeform surfaces [11]. 

In this paper, the surface functionality was the contrast 
generated by surfaces orthogonally textured with micro 
features. The contrast was generated by the anisotropic 
reflection led by the bevel surfaces of micro grooves. The surface 
quality of the micro bevels determined the reflection of the 
features. In the authors’ previous works, such a functionality 
was successfully achieved on flat and cylinder surfaces of tool 
steel samples by micro milling [12,13].  

This paper presents the evaluation of surface integrity of the 
surface with the optical functionality machined by diamond 
machining. A data matrix consisting of such micro grooves was 
patterned on RSA 905 samples for injection moulding. The 
surface integrity was evaluated by measuring the dimensions of 

the micro features, characterizing the burr formation and 
detection of possible defects left on the micro features that 
affect the surface functionality. The contrast generated by the 
microstructures was quantified by using a customized robotic 
measuring system for further optimization [12-14]. 

2. Experimental setup      

2.1. Microstructures and the machine setup     
Micro-grooves were used to achieve surface functions. The 

specific design is shown in Figure 1. In previous work [12], a 
similar structure was successfully patterned on the surface of 
tool steel by micro-milling. A sharp tool was used to cut the 
micro grooves on a mirror surface previously processed by a 
round tip tool. The desired anisotropic optical function was 
formed by the reflection of the micro structured surface: the 
light emitted by the light source at a fixed angle was reflected by 
the micro-machined surface to a direction, while the 
orthogonally textured surface reflected the light to other 
direction. Different brightness observed at a certain position 
was defined as the contrast.  

 

 
 
Figure 1. Micro ridges that define the surface anisotropical reflection. 

 
In order to verify the function of this structure, a data matrix 

(text string ”123456”) was patterned on the samples used for 
micro injection molding as shown in Figure 2. The code on the 
metal sample was flipped. Corresponding to the black and white 
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modules in the figure, the black modules were cut vertically, 
while the white ones were processed horizontally or left blank.  

 

 
  

Figure 2. The hierarchy of a data matrix machined on the sample.  
 
For comparison, micro structures with angles of 10 ° and 45 ° 

were machined. A module consisted of 100 (20 by 5) micro 
features where the pitch was 50 µm, angle was 44° and length 
was 200 µm. In addition, in order to get better reflcetion,  the 
microstructures could be connnected to be continuous 
throughout the neighbour modules in the same color. In total, 8 
samples numbered from ”S1” to ”S8” with different combination 
of features were machined, as shown in Table 1. 

 
Table 1. Eight samples were machined with different combination of 
micro features.  
 

Angle 45° 10° 
Continuous Features No Yes No Yes 
White 

modules 
Blank S1 S3 S5 S7 

Horizontal S2 S4 S6 S8 
 

The experiments were performed on a Nanotech 350FG with 
a programming resolution and motion accuracy of 0.01 nm and 
12.5 nm, respectively [15]. The setup in the machine is 
demonstrated in Figure 3.  

 

 
 

Figure 3. Setup in the machine.  
 
Table 2. The specifications of the tools. [17] 

 
Purpose  Shaping  Trimming  

Tools P90LEi N0.50mLEi 
Diamond type Natural Dodec synthetic 

Tip shape Sharp point Round tip 
Nominal tip radius [mm] 0 0.5 

Included angle [°] 90 N.A. 
Rake angle [°] 0 0 

Clearance angle [°] 15 15 
 
Two diamond insert tools (from Contour Fine Tooling, UK) 

were used in the two stages of processing: a round-tipped tool 
(N0.50mLEi) was used for trimming and a sharp-tipped tool 
(P90LEi) for the subsequent micro-structuring. The 
specifications of both tools are shown in Table 2. The work piece 

material was an injection moulding insert of RSA905 from RSP, 
the Netherlands [16]. Alcohol was used as the coolant to cool 
down the contacting zone and remove the chips from the 
sample surface. The feed speed was 150 mm/s in y- axis and 
depth of cut was around 3 µm, while other parameters were 
determined by the machine based on the tool path. 
 
2.2. Tool path generation  

In the experiments, due to the 15° clearance angle, see Table 
2, the tool was tilted by 15°, in order to produce a cut-in angle 
of 30°, as indicated in the side view of Figure 4. The tool path 
was generated by defining the key points in Matlab. For a single 
micro groove, at least 5 points were necessary for defining the 
tool path: 4 points for the shape definition and 1 point for 
clearance. However, in a continuous machining, the tool moved 
from the end of the first to the start of the second groove that 
the two points overlapped. Moreover, in order to achieve better 
cutting condition, the depth of cut in this case was set to around 
3 µm. Thus, the tool path was repeated at different position in z 
direction to achieve the desired depth: 24 µm for 44° grooves 
and 8.5 µm for 10° grooves.  

 
 
Figure 4.  Tool path generation based on a module with discontinuous 
features.  
 
2.3. Evaluation of surface quality 

A confocal microscope Olympus Lext OLS 4100 was employed 
to measure the dimensions and the working surface roughness 
of the microstructures. 5 modules in the data matrix was 
selected randomly, and a 50x magnification lens was used to 
observe the center of each module. As shown in Figure 5, the 
50x corresponded range of observation (258 x 258 µm2) covered 
five micro grooves. The obtained images were post-processed 
using a software SPIP. Those parameters were extracted from 
the Lext images based on the cross section profile at three 
different positions of the micro features. The surface roughness 
of the slopes was characterized using Sa, the reason for which 
was the high consistency between the Sa and Sq from the 
measurements of this work.  

Regarding the surface functionality, the contrast, a robotic-
based platform (Figure 6) was developed to quantify the 
contrast of every module in the data matrix [14]. In this platform, 
a LED light source was fixed directly above the sample by a robot 
arm, while another robotic arm was used to move and rotate the 
camera about the sample. The sample was centered and aligned 
with the system coordinate. The position of the camera is 
defined by the angle between its axis and the z-axis of the 
system coordinate centered on the sample. Theoretically, during 
the measurement, the camera position could be tilted from the 
vertical position (0°) on the sample surface to 90°. However, due 
to the size of the robot and the camera, the starting point of 
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rotation was 10° for this system. The reflections of the black and 
white modules on the surface of the sample were extracted from 
the photos captured at various angles. The difference in 
exposure between the black and white module can be used to 
the quantify the contrast. 

 

 
 
Figure 5. Geometrical measurement of micro features in SPIP® (higher 
aspect ratio applied for better visibility of the features). 
 

 
 

Figure 6. Customized robot-aided system for contrast evaluation. 

3. Results and discussion    

As shown in Figure 6, all eight samples can be successfully 
identified and read by a smart phone in general office scenes. At 
the same time, under different lighting conditions, the black and 
white colors could be reversed due to different reflection 
directions, such as S1 and S7 in Figure 7. The geometrical quality 
and the contrast samples were mearsured and analyzed using 
the evaluation methods described above. 

 

  
 

Figure 7. Eight samples with different combination of features by 
diamond machining. 

 
3.1. Geometrical results  

In this section, both 44° and 10° samples were considered: the 
width, depth, surface roughness, and burr formation were 
measured based on the 5 randomly selected modules. However, 
the microscope was not suitable for the surface roughness 
measurement on the 44° surface [18]. Only the surface 
roughness of the 10° structures was obtained in this study. Since 
the sampling modules were selected randomly, they were 
sorted according to the order in which each module was 
processed. The measured parameters were plotted in the same 
order, as shown in Figure 8. Only the results of S5 are presented 
in the figures. As indicated in Section 2.2, the width and the 
depth of the micro grooves were 48.58 ± 2.08 µm and 24.44 ± 
2.35 µm, respectively, which was determined by the tool preset 
and geometry. The ratio k of the width to the depth was defined 
as equation (1). The actual k was plotted against the groove 
number in Figure 8 (a). The slope anlges of the micro grooves 
were plotted against the module order in Figure 8 (b).  

𝑘𝑘 = 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ
𝑤𝑤𝑑𝑑𝑑𝑑𝑤𝑤ℎ

= 50 𝜇𝜇𝜇𝜇
24.15 𝜇𝜇𝜇𝜇

≈ 2.07   (1) 
 

 
(a) 

 
(b) 

Figure 8. (a) Change trend of width to depth ratio among the micro 
grooves and (b) the average slope angle of the selected modules in the 
data matrix on S5. 

 
As shown in Figure 8 (a), the ratio between the width and the 

depth kept relatively constant around 2.07 with the processing. 
However, the variation of the two dimensions indicated the 
vibration in the z axis. The slope angle of the micro grooves 
decreased from 10° while the standard deviation indicated the 
distortion of the microslopes due to the vibration. Thus, in order 
to reduce the unstable dimensions, the tool path should be 
optimized to achieve smoother change in the corners. 
Moreover, the surface roughness of 10° grooves (Sa = 12 nm) 
and the burr height (h = 3.6 ± 1.2 µm) were disordered with the 
processing sequence of the modules.  

 
3.2. Surface functionality  
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The contrast measurement of the sample using the above 

mentioned platform was mainly applied on the samples with 10° 
microstructures. That was due to that the optimal viewing angle 
for the light source set directly above the sample surface was 
90°. However, it was not possible to obtain a valid and usable 
image to analyze the contrast of each module. Therefore, only 
the contrast measurement results of the 10° structure are 
presented. The average contrast between the black and white 
modules in the data matrix at various angles is shown in Figure 
9. 

  
 
Figure 9. The average contrast between the black and white modules of 
S5 from different viewing angles. 
 
It can be seen that as the camera gradually approached the 

theoretical maximum reflection angle of 20°, the contrast 
increased, and then immediately decreased until it became 
completely zero. Interestingly, it could be seen that the black 
and white modules were still distinguishable on the sample over 
40°, while the contrast became zero after 25°. This system 
verified the theoretical viewing angle (20°) for best contrast of 
the 10° features of the anisotropic surfaces. The measurement 
of contrast could be used to directly reflect the quality of the 
microstructures of the surface. 

4. Conclusions      

This article presents the diamond machining to create optical 
functional surfaces on RSA 905. The surface function was the 
contrast that produced by different orientated microstructures 
of the sample surface under a fixed light source. 

The surface microstructure geometry and burr height were 
measured and analysed to evaluate the quality of processing, 
while the quantitative measurement of surface function 
correlated the surface functionality and the quality of the 
microstructures. The width and depth of the microstructure 
were correlated and the variation of the ratio between the two 
dimensions was caused by the vibration of the tool in the z-axis 
direction. The vibration also caused the micro-ridge surface 
fluctuations, which would affect the surface function.  

Future work will be dedicated to the improvement of the 
surface roughness measurement of the large slope angle of 
microstructures by the confocal measurement. The evaluation 
of the optical functionality of microstructured surface with large 
surface angle still needs to be optimized. 
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Abstract 
Extensions of functional ranges and increases in efficiency are among the constant companions in automotive engineering as well as 
in  machine  tool  industry.  In  most  cases,  increased  performance  requirements  meet  lower  or  constant  component  dimensions, 
whereby the functional surfaces are exposed to higher loads. These are often components subject to high tribological stress, such as 
friction bearings or cylinder liners. Against this background, these surfaces are often functionalized by coatings or microstructures in 
order to meet the increased requirements. 
For surface micro structuring, a number of processes are known which differ in their suitability for specific applications and series 
production. Structure rolling offers great potential for the structuring of rotationally symmetric components. With this process the 
positive structure of the embossing roller is replicated onto the workpiece surface under a defined contact force. This comparatively 
simple method of structure generation enables a fast and flexible process for transferring different structural geometries to extensive 
component surfaces. 

The publication focuses on structure rolling as efficient manufacturing technology. Within the scope of several research projects, 
various  tool  concepts  have  been  implemented  and  advanced,  whereby  the  current  tool  design  is  presented  and  discussed.    In 
addition, the dimensioning and production of the positive structure on the embossing roller by means of laser structuring is described. 
The potentials of the process are shown by means of an application-oriented example.  

Machining, Rolling, Tribology, Surface modification 

1. Motivation 

As a result of increasing power density in technical systems, 
the friction and wear behaviour of the components contained in 
them increases.This requires the use of new materials, coatings 
and technologies in order to maintain the product life and to 
implement the new features economically in the system. The 
microstructuring of technical surfaces is one way to positively 
influence the hydrodynamic conditions in the tribosystem [1, 2]. 
The manufacturing process “structure rolling” was developed 
for the transfer of micro-structures on primarily rotationally 
symmetrical components. 

The surface microstructure is transferred to the workpiece by 
using a tool with an integrated microstructured roller. The 
advantages of this process compared to laser structuring lies in 
the comparatively fast transfer of the microstructures to the 
component functional areas. Low process and tool costs and the 
simple adaptability of the process to existing process chains in 
series production are further benefits. Due to the process, care 
must be taken to avoid throw-ups during structural rolling so 
that the tribologically effective surfaces are not impaired. 
However, this aspect must also be taken into account when 
structuring with a short-pulse laser [3]. 

2. Tool for finishing of small inner diameters 

Especially in the area of burnishing and deep rolling, single-
roller tools for machining outer diameters are known, which can 
be modified for roller burnishing with structures. For the internal 
machining of rotationally symmetrical components, a new tool 
concept has to be considered, since available tools are only 
suitable for machining large internal diameters of Di > 100 mm. 

 
The aim of the R&D work was to develop a spring-loaded tool 
concept for structuring inner diameters down to Di > 25 mm. The 
main challenges here lie in the overall stiffness of the tool 
structure, the reliable adjustment of the embossing force and 
the radially elastic mounting of the structure roller. Especially 
when producing structural geometries with a structural depth in 
the single-digit micrometer range, it is necessary to provide a 
radially elastic bearing to compensate for concentricity 
deviations of the structured roller bearing and the concentricity 
tolerances of the component in order to achieve a 
homogeneous structural depth. 
 
2.1. Embossing roller tool concept 

Figure 1 shows the structure of the new spring-loaded tool 
concept for structuring inner diameters Di > 25 mm such as 
journal bearings. 

 
Figure 1. Embossing roller tool with load cell and structured roller  
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This tool concept is currently suitable for embossing 
microstructure diameter dimensions Ds <= 150 µm with a depth 
of Ts <= 30 µm and a textured area ratio TA <= 35 %. Disc springs 
of spring steel according to DIN 2093 are used in the tool. When 
the embossing structural dimensions will be larger, only smaller 
structural depths can be achieved. Therefore the spring force 
and possibly the rigidity of the tool structure must be increased. 

 
2.2. Roller tool manufacturing 

The structure rollers are manufactured by means of ultra-short 
pulse laser ablation. With this process the positive shape of the 
surface microstructure is fabricated by material  removal from a 
hardened steel or hard metal roller without any reworking 
needed. The decisive factor here is the type of geometry 
specification and the choice of the removal strategy. The 
geometry can be specified as a 2D layer specification for simple 
shapes or as 3D structure file for complex geometries. In the 
removal strategy can be differenced between single segment 
removal or single structural layer removal. In the first case, the 
structures are finished down to the depth before the next 
segment is started. With the single structural layer removal, all 
structures distributed around the circumference are divided into 
layers and processed layer by layer. The number of tool 
revolutions corresponds to the number of layers. With this 
method, it is possible to avoid steps between individual 
segments, but the edge steepness or accuracy of the structure is 
reduced. 

Figure 2. Microstructure D = 60 µm on a carbide roller tool 

 
Figure 2 shows two optically measured microstructures on the 

roller tool with a structure diameter of approx. Ds = 55 µm and 
a structure height of Hs = 27 µm, which were produced by using 
a single segment removal strategy. 

 

2.3 Design of the structure roller embossing process 
In addition to the diameter ratio of the structural roller to the 

inner diameter of the workpiece, the feed, the infeed and the 
resulting spring force are necessary for the design of the process. 
The diameter ratio of the tool to the workpiece can be used to 
determine the microstructures in contact, which represent the 
dimension for the area to be formed.The degree of surface 
coverage can be varied with the change of the feed in the axial 
direction. In the circumferential direction the degree of 
coverage is determined by the dimensions of the structural 
roller. Due to the infeed of the tool the swivel head will be tilted 
and puts strain on the laminated disc spring. Its reaction force 
must be higher than the force required for the forming process 
so that the structures can be transferred from the tool roller to 
the workpiece. The spring characteristic curve of the disc spring 
assemblies should have a degressive curve in order to create a 
homogeneous structural depth and to compensate possible 
workpiece tolerances. 

3. Evaluation of the structure rolling tool 

The functional proof of the implemented structure rolling tool is 
demonstrated by an application-oriented example. For this 

purpose a workpieces made of a bronze alloy and an inner 
diameter Di = 30 mm were structured with the structural 
parameters shown in Table 1. Due to the structural geometry, 
structural surface areas vary by a factor of 4 at a constant 
embossing force. Looking at the resulting structural depth of 
both variants, they are about 7 times different.Therefore, the 
focus for the future research will be on determining the 
necessary embossing forces for replicating the microstructures 
at defined depths. This will be nessecary to achieve a 
controllable embossing process. 

 
Table 1. Comparative structure and parameter analysis 

Parameters Structure 1 Structure 2 

Diameter 100 µm 350 µm 

Solidity ratio 20 % 30 % 

Structure in contact 12.9 4.5 

Structured area 0.10132 mm² 0.43295 mm² 

Structured area ratio 100 % 427.3 % 

Embossing force 423 N 423 N 

Depth of embossed 
structure 

22 µm 3 µm 

 
Figure 3 shows an optically measured section of structure 2 in 
Table 1, which shows clear burr in the direction of tool 
movement. This needs to be minimized or eliminated in further 
investigations. More experimental results will be represented in 
future after a wholistic tool experimentation. 

 

 
Figure 3. Embossed microstructure D = 350 µm  

4. Conclusion 

A tool concept for structural roller embossing of 
microstructures for small inner diameters was presented in this 
paper. The functionality of the tool and the fabrication of the 
structure rollers as well as the process conditions were 
discussed. Finally, the function of the tool was presented by an 
application-oriented example, and further research needs for 
the future were identified. 
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Abstract 
In this study, the shape recovery phenomenon of the NiTi alloy work material during its cutting process was observed using a high-
speed camera. The shape recovery in terms of the radius was measured, and the mechanism of this phenomenon was investigated 
by X-ray diffraction (XRD). Observation results from the high-speed camera demonstrated that during the cutting process, the NiTi 
work material recovered naturally. The shape recovery measurement results showed that at relatively low cutting speeds, the shape 
recovery of the NiTi work material decreased with an increase in the cutting speed, whereas there was almost no shape recovery at 
the highest cutting speed. The XRD results indicated that the phase state of the work material transformed after cutting at a relatively 
low cutting speed; however, there was no obvious phase transformation in the work material after cutting at the highest cutting 
speed. Therefore, it can be concluded that in cutting of the NiTi alloy, the shape recovery phenomenon of the work material is caused 
by the phase transformation, and increasing the cutting speed could decrease the shape recovery of the NiTi work material. 
 
NiTi alloy, super elasticity, phase transformation, shape recovery 
 

1. Introduction 

In recent years, NiTi alloys have been used in a wide range of 
engineering applications in various fields such as mechanical 
parts and household appliances, owing to their unique 
functional properties, such as the shape memory effect and 
super elasticity. In the austenite phase state, the NiTi alloy 
undergoes a phase transformation from austenite to stress-
induced martensite when loaded, and a reverse phase 
transformation from stress-induced martensite to austenite 
when unloaded. Owing to this reversible phase transformation, 
the NiTi alloy can recover a strain of up to 8% which is quite large 
when compared to other metallic materials [1]. Additionally, it is 
also an excellent engineering material for biomedical devices 
owing to its good biocompatibility and corrosion resistance. 
Cutting is used to form the final shapes of NiTi products; 
however, research has reported difficulties in cutting NiTi alloys, 
such as the rapid wearing out of cutting tools, high cutting force 
requirements, and poor chip breakability [2, 3].  

It has also been reported that when cutting NiTi alloys, a 
unique phenomenon was observed, in which chips were 
discharged and cutting forces were detected continuously after 
stopping the feed when the cutting tool was not withdrawn from 
the work material. This phenomenon was thought to be caused 
by the recovery of the NiTi work material, and deteriorated the 
dimension accuracy in cutting of NiTi alloys [4]. In this study, the 
shape recovery phenomenon of the NiTi work material during 
cutting was observed using a high-speed camera, and the shape 
recovery was measured under several selected cutting speed 
conditions. Moreover, the corresponding phase transformation 
of the NiTi work material after cutting was observed by XRD. 
Results showed that this phenomenon was caused by the phase 
transformation, and increasing the cutting speed could decrease 
the shape recovery of the NiTi work material. 

2. Work material and experimental procedures 

The work material used in this study was the Ni56Ti44 (wt.%) 
alloy in the form of a disk with a diameter of 78 mm and 
thickness of 2 mm. The phase transformation temperatures of 
the work material were determined using differential scanning 
calorimetry responses where the MS, Mf, AS and Af temperatures 
were determined as −23.6 °C, −41.2 °C, −17.9 °C, and −2.5 °C 
respectively. Before the cutting experiments, the work material 
was in austenite state at room temperature and was super 
elastic. Cutting experiments were also conducted for the Ti-6Al-
4V work material with the same shape under the same cutting 
conditions for comparison with the NiTi alloy. 

The cutting experiments were conducted by orthogonal 
cutting on an OKUMA general purpose lathe. The cutting insert 
used was TPGN160304 grade K10 non-coated cemented carbide 
with an edge radius of approximately 4 μm. The rake angle and 
clearance angle of the cutting tool were 5° and 6° respectively. 
Cutting speeds of 10 m/min, 25 m/min, 50 m/min, and 100 
m/min, and a feed rate of 0.05 mm/rev were used. The cutting 
width was 2 mm, which was the same to the thickness of the 
work material disks. All cutting experiments were performed in 
dry conditions at room temperature. 

The images of the cutting point were captured by a high-speed 
camera at a frame rate of 10000 frames/s. The theoretical 
decrease in radius was calculated by the feed rate and cutting 
time, whereas the actual decrease in the radius was measured 
by a micrometer. The difference between these reductions was 
calculated as the radius recovery. To observe the phase 
transformation of the NiTi work material, XRD measurements 
were conducted on the machined surface of the work material. 
A multipurpose XRD system with a Cu-Kα radiation source 
operated at 40 KV and 40 mA was used for this purpose. The 
diffraction angle was set from 30° to 50°, and the sampling and 
scan speeds were 0.02° and 2°/min respectively. 

3. Results and discussions 

3.1. Shape recovery of NiTi work material 
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Figure 1 shows the images of the unmachined surface near the 
cutting point during cutting for both the NiTi alloy and Ti-6Al-4V 
alloy at a cutting speed of 25 m/min. Compared with Ti-6Al-4V, 
there was an obvious concave deformation on the unmachined 
surface of the NiTi work material. Figure 2 shows the images of 
the machined surface at the same cutting speed. Similarly, an 
obvious concave deformation was observed on the machined 
surface of the NiTi work material near the cutting point. 
Additionally, the shape of the NiTi work material that was far 
from the cutting point recovered with the rotation of the work 
material. Figure 3 shows the radius recovery measurement 
results of the NiTi work material. There was a slight decrease in 
the shape recovery of the NiTi work material when the cutting 
speed increased from 10 m/min to 50 m/min; however, the 
shape recovery decreased to almost 0 when the cutting speed 
increased to 100 m/min.  
 

 

 
Figure 1. Images of the unmachined surface of (a) NiTi and (b) Ti-6Al-4V 
work materials at a cutting speed of 25 m/min 
 

 

 
Figure 2. Images of the machined surface of the (a) NiTi and (b) Ti-6Al-
4V work material at a cutting speed of 25 m/min 
 

 
Figure 3. Radius recovery of the NiTi work material 

 
3.2. Phase transformation of NiTi work material 

The XRD patterns of the as-received NiTi alloy and the work 
material after cutting are shown in Figure 4. There was an 
obvious diffraction peak at 42.5°, which is typical for the 
diffraction peak of the (110) crystal plane of the austenite (B2) 
phase. In addition to this diffraction peak, at cutting speeds of 
10 m/min, 25 m/min, and 50 m/min, another peak was observed 
in the XRD pattern of the work material near the diffraction 
angle of 40°. This peak could be attributed to the (002) crystal 
plane of the martensite (B19’) phase. However, only the B2 peak 
was observed after increasing the cutting speed to 100 m/min. 
This shows that after cutting at relatively low cutting speeds, 
martensite and austenite phases coexist in the work material. 
This could be attributed to the stress-induced transformation of 
the NiTi alloy from austenite to stress-induced martensite during 
cutting. However, after cutting, not all martensite phases 
transform reversely to austenite due to plastic deformation. At 
the highest cutting speed 100 m/min, the NiTi work material did 
not undergo any form of phase transformation because the 
temperature of the work material near the machined surface 
exceeded the Md temperature, which has been reported as the 
threshold temperature for phase transformation [5, 6]. 
 

 
Figure 4. XRD pattern of the NiTi work material 

4. Conclusion      

During cutting at relatively low cutting speed conditions, there 
is an obvious shape recovery of the NiTi work material because 
the material undergoes a reversible phase transformation. 
When the cutting speed increase to a certain extent where the 
temperature of the work material exceeds the Md temperature, 
the work material does not undergo any form of phase 
transformation during cutting; thus, there is no any obvious 
shape recovery of the NiTi work material. Therefore, it can be 
concluded that the shape recovery phenomenon of the NiTi 
work material is caused by the phase transformation. Moreover, 
cutting at relatively high cutting speed conditions could improve 
the dimension accuracy in cutting NiTi alloys.  
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Abstract 
Herein, the development of inexpensive cutting force monitoring technology is discussed using a semiconductor strain sensor that 
has high rigidity, sensitivity, and frequency response. In the experiment, cemented carbide was machined via a turning tool with a 
semiconductor strain sensor and either polycrystalline diamond (PCD) or nano-polycrystalline diamond (NPD) tool. The cutting force 
was detected, and tool damage observed. Sudden chipping and regular wear in the tool were successfully detected using the 
developed system without changing the composition or the rigidity of the machine. Furthermore, while machining the cemented 
carbide using the NPD tool, the cutting force as small as 20 N was detected. Based on these findings, the cutting force monitoring 
system has the potential to replace conventional dynamometers. 
 
semiconductor strain sensor, tool wear monitoring, diamond cutting, cemented carbide      

 

1. Introduction 

In recent years, substantial growth has been achieved in 
intelligent and high-tech processing technologies, such as 
industry 4.0 and IoT. An essential technology at the foundation 
of such technological innovation is the monitoring technology of 
the processing conditions. In machining, monitoring the 
conditions of tool damage is essential for improved productivity 
and reduced costs. In particular, in the precision machining of 
hard materials using diamond tools, high precision processing is 
required, and the tools are expensive; hence, controlling tool 
damage is particularly important. Measurement of the cutting 
forces is a general method of examining tool damage; strain 
gauge dynamometers and piezoelectric dynamometers are 
often used to measure cutting force. However, the former has 
low measurement sensitivity and frequency response. Moreover, 
there can be a tangible decrease in the rigidity of the attaching 
part. The latter is superior in these aspects; however, its per-use 
cost is extremely high. Based on this background, in this study, a 
newly developed semiconductor strain sensor was attached to 
the machining tool to establish a new cutting force 
measurement method that resolves the problems associated 
with conventional dynamometers. Cemented carbide was 
machined using an unmodified machining tool with a 
semiconductor strain sensor and a PCD tool. The cutting force 
was obtained based on the previously obtained calibration value 
and compared to the measurement results of a quartz 
dynamometer. The semiconductor strain sensor was used to 
detect sudden damage and regular wear. To monitor the 
processing condition, the proposed method was also applied to 
the finishing process of the cemented carbide using an NPD tool. 

2. Semiconductor strain sensor 

Figure 1 shows the exterior of the sensor developed in this 
study. The sensor comprises a semiconductor strain detection 
part, bridge circuit, amplifier, A/D converter, and control circuit, 
all contained in a chip of approx. 2.5-mm size. The system has 

lower power consumption compared to conventional strain 
gauges, the ability to measure the minute strain of scale 1 με, 
and high measurement sensitivity. It also has a temperature 
control sensor that maintains the output fluctuation at 1% or 
less under an ambient temperature range of −40°C to 120°C, 
thus rendering a highly stable system [1]. 

3. Experimental method 

As shown in Figure 2 (left), semiconductor strain sensors were 
attached to the four surfaces of the tool. While the cemented 
carbide was machined via a general-purpose lathe, an attempt 
was made to measure the cutting force and detect the condition 
of the tool wear. The cutting conditions were set to cutting 
speed of 15 m/min, feed 100 µm/rev, depth of cut of 200 µm. 
The output values of the semiconductor strain sensor and that 
of a Quartz 4—Compoment Dynamometer  (KISTLER 9272) were 
recorded in a synchronized manner. 

4. Calibration 

To measure the cutting force using a semiconductor strain 
sensor, the calibration of sensor output to cutting force is  
necessary. Herein, the output value of the sensor was the  

 

  
Figure 1. External view of the semiconductor sensor (a) microscopic 
image (b) whole view 

 
Figure 2. Cutting tool with semiconductor strain sensor (left) and 
direction of strain applied to the tool during cutting (right) 
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difference between the X and Y components shown in Figure 1. 
For the semiconductor strain sensors attached to the tool, as 
shown in Figure 2 (left), the strain in X and Y directions are 
denoted by εX and εY, respectively. The output value S is 
expressed by the Poisson’s ratio ν as follows: 

𝑆 = 𝜀𝑋 − 𝜀𝑌 = 𝜀𝑋(1 + 𝜐)        (1) 
. If F denotes the force in the X direction and K denotes the 

calibration coefficient, the following equation can be expressed: 
𝐾𝑆 = 𝐹(1 + 𝜐)                                   (2) 

. Considering the tool to be a cantilever, as shown in Figure 2 
(right), and applying equation (2) to the semiconductor strain 
sensors attached at the four locations (top, bottom, left, and 
right), the cutting forces can be expressed as follows: 

𝐾.𝑆. = (𝐹/ − 𝐹0)(1+ 𝜐)      (3) 
𝐾1𝑆1 = 2−𝐹3 − 𝐹04(1+ 𝜐)     (4) 
𝐾5𝑆5 = (−𝐹/ − 𝐹0)(1+ 𝜐)      (5) 
𝐾6𝑆6 = 2𝐹3 − 𝐹04(1 + 𝜐)     (6) 

Here, Fc denotes the cutting force, Ft is the thrust force, Ff is 
the feed force, and the subscripts, A, R, B, and L correspond to 
top, right, bottom, and left, respectively. Based on equations 
(3)–(6), the cutting force Fc, thrust force Ft, and feed force Ff are 
expressed by equations (7), (8), and (9), respectively. 

𝐹/ =
7898:7;9;
<(=>?)

         (7) 

𝐹3 =
7@9@:7A9A
<(=>?)

         (8) 

𝐹0 =
:7898:7;9;

<(=>?)
        (9) 

𝜐  was set to 0.3, and KA, KB, KL, KR were obtained by a 
calibration experiment. In the experiment, the tool was pressed 
against the workpiece in a single axis direction while increasing 
the pressing force stepwise, and it was performed for each of 
the three component forces. As in the measurement example in 
the feed force direction shown in Figure 3, the calibration 
coefficient was calculated from the slope of the approximation 
line. Using the calibration coefficient obtained in the calibration 
experiment and that from equations (7)–(9), the semiconductor 
strain sensor outputs were converted to cutting forces.  

5. Experimental results and observations 

Figure 4 shows the relationship between the cutting distance 
and the maximum flank wear. A linear increase is observed in 
the flank wear as the cutting distance increases. Figure 5 shows 
the results of the semiconductor strain sensors and that of the 
dynamometer measurements at the initial stage of the cutting; 
it can be observed that the results of the cutting forces 
calculated from the strains obtained from the semiconductor 
strain sensors have a good correspondence. The differences in 
the average values obtained from the dynamometer and that 
obtained from the semiconductor strain sensor are 18 N, 13 N, 
and 16 N for the cutting force, feed force, and thrust force, 
respectively. These values indicate minimized errors in detecting 
the cutting forces, and It is thought that this error can be 
reduced by improving the calibration method. When a strain 
gauge is used for strain measurements, the attachment part of 
the gauge is typically designed to possess low rigidity to 
generate strain. However, no modification processing on the 
tools was performed, and the typical machine composition was 
used before attaching the sensors to the tool. Based on the fact 
that the measurement resolution of the semiconductor strain 
sensor was 1 με, it was possible to detect a cutting force of 
approximately 100 N despite the high rigidity of the machine 
composition. From the wear width of the tool shown in Figure 4, 
it was observed that there were chippings of approximately 0.4-
mm scale around the cutting distance of 55 m. Figure 6 shows 
the results obtained from the measurements by the 
semiconductor strain sensors at this point. A rapid increase in 

the value of the measured force at the initial stage of the cutting 
is observed. The maximum frequency resolution of the sensor 
was 20 kHz, which enabled the detection of such changes caused 
by sudden chipping. Beyond this point, the increase in the 
cutting force with the cutting distance due to tool wear was 
successfully detected by the semiconductor strain sensor.  

Furthermore, Figure 7  shows the values of the cutting forces 
when the NPD tool was used to machine the cemented carbide 
under the finishing process conditions. It is observed that the 
semiconductor strain sensor detected the cutting force of the 
scale as small as 20 N, and the waveforms of the semiconductor 
strain sensor and the dynamometer were almost the same.  

5. Conclusions 

Herein, a method of measuring the cutting force using a 
semiconductor strain sensor was proposed as a potential 
replacement for the conventional cutting force measurement 
methods. The semiconductor strain sensor attached to a tool 
can detect the strains and calculate the cutting forces. While 
cutting the cemented carbide with the PCD tool using the 
proposed system, the real-time cutting force along with the 
regular wear and sudden damage were detected. Furthermore, 
the system can detect a small cutting force of the scale of 
approximately 20 N in the finishing process of the cemented 
carbide using the NPD tool. These results indicate a possibility of 
inexpensive cutting force monitoring with high sensitivity and 
frequency response, without a reduction in the rigidity of the 
machine. 
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(a)Dynamometer                                (b)Strain sensor 

Fig.5 Cutting distance and cutting force  (cutting distance 0 to 18 m) 

 
(a)By Dynamometer                                (b)By Strain sensor 

Fig.6 Cutting distance and cutting force  (cutting distance 37 to 55 m) 

 
Fig.7 Cutting force when cutting the cemented carbide with NPD tool  

(v=20 m/min, f=100 µm, Depth of cut=20:left, right 60 µm) 
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Abstract 
Today's technical products consist of components that are becoming smaller and smaller. Finest structures must be produced very 
precisely in hard and brittle materials that are difficult to cut. These micro parts are often processed by grinding with small tool 
diameters. Electroplated diamond abrasive tools as well as abrasive tools with bonded grains are usually used. Abrasive tools with 
bonded grains require a complex tool-preparation and are only used if electroplated tools cannot meet the requirements for the 
workpiece surface. Both tool types have diamond grains that cut the material. CVD-coated diamond abrasive tools represent a 
completely different tool concept. These tools can be used without any tool preparation. Due to the even growth of cutting diamond 
crystals, better workpiece surface roughness is achieved compared to electroplated tools. But, at the same time the material removal 
rate is lower, due to clogging which also results in increased cutting forces. 

In this work, the process behaviour of a novel design of CVD-coated diamond abrasive tools is investigated. In experimental tests, 
workpieces made of quartz glass and zirconia are machined. The evaluation criteria are the surface roughness of the workpieces and 
the cutting forces during machining. For this new design, a manufacturing process has been developed that allows grooves to be 
precisely and repeatable cut into the tool body before coating. These grooves creates additional chip space and ensures a better 
supply of cooling lubricant in the cutting zone. The risk of clogging as well as the cutting forces are reduced. As a result, the material 
removal rate is increased while the workpiece surface roughness remains the same. For comparison, all experimental tests were also 
performed with standard non-grooved CVD-coated diamond abrasive tools as well as with electroplated tools. 

 
Micro Machining, Grinding, Micro Abrasive Tools, Structured Tools 

1. Introduction 

One typical application for micro diamond abrasive tools are 
glass lenses which are produced in mass production. But it is not 
the lens itself that is made with abrasive tools, but the mould 
that produces many lenses in large-scale production by hot 
embossing. The moulds are made of tungsten carbide and need 
to be machined with diamond abrasive tools. Another 
application is the production of solenoid valves that are installed 
in fuel injectors for diesel engines. These valves open and close 
to control the fuel flow. This movable component must reliably 
seal against pressures up to 2,000 bar. The sealing surface is 
manufactured by internal cylindrical grinding with diamond 
abrasive tools. 

In this field electroplated diamond abrasive tools are 
commonly used. These tools have diamond grains which are 
fixed to the tool body by a thin nickel layer. Thus, there is large 
chip space between the grains that results in a fast cutting tool 
and high productivity. But, with the cost of high surface 
roughness compared to bonded abrasives [1]. An alternative 
tool concept are CVD coated diamond abrasive tools. During 
CVD coating process diamond crystals are growing and form a 
closed layer with many sharp cutting edges on the tool body. The 
even growth of the crystals is the main advantage compared to 
electroplated tools and results in low surface roughness. But, the 
high density of active cutting edges leads to lower productivity, 
because the chip space is relatively small compared to 
electroplated tools. This leads to increasing grinding forces and 
causes deflection of the tool. The risk of clogging increases and, 
in combination with high grinding forces, this might end in tool 
breakage [2]. 

The aim of this work is to increase productivity to get a CVD 
coated diamaond abrasive tool that achieves low surface 

roughness and high productivity at the same time. Therefore an 
enlargement of the chip space is necessary for better chip 
removal and also to improve the supply of coolant in the cutting 
area. As a result, it will be possible to increase the material 
removal rates. 

To increase the chip space, several researchers use a laser 
source to structure a relatively large grinding wheel after its 
manufacture [3-5]. In this work, chip space is increased by 
machining grooves into a relatively small tool body before it 
becomes a grinding tool. 

2. Structured CVD coated diamond abrasive tools 

In order to machine grooves into the tool body, v-shaped 
grinding wheels are used. The process of machining grooves is 
described in detail in previous work [6]. With the used machine 
setup, it is possible to vary some parameters of the groove’s 
geometry to produce a tool specifically for individual 
requirements. The diameter of structured tools ranges from 
1.5 mm down to 0.2 mm. 

 
Figure 1. CVD-coated tools as well as an electroplated diamond tool 
were used for the machining tests. 
 

451

http://www.euspen.eu/


  

The next step after structuring the tool body is the CVD coating 
process. For the initial machining tests tools were used with 
diameters of 1.0 mm. In addition to structured CVD coated tools, 
unstructured CVD coated tools were also used to derive the 
influence of the grooves from the results. Electroplated tools 
were also used as a comparison to the state of the art (Fig. 1). 

3. Machining setup and results 

Fig. 2 shows the machine setup used for machining tests. It is 
a 3-axes precision machine tool (Primacon PFM 24) equipped 
with a high frequency spindle (Precise SC1060-OA). The machine 
manufacturer specifies a positioning accuracy of 2 µm. An Kistler 
AE-sensor (Type 8152) is installed to the workpiece clamping 
system to detect reliably the contact between workpiece and 
tool. During machining, the grinding forces are measured with a 
multicomponent dynamometer from Kistler (Type 9256). 
Afterwards the surface roughness of the machined workpiece is 
measured as well as the effective lateral infeed into the 
workpiece (Mahr MarSurf LD 130). 

 
Figure 2. Sensors were used in this Test set-up for detecting workpiece 
contact and for measuring grinding forces. 

The machining process is set up to grind along the edge of 
workpieces made of zirconia. The length of this edge is 50 mm. 
In a first step, the edge of the workpiece is pre-ground at a width 
of cut of 1.8 mm. This step ensures a well defined starting 
surface and eliminates alignment errors that could occur when 
clamping a new workpiece. Then, starting from the base surface, 
the next step is grinding for examination. For this cut, the 
desired feed speed vf is set as well as the desired lateral infeed 
ae. The width of cut is reduced to 1.5 mm to create a step to the 
pre-ground surface. In Fig. 3, the described step is shown from 
the red to the green surface. This step allows to measure the 
effective lateral infeed after machining. 

 
Figure 3. A preliminary pre-grinding step enables the measurement of 
the effective lateral infeed. 

In the machining tests an oil-in-water emulsion (5 % oil) is used 
as coolant. The lateral infeed is set to 20 µm and the feed speed 
varies from 32 mm·min-1 to 512 mm·min-1 at an overall constant 

cutting speed of 7.89 m·s-1. The tool paths starts 2 mm in front 
of the workpiece and ends 2 mm behind the workpiece. Each 
test was repeated 6 times in order to statistically confirm the 
tests. 

The results of the machined surface roughness are shown in 
Figure 4. The electroplated tool consistently produces higher 
surface roughness compared to cvd coated diamond tools. In 
addition, new electroplated tools initially produce rougher 
surfaces. After a certain time, a constant surface roughness 
establishes. Looking at both types of the CVD-coated tools, the 
surface roughness, produced by the grooved CVD-coated 
diamond tool, is slightly higher. During machining, the grooves 
interrupt chip formation for a short time while the tool 
continuous to move at a constant feed rate. As a result, directly 
behind the groove, the first rows of diamond crystallites produce 
thicker chips and thus a rougher workpiece surface. Right after 
that, the topography of the abrasive layer is equal to that of the 
non-grooved tool. On average, the grooved tool produces 
slightly thicker chips than the non-grooved tool. Nevertheless, 
the difference in surface roughness between both of the CVD 
coated tools is rather small. 

In summary the surface roughness when machining with CVD 
coated diamond tools is lower by a factor of about two 
compared to electroplated diamond tools. In addition, the 
surface roughness is almost constant right from the beginning. 

 
Figure 4. A comparison of the produced surface roughness with variation 
of the feed speed. 

The measurement of the grinding forces, in particular the 
grinding normal force, are shown in Figure 5. When comparing 
the cvd coated tools, the forces when machining with the 
grooved tool are slightly lower. This behavior could be observed 
in other machining tests as well. The grooves reduces the 
number of active cutting edges, as discussed before. This leads 
to a decrease of friction between diamond crystallites and 
workpiece in the active cutting zone and therefore to a decrease 
of grinding forces. In addition, the grooves contribute to 
lubrication by better transporting the coolant into the active 
grinding contact zone.  

 
Figure 5. A comparison of the grinding normal forces with variation of 
the feed speed. 
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In comparison, these results also show the advantage of the 
large chip spaces of an electroplated diamond tool. This tool 
design has even less active diamond grains and therefore less 
friction which results in less grinding forces. 

In summary it can be said, that the grinding forces when 
machining with an electroplated tool are lower by a factor of 
about two compared to CVD-coated diamond tools. When 
comparing CVD-coated tools, grooved tools lead to a decrease 
of grinding forces.  

As mentioned before, the effective lateral infeed ae,eff of each 
workpiece is also measured. In the machining tests the desired 
lateral infeed ae was programmed into the CNC control with a 
value of 20 µm. This set point is shown as a green dotted line in 
Figure 6 comparing all three diamond tools. 

 
Figure 6. A comparison of the effective lateral infeed with variation of 
the feed speed. The standard deviation is on average 3.6 µm. 

A clear difference can be seen when comparing both of the 
CVD-coated tools. When looking at these tools, the highest 
deviation of lateral infeed from the nominal value can be 
determined for the non-grooved CVD tool. As seen before in 
Fig. 5, with increasing feed speeds the grinding force increases 
as well. The CVD-coated tool without grooves has the highest 
grinding forces, which leads to the largest deflection compared 
to all three tools. Small chip spaces between the diamond 
crystallites also support a relatively high hydrodynamic pressure 
caused by a thin film of coolant that builds up between the tool 
and the workpiece. This hydrodynamic pressure additionally 
enhance the deflection of the tool that results in a reduction of 
effective lateral infeed. 

On the other hand, the CVD-coated diamond tool with grooves 
performs best. It shows a reliable and reproducible machining 
process even at high material removal rates. The grooves allow 
a better chip removal and a better supply of coolant at the same 
time. Dimensions of the grooves are sufficient to suppress the 
deflection of the tool caused by the hydrodynamic pressure. 

In comparison, the electroplated diamond tool is in between 
of both CVD-coated tools. One would assume that the 
electroplated tool behaves similarly to the non-grooved CVD-
coated tool due to the large chip spaces. The base material is 
identical and the load bearing cross section of the tool body is 
even larger because there are no grooves that weaken the tool. 
To get further insights, a scanning electron microscope (SEM) 
was used to take a closer look at the electroplated tool (Fig. 7). 

The SEM images reveal wear on the leading edge of the 
electroplated tool. There are no more cutting grains on the 
surface of the cylinder over a length of approx. 30 µm. The lack 
of cutting grains can be attributed to the manufacturing process 
of electroplated tools. 

When manufacturing these tools, the electrostatic attraction 
ensures that the tool is coated with diamond grains. The larger 
the surface on the base body, the greater the electrostatic 
attraction. The effective surface for electrostatic attraction is 
very small at edges, which is why the density of diamond grains 
is lower at these edges than on flat or slightly curved areas, e.g. 
the outer surface of the cylindrical tool. 

 
Figure 7. Detailed SEM pictures of the electroplated tool. Overview 
picture (top), tool tip (middle) and lateral surface (bottom) 

This means that the few cutting grains on the tool edge are 
exposed to higher loads and therefore wear out faster. After a 
certain time, there are no longer active cutting grains on a 
narrow strip at the tool tip and cutting can no longer take place. 
An energy dispersive X-ray spectroscopy (EDX) has shown that 
mainly tungsten can be detected on this narrow strip, which 
corresponds to the base material. There are still small traces of 
nickel to be discovered that come from the nickel bond. 

As a result of the wear, the tool deflects slightly out of cut. This 
wear behavior contributes to the fact that the effective lateral 
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infeed decreases due to tool deflection. This leads to a decrease 
of dimensional accuracy. 

In addition, there are some areas on cylindrical surface of the 
tool in which cutting grains have broken out. This means that 
wear was not only found on the tip of the tool, but also on the 
cylindrical surface of the tool. 

Additional SEM images were taken to see the wear behavior 
of the grooved CVD-coated tool (Fig. 8). These pictures show a 
major advantage of CVD-coated tools over electroplated tools. 
The density of diamond crystallites does not decrease towards 
the tool edge. The pictures also show the very high number of 
active cutting edges. No wear on the cutting edges has so far 
been detected on this tool. The diamond crystallites are still very 
sharp, both on the tool tip and on the lateral surface of the tool. 

Slight adhesions of zirconium oxide can be seen between the 
crystallite tips. In the investigations carried out, these chip 
accumulations had no negative effects on the tool or the 
workpiece and were not measurable in the process. Compared 
to the non-grooved tool, significantly less chip accumulations 
are visible on the grooved tool. However, a major advantage of 
electroplated tools can also be derived from these images. The 
large chip spaces of electroplated tools ensure that no chips 
remain on the tool topography. 

As a result, it can be stated that the wear of CVD-coated tools 
during the performed edge grinding tests is significantly less 
compared to electroplated tools. When comparing the 
CVD-coated tools, the grooves lead to a reduction of the 
deflection, which leads to an effective lateral infeed that best fits 
the setting parameter. 

4. Summary and outlook 

This work presents a novel diamond abrasive tool concept 
based on CVD coated diamond abrasive tools. The objective was 
to enlarge the chip space in order to increase space for chip 
removal and to improve the supply of coolant at the same time. 
To increase the chip space, grooves are ground into tool bodies 
made of tungsten carbide before they are coated with diamond. 
With the used setup it is possible to grind grooves into tool 
bodies with a diameter down to 0.2 mm. 

Experimental tests have shown, that CVD-coated tools with 
grooves have highest process stability. In these experiments 
they achieve highest dimensional accuracy and low workpiece 
surface roughness at the same time. These experiments also 
reveal that electroplated tools wear out faster than CVD-coated 
tools. The tool tip of electroplated tools in particular is subject 
to heavy wear, which lead to poor dimensional accuracy. 

In the future it will be examined how the wear differs when 
comparing both types of CVD-coated tools. It is checked whether 
the grooves increase the tool life.  
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Figure 8. Detailed SEM pictures of the CVD-coated tool with grooves. 
Overview picture (top), tool tip (middle) and lateral surface (bottom) 

Acknowledgement 

This research was founded by the German Federal Ministry for 
Economic Affairs and Energy (BMWi) within the Promotion of Joint 
Industrial Research Programme (IGF) due to a decision of the German 
Bundestag. It was part of the research project AiF IGF 19664-N by the 
Forschungsgemeinschaft Feinmechanik, Optik und Medizintechnik e. V. 
(F.O.M.), Werderscher Markt 15, 10117 Berlin, Germany, under the 
auspices of the German Federation of Industrial research Associations 
(AiF). 

454



 

          
 

 

euspen’s 20th International Conference & 
Exhibition, Geneva, CH, June 2020 

www.euspen.eu  

Tool wear prevention in ultra-precision polymer machining 
 
E. Uhlmann1, F. Fang2, J. Polte1, C. Hein1, M. Lai2, M. Dörr1, C. Jahnke1 
  
1Fraunhofer Institute for Production Systems and Design Technology IPK, Germany 
2Tianjin University, China 
 
martin.doerr@ipk.fraunhofer.de 

  
Abstract 
Polymers become more relevant in the field of optical components as their optical properties, like refractive index n and wavelength 
dependent dispersion n = f(λ), can be adjusted easily by additives. Due to their low density ρ polymeric optics are lightweight 
compared to glasses. The demand for ultra-precision machined polymer lenses is increasing. Small series and individualised 
components can only be produced economically by using ultra-precision machining.  
Within theses studies the influence of different measures to reduce diamond tool wear occurring during ultra-precision diamond face 
turning of polycarbonate (PC) and polysulfone (PSU) will be investigated. Continuous and interrupted face turning experiments are 
conducted to analyse the effects from separation of the diamond tool and workpiece. Results show increasing tool wear in 
interrupted cutting. Changes of the environmental conditions in the cutting process show an influence of increasing humidity H on 
diamond tool wear. This contribution gives a qualitative and quantitative overview on the influencing factors on diamond tool wear 
in ultra-precision turning of polymers and gives an outlook on strategies to avoid its occurrence. 
 
Keywords: polymers, tool wear, ultra-precision turning 

 

1. Introduction 

Ultra-precision machining of polymeric materials with single 
point diamond turning (SPDT) is considered the applicable 
method to fabricate high-end optics. SPDT allows freeform 
surfaces and complex micro-structured surfaces to be machined 
with required form accuracy GF < 1 µm and arithmetical mean 
deviation Ra < 5 nm. The development of ultra-precision 
machining has stimulated the design of complex optics [1]. 
Freeform optics are the next-generation of modern optics, due 
to their excellent optical performance and their uncomplicated 
system integration [2]. The wear of monocrystalline diamond 
tools is 5 to 10 times higher when cutting polymers than when 
cutting copper with the same parameters [3]. The diamond tool 
wear mechanisms are classified into adhesion and abrasion as 
well as thermal and tribo-chemical effects [4]. Electrical effects 
need also to be considered in diamond tool wear [5]. Usually, 
several wear mechanisms occur but one mechanism is dominant 
dependent on the polymer, machining parameters and the 
environmental conditions [6]. The dominant tool wear 
mechanism is can vary over the machining process [7]. 

2. Methodology 

The experiments to investigate the tool wear during diamond 
turning of polymers are carried out on the  
ultra-precision machine tool Nanotech 350 FG by 
MOORE NANOTECHNOLOGY SYSTEMS, LLC, Swanzey, USA with 
uncoated single crystal diamond (SCD) tools manufactured by 
CONTOUR FINE TOOLING BV, Walkenswaard, The Netherlands with 
the corner radii rε ≈ 1.5 mm. During the experiments the main 
effects on diamond tool wear material, humidity H, number of 
interrupts per revolution nG and depth of cut ap are investigated. 
The width of flank wear land VBmax is measured as a meaningful 
indicator for occurring tool wear on a Scanning Electron 

Microscope (SEM) JCM 5000 by JEOL LTD., Tokyo, Japan.  
The investigated materials polycarbonate (PC) and 
polysulfone (PSU) are known for strong diamond tool wear [6]. 

In order to investigate the influence of the humidity H during 
machining, cutting is performed under environmental 
conditions with humidity H = 35 % and with increased 
humidity H = 70 % for both materials and all sample geometries. 
The increased humidity H = 70 % is achieved by a mist nozzle 
which is not aimed directly at the tool as displayed in Figure 1. 

 
Figure 1. Setup with: 1 grooved workpiece, 2 air nozzle,  

3 SCD tool, 4 water nozzle for control of humidity H 
As interrupted cutting is presumed to worsen tool wear, 

samples with a flat surface and different number of grooves nG 
are machined to represent interrupted cutting to evaluate the 
influence of a rising number of interrupts nG. Specimens from 
both materials with the diameter D = 60 mm are prepared with 
the number of grooves per revolution nG,1 = 8 and nG,2 = 24 on 
the five-axis high-precision machine tool HSC MP7 
manufactured by EXERON GMBH, Oberndorf, Germany. The length 
of the interrupts li is taken into account when the experiments 
are performed with the cutting length lc =70 km. 

To investigate the influence of rough and fine cutting 
experiments with two sets of cutting parameters with  
depth of cut ap,r = 20 µm and feed fr = 20 µm/rev as wells as 

1

1 Workpiece with number of grooves per revolution nG = 8 
2 Air nozzle for chip removal
3 Single crystal diamond tool
4 Water nozzle for increased humidity H = 70 %

2 3 4
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depth of cut ap,f = 10 µm and feed ff = 10 µm/rev are performed. 
An overview over all parameters examined are summarised in 
Table 1. The spindle speed n = 2,000 1/min and the cutting 
length lc = 70 km are constant during all experiments. 
Table 1. Investigated Parameters 

Parameter Values 

Material   PC  PSU  

Grooves nG  0  8  24 

Humidity H  35 %  75 %  

Depth of cut ap  10 µm  20 µm  

Feed f  10 µm/rev  20 µm/rev  

3. Results 

Severe tool wear is observable during ultra-precision diamond 
turning of polymers. No detectable tool wear occurs during the 
cutting of aluminium with identical process parameters. 
Therefore, the mechanical material properties are supposed to 
be non-dominant. 

The results of the investigations are summarised in Figure 2. 
The number of grooves nG increases the tool wear by 239 % for 
PSU and by 116 % for PC. Rising humidity in the cutting zone 
decreases the tool wear by 83 % for PSU and by 71 % for PC.  
The depth of cut ap,f = 10 µm results in a similar mean  
width of flank wear land VBmax ≈ 8 µm for PSU and PC.  
With increased depth of cut ap,r = 20 µm the  
width of flank wear land VBmax rises by 54 % for PC. Meanwhile 
in cutting PSU it decreases by 57 %.  

By adopting the cutting parameters and controlling the 
environmental conditions according to a full factorial design of 
experiment (DOE)  the occurring tool wear can be reduced by up 
to 91.7 % for PSU as shown in Figure 3. 

4. Summary and Outlook 

Severe diamond tool wear can be prevented, when the cutting 
parameters and the environmental conditions are controlled. A 
low humidity H and increasing number of interrupts in the 
cutting process increase the occurring tool wear. In order to 
minimise the number of interrupts during ultra-precision 
machining of polymeric optical components a specialised  
CNC-software is essential. The use of the software NanoCAM4 
by MOORE NANOTECHNOLOGY SYSTEMS, LLC, Swanzey, USA is 
promising to optimise the lead-in/lead-out movements during 

the machining of complex optical components in order to reduce 
tool wear.The dominant wear mechanism is supposed to be a 
chemical reaction between the polymer chains and the carbon 
atoms in the diamond tool. The chemical behaviour and the 
inhibiting effects of humidity H will be examined in the wake of 
these investigations. 
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Figure 2. Diamond tool wear in cutting PSU and PC dependent on the number of grooves nG, the humidity H and the depth of cut ap 
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Figure 3. Highest and lowest tool wear in PSU and PC 
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grooves nG

Humidity H Depth
of cut ap

Width of flank 
wear land VBmax

PSU 24 35 % 20 µm 12.3 µm
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Abstract 
Ultrasonic assisted grinding is a practically tested and already widely implemented  method for enhancing of the material removal 
rate in the machining of brittle hard / difficult-to-machine materials (glasses, ceramics, crystal materials). In grinding of brittle 
materials edge chipping cannot be entirely avoided, but it should be minimized to reduce the size of bevels or the costs of finishing 
operations In this contribution, the edge formation in face grinding with / without ultrasonic assistance of rectangular ZERODUR®-
samples was experimentally investigated.  The measurement of the edge chipping was made by white-light interference microscopy 
in a plane parallel to the ground surface and in a plane perpendicular to the ground surface. The graphic representation of the edge 
contours and the calculated density distribution of these contours show characteristic differences both between grinding with / 
without ultrasonic assistance and by consideration of various conditions of contact. 
 
ultrasonic assisted grinding; edge formation 

 

1. Introduction 

Depending on the requirements of the surface quality, 
grinding is used for rough machining and/or precision machining 
processes, especially of hard and brittle materials because of 
their flexibility in shaping. 
Apart from the compliance of dimensional tolerances, as well as 
shape tolerances and position tolerances and surface quality, 
also the quality of edges can be important because of 
technological or function related reasons. It might be assumed 
that edge formation / edge chipping depends on a variety of 
factors: 
• mechanical properties of the workpiece material, perhaps 

subsurface damage from pre-machining processes 
• geometry and material of abrasive grains 
• load of the edge during the grinding process depending on 

the cutting speed and the material removal rate (cutting 
depth, feed velocity) 

• type of load depending on the relative movement between 
grinding tool and workpiece and the conditions of contact in 
the grinding process (compressive stress / tensile stress) 

• cooling lubricant and its feed 
Practical experiences and a large number of publications prove 
some technical and economic advantages of ultrasonic assisted 
grinding (UAG) as a hybrid process in comparison with  
conventional grinding (CG) for many applications (reduction of 
grinding forces, grinding temperatures and grinding wheel wear; 
increase of material removal rate; possibly also enhancement of 
surface quality / waviness, roughness, surface integrity) [1- 3]. 
It should be noted that the ultrasonic oscillations of the grinding 
tool have significant consequences on surface and edge 
formation of the workpiece. 
It was also reported about reduction of edge chipping for UAG 
under certain conditions. [1] 
Due to the wide variety of grinding processes (kinematics, 
contact conditions, …) it seems  that not all conclusions may be 

generalized or the implementation of the benefits of UAG 
requires fine adjustment of the grinding and vibration 
parameters. [4] 
The subject of this contribution are comparative studies 
between UAG and CG with regard to edge formation under 
defined intervention conditions between grinding tool and 
workpiece in the case of face grinding with cup wheel. 

2. Experimental investigations 

2.1. Grinding experiments 
The grinding experiments were performed under the following 

conditions: 

 Machine tool: ultrasonic 200 (Sauer GmbH / DMG Mori) 

 Samples: 50 mm x 20 mm x 10 mm, Material: glass ceramic 
Zerodur® (Schott AG) 

 Grinding wheel: 6D91-60 M702R (Günter Effgen GmbH) 

 cutting speed: vc = 15 m/s, depth of cut ap = 0,030 mm, 
feed rate: vf = 200 mm / min 

 Coolant: Aerolan VS 405 
The preparation of the samples was made by lapping of all 
surfaces of the rectangular samples (alumina oxide ABRALOX 
F1200) to achieve sharp edges and comparatively low 
subsurface damage in the initial state. 
In the experimental studies face grinding with a cup wheel as 
conventional grinding (CG) and as ultrasonic assisted grinding 
(UAG, f = 21 kHz, amplitude approx. 2 µm) was applied. The cup 
wheel moved with its centre point along the edge during the 
grinding process. In this way the impact / escape of the abrasive 
grains was perpendicular to the edge with defined loads at the 
beginning (impact) / end (escape) of the material removal by the 
abrasive grains (Figure 1). 
In case of the impact of the abrasive grains, a dominant 
compressive load is to be expected and in case of the escape of 
the abrasive grains, a correspondingly dominant tensile load is 
to be expected. 
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2.2. Measuring method for the edge chipping 
 

The measurement of the edge chipping was carried out with a 
white-light interference microscope (Talysurf CCI-HD / Ametek 
Taylor Hobson) by stitching measurement with a line of 
overlapping single measuring fields along the edge over the 
whole length of the samples (50 mm) in two planes (ground 
surface and the corresponding perpendicular surface). (Figure 1) 
The contours of the edge chipping were computed on the base 
of these 3D-data for the middle section with a length of 40 mm. 
The graphical presentation there comprises a section of 25 mm. 
(Figures 3; 4) 
The additionally computed distributions (density distribution 
functions) of these contours enable an objective assessment of 
the edge chipping. The reference lines for these contours are the 
traces of the corresponding perpendicular surfaces (planes) in  
the respective measuring plane. The reference lines comply with 
the x-axes in the graphical presentations. (Figures 3-6) 

3. Experimental results 

It is to be expected that the specific intervention conditions 
between grinding wheel and workpiece lead to different loads 
at the edges and consequently to different characteristics of 
edge chipping. 
However, SEM-photographs of the edges do not show 
noticeable distinction between UAG and CG, maybe because of 
the limited picture section. (Figure 2) 
In contrast, the review of the measured contours of edge 
chipping reveals significant differences. (Figures 3; 4) 

The following statements can be derived from the 
experimental results: 
• edge chipping measured in the plane of the ground surface 

is less distinctive compared with the edge chipping in the 
plane perpendicular to the ground surface  

• edge chipping on edges with compressive load (impact of 
the abrasive grains) is less distinctive compared with the 

 
Figure 1. Schematic presentation of the grinding experiments set up and the measuring method for edge survey 

 
Figure 2. SEM-photographs of the edge chipping for different grinding processes and contact conditions  (magnification: 50 x) 
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edge chipping on edges with tensile load (escape of the 
abrasive grains). This has to be seen in connection with the 
typical behaviour of hard and brittle materials  

• In case of UAG, the edge chipping is apparently greater 
compared with CG. Marked edge chipping means both the 
difference between the upper envelope of the contour and 

the reference line and between the lower envelope and the 
reference line are larger. 

One plausible reason for this may be the modulation of the 
depth of cut by the axial oscillation of the grinding tool 
(perpendicular to the ground surface) 

 
Figure 4. Measured contours of edge chipping for different grinding processes and contact conditions Measurement in the plane of the surface 
perpendicular to the ground surface 
 

 

Figure 3. Measured contours of edge chipping for different grinding processes and contact conditions, Measurement in the plane of the ground 
surface 
 

459



  

These cause-effected relationships become also clear in the 
presentations of the density distributions of the edge chipping 
contours. (Figures 5; 6) 

4. Conclusions 

The experimental investigations show  that UAG does not 
necessarily lead to better machining results. With regard to edge 
chipping the kind of load on the edges (compressive stress / 
tensile stress) depending on the specific cinematics and the 
conditions of contact in the grinding process should be noted. In 
practical machining operations, there are solution approaches 
by the determination of tool paths, which lead to favourable 
contact conditions. Furthermore, the last overrun of the grinding 
tool can be made without ultrasonic assistance to avoid 
unfavourable conditions concerning edge chipping. 
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Figure 5.Density Distributions of the edge chipping contours measured 
in the plane of the ground surface for conventional and ultrasonic 
assisted grinding 
 

 Figure 6. Density Distributions of the edge chipping contours measured 
in the plane of the surface perpendicular to the ground surface for 
conventional and ultrasonic assisted grinding 
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Abstract 
 
3DIMS, 3D-Printing Integrating Manufacturing System, is a process that couples additive manufacturing (AM) with powder injection 
moulding (PIM). This process allows overcoming some limitations of the conventional injection moulding process such as: high tooling 
cost, geometrical constrains and failure to manufacture customized parts. This novel process chain works as follows: a sacrificial thin 
wall mould is fabricated with a vat-photopolymerisation AM machine, successively the mould is filled with a feedstock made of metal 
powder and a multi binder system, after that the mould is dissolved and the part is debound and sintered. This work presents a 
description of the manufacturing chain focusing on the geometrical deviation for each step of the process. The quality of the 
replication is evaluated by investigating the geometrical displacement of micro-features on the surface, using an Olympus Lext 
confocal microscope and computed tomography.  
 
Powder Injection Moulding, Additive Manufacturing, Soft tooling, Sacrificial mould, Fingerprint      
   

 

1. Introduction 

A well-known technology for mass production of metal parts 
is Powder Injection Moulding (PIM). This technology is more cost 
effective than machining [1], but expensive when dealing with 
prototyping or low rate manufacturing. The metal tools for the 
injection moulding machine are cost effective only when parts 
are mass produced. Another problem of PIM is the production 
of intricate geometries, which can be achieved only by using 
complex  mould  (thus expensive), or not achievable when 
features like twisted inner channels are present. 

In order to achieve complex geometries, Charter et al. [2] and 
Zhang et al. [3] proposed to use a sacrificial core, nonetheless, 
this process requires additional step for the core removal. Hein 
et al. [4] suggested using a sacrificial mould thermally degraded 
after the injection process. The process proposed by Hein gives 
freedom in designing the mould solving the issue of producing 
parts with complex geometries, however, thermal degradation 
of the mould generates deformations on the final part. 

Lately, several researchers have investigated the use of soft 
tooling in the injection moulding process [5-8]. Soft tooling in 
injection moulding aims to lower the cost of the mould 
fabrication [5], making PIM feasible even for prototyping and 
low rate manufacturing.    

In this work an innovative process that hybridize Additive 
Manufacturing (AM), with PIM is used: 3DIMS, 3D-Print 
Integrating Manufacturing System. This process uses a sacrificial 
mould produced by vat polymerization based additive 
manufacturing (VPAM) that can be chemically dissolved in a 
water-based solution. The mould is mounted in an injection 
moulding machine, filled with a specifically developed 
feedstock, ejected and then dissolved. After the mould 
dissolution, i.e. the part ejection process, the ejected part is 
debound and sintered.  Using a water-soluble sacrificial mould  

 
 
 

as tool for PIM allows to achieve complex geometries and reduce 
the tooling cost, making this process convenient when dealing 
with the production of highly customized parts, pilot production 
and low rate manufacturing. 

Lately there is an increasing interest in the production of micro 
structured surfaces, found in different fields such as optics and 
energy [9]. Here arrays of micro pyramids  are used as 
fingerprint. A fingerprint is a physical product feature, i.e. micro 
pillars and micro holes, that does not prevent the functionality 
of the component [10]. The quality of the fingerprint has been 
found to be correlated with the overall quality of the part as 
shown by Calaon et al. in [11] and Giannekas et al. in [12].  The 
fingerprint concept is  thus used to validate the geometrical 
stability of the part during the production steps. 

The use of a closed sacrificial mould creates challenges when 
measuring these kind of geometries. It is not possible to evaluate 
the dimensions of the cavity and inner structures of the mould 
with the conventional optical and tactile methods  without 
damaging the insert itself. In this work both optical microscopy 
and computed tomography (CT) are used, and the replication of 
microstructures  is investigated  in different process steps.  
Knowing the variation in dimension  of the part  during each 
process step, highlights which manufacturing process step needs 
improvement.  In the  case  where    there is no room for 
improvement in a specific step, knowing when and where the 
variation will occur allows  to  compensate  the geometrical 
displacement during the designing phase. 

2. Materials and methods 

2.1. 3DIMS processThe 3DIMS process, depicted in Figure 1, 
couples additive manufacturing with injection moulding. The 
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mould, or insert, is fabricated via vat polymerization using a 
Peopoly Moai SLA printer. Vat polymerization is an additive 
manufacturing technique where a photopolymer, or a light-
activated liquid resin, is cured when it is exposed to UV-light. In 

the present process chain, a water-soluble photopolymer is 
used, allowing to dissolve the mould in an alkaline solution. The 
photopolymer used is IM 2.0 produced by Addifab. After the 
production of the mould, hereafter called insert, the additive 
manufactured insert is positioned inside a metal mould in an 
injection moulding machine. The injection moulding machine 
used is a Nissei THM7, the feedstock is melted at a temperature 
of 90°C and the mould temperature is set at room temperature 
(23°C). Since the injection is done into a polymeric insert with 
thin walls, the feedstock injection pressure needs to be relatively 
low, specifically 20 bar, to avoid distortion of the 3D printed 
mould during the injection. In order to use low injection pressure 
a new feedstock for PIM processes was developed. The used 
feedstock has a solid loading of 60% in 316L stainless steel and a 
specifically designed binder system with low viscosity.  After the 
injection, the filled insert is removed from the mould. The 
conventional ejection of the part is not carried out in the 
injection moulding machine but in an additional step: the mould 
dissolution. The printed insert, filled with the metal feedstock, is 
dissolved in an alkaline solution. The binder system of the 
feedstock was designed to withstand the dissolution process 
without causing any geometrical distortion of the part. Once the 
insert is dissolved, the green body is obtained. At this stage, the 
binder system needs to be removed from the green body. i.e. 
debinding. The debinding process is done in two steps: 
chemically and thermally. First, the green body is treated 
chemically in n-heptane for 24 hours at 50°C, and then is 
thermally treated with the heating cycle described in Table 1. 
After is sintered at 1360°C in a protective atmosphere to avoid 
oxidation. 
 

Table 1: Heating cycle of the thermal debinding processs.  

Temperature Heating rate Time [h] 

20°C      230°C 2°C/min 1:45 

230°C    230°C hold 1 

230°C    500°C 1°C/min 4:30 

500°C    500°C hold 3 

500°C    20°C - - 

 
2.2. Sample design  

Two different set of features are used in two different moulds. 
The investigation of the geometrical dimension of the mould via 
optical microscopy and  CT  is done using moulds  with micro 
pyramids, referred as pyramid insert; the degree of replication 
is investigated using an insert with square tapered pillars and 
holes, hereinafter called square insert. 

Since the microstructures are located on the inner surfaces of 
the mould, it is not possible to measure directly the dimensions 
of the pyramids with optical microscopy without ruining the 
insert itself. In order to overcome this problem, two open 
moulds were printed together with the closed insert for every 

Figure 3, shows the variation of the height and depth of micro 
pyramids on the bottom and on the vertical wall. The dimensions 
of inwards and outwards pyramids seem to be more stable for 
the microstructure printed on the bottom of the insert. The 
standard deviation of the height of the inwards pyramids on the 
bottom is 11 µm, while the one for the pyramids on the vertical 
wall is 35 µm, similar deviations are found for the outwards 
pyramids. The structures on the bottom are parallel to the 
printing layer, meaning that the accuracy of the printing 
depends on the motor of the building plate (resolution of 25 µm 
on z-direction). On the other hand, the micro pyramids on the 
wall are perpendicular to the printing direction. In this case, the 
resolution of the printer depends on the laser (resolution on the 
xy-direction is 70 µm), which is lower than the resolution of the 
motor.  

Figure 1: The 3DIMS process chain. 

Figure 2: Closed mould with pyramid structure on the left, two open 
moulds for optical measurements on the right. Another version with 
micro square pillars was also created to study the degree of replication 
in the process chain. 

printed batch. Figure 2 , on the left, shows the design for the 
closed insert.  The cylindrical part of the insert is the sprue with 
the injection gate location. Two groups of six micro pyramids 
with nominal height of 700 µm each are presented on both the 
vertical wall and on the bottom, in each group three pyramids 
are pointing out (outwards pyramids) and three in (inwards 
pyramids).  The square insert  has the same overall mould 
configuration as the previously described pyramid insert. Figure 
2 (b) shows a detail of the design of the square insert. Six square 
pillars and six square holes with height and depth of 700 µm 
were designed on the vertical wall and bottom part of the cavity 
in the insert. 

3. Measurements 

3.1  Deviation from optical microscopy to CT 
As aforementioned, it is not possible to measure directly the 

dimensions of the micro features  on the closed insert  with 
optical microscopy. Therefore, CT is used to investigate height 
and width of the microstructures without damaging the mould. 
In this section the height of the micro pyramids of the open 
inserts in Figure 2 were first measured with a Werth CT-scan 
(pixel size of 51 µm), and  then measured again with an Olympus 
LEXT 4100 confocal laser-scanning  microscope. This 
investigation is done in order to identify the best 
characterization method to evaluate the geometrical deviation 
in the process chain.  
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Looking now at the height of the pyramids, it is noticeable 
how, for both bottom and wall, the height of the inwards 
pyramids is closer to the nominal value of 700 µm. The height of 
outwards pyramids, instead, deviated from the nominated value 
largely because the tip part could not be printed; it is relative 
easy to print a hole with a sharp tip than to print a pillar. This is 
particularly true for the outwards pyramids in the bottom. 

Figure 3: Height and depth of the micro pyramids measured with the 
optical microscope and CT scan for both inwards and outwards pyramids 
on the bottom and on the wall. 

Looking at the difference between CT an optical microscope in 
Figure  3, it is noticeable that in almost all the cases the value of 
the height measured through optical method is higher, the only 
exception is for the outwards pyramids on the wall. The 
resolution of the optical microscope on the z-direction is 10 nm 
and the CT pixel size is 51 µm. The variation between the height 
value calculated with the optical microscope and CT is 
approximately 10%. The measurement uncertainty was 
estimated taking both machine error and process into account, 
using the following equation: 

𝑈𝑈 = 𝑘𝑘 ∙ �𝑢𝑢𝑚𝑚2 + 𝑢𝑢𝑝𝑝2                 (1) 

The uncertainty of the height measured with the optical 
microscope is 8.1 µm. The results between CT scan and optical 
microscope are quite similar, however, considering the higher 
resolution of the optical microscope, time needed to carry out 
the investigation and equipment availability, it was decided to 
investigate the dimensions of the micro features using optical 
microscopy. 
 
 

 

cause deviation between open and closed mould. The 
evaluation of the deviation is done by measuring the height of 
the micro pyramids of a closed insert that was cut and measured 
with the optical microscope and the equivalent microstructures 
on the two open moulds. 

3.2  Deviation from open to close mould  
In order to investigate the microstructures with the optical 

microscope  without damaging  the insert, the optical 
measurements were done on the open moulds  depicted  in 
Figure 2. The open moulds are used as measurement artefacts 
and is necessary to evaluate the deviation from open to closed 
mould to quantify a potential source of error. After a mould is 
manufactured, it requires  an additional  UV-curing step, to 
finalize crosslinking. The microstructures on the closed mould 
are situated in the inner surfaces, thus they are subjected to 
fewer irradiation to UV-light in comparison to the 
microstructures on the open moulds. The higher the degree of 
curing the higher is the shrinkage [13]. This phenomenon can 

Figure 4 depicts the average height of the microstructures in 
open and closed moulds for bottom and vertical walls. The 
overall deviations do not follow a noticeable trend; thus, it is not 
possible to make any assumptions about the error generated by 
using open mould as a measurement artefact. However, taking 
into account the measurements uncertainty  and the 
repeatability of the pillars,  the deviation between open and 
closed mould can be considered small. Hence, the open mould 
can be used as measurement artefact to evaluate the dimension 
of the features in the closed insert. 

4. Replication rate in the process chain 

The validation of the fingerprint concept is carried out  by 
correlating the overall height and width of the moulded part 
with the dimensions of the microstructures. The overall 
dimension of the printed inserts and moulded parts were 
measured with a CMC DeMeet 220 (maximum permissible error 
4.1 µm). This study was done using the square insert (Figure 2b), 
measuring height and width of pillars and holes in the bottom 
and vertical wall of the mould, and their respectively negative 
structure on the part (i.e. a pillar on the mould is a hole in the 
part).  

The bar chart in Figure 5 (a) depicts the degree of replication 
of the height of the microstructures and the overall height of the 
part during two consecutive steps  of the process chain: 

Figure 4: Average height of micro pyramids on the wall and bottom in 
the open and closed mould respectively. Error bars indicate the standard 
deviation of the height calculate from six pyramids. 
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debinding and sintering. The precedent step, i.e. demoulding, is 
not possible to assess because the paraffin wax present in the 
injected slurry settles over the surface veiling the features. The 
degree of replication is calculated as follow: 

Degree of replication = 
Dimension on the part

Dimension on the mould
a

          (2) 

From Figure 5 (a) is possible to see how the degree of the 
replication of the height of the mould pillars (i.e. holes in the 
part) does not match the replication of the overall height of the 
part after debinding. Considering the low strength of the mould 
material, the pillars in the mould might be compressed by the 
pressure during the injection of the feedstock, explaining the 
low degree of replication for such features after the debinding 
step. After sintering, the pillars on the mould (holes in the part) 
have similar degree of replication to the overall height of the 
part. Nonetheless, since it was not possible to find a correlation 
between height of microstructure and overall height of the part 
during the debinding step, the fingerprint concept as quality 
indicator for the process chain cannot be validated.  

On the other hand, the graph in Figure 5 (b) shows similar 
degree of replication between the width of the microstructure 
and the overall width of the part for both debinding and 
sintering. It is thus possible to use the fingerprint concept to 
correlate the overall quality of the part by investigating the 
width of the microstructures. 

5. Conclusion  

This work describes a novel process chain for metal powder 
injection moulding  (PIM), which  is particularly valuable  for 
prototyping and manufacturing of highly customized part with 
complex structures. 

Both optical microscopy and computed tomography (CT) were 
investigated  in order to identify a possible characterization 
method for the process chain. Considering the measurements 
uncertainty,  time needed to carry out the investigation  and 
accessibility to the equipment, optical microscopy was identified 
as the most suitable tool  to evaluate the geometrical 
displacement in the production steps.  

This paper has also evaluated the use of open moulds as 
measuring artefacts to study the dimensions of micro features 
in the closed mould. The investigation showed small deviation in 
the value of the height between the microstructures in the open 
and closed mould, allowing the use of the open moulds as 
measuring artefact. 

The final aim of this paper was to validate the fingerprint 
concept as quality indicator throughout the process chain. It was 
demonstrated that by solely measuring the width of the 
microstructures the geometrical stability of the whole part can 
be validated quantitatively after debinding and sintering. 
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Abstract 
This paper discusses the performance evaluation of the developed 5-axis machining center for carbon fiber reinforced plastics (CFRP), 
which is advanced materials due to high stiffness and strength in the aerospace and automotive industry. In general, the machine is 
one of the critical values in 5M group; man, machine, material, method, measurement. To obtain reliable quality, the accurate 
machine tool is necessary. According to ISO 10791-7:2014, a series of cutting tests are conducted under finishing conditions. Then, 
the machined Al6061 workpiece is measured by laser 3D measuring equipment (ZS-4060, LDI), which can obtain circularity and 
straightness error from a standard workpiece. As a result, the developed 5-axis machining center is assessed by using the process 
capability index (Cpk). Futhermore, a CFRP part is fabricated and analysed based on the developed 5-axis machining center with 
universal jig and fixture. 
 
Keywords: 5-axis machining center, Process capability index (Cpk), Carbon fiber reinforced plastics (CFRP), Performance evaluation 

 

1. Introduction 

In various manufacturing fields, Carbon fiber reinforced 
plastics (CFRP) have been used for replacing traditional materials 
due to its superior properties such as high strength, high 
stiffness, good fatigue, low density and so on. On the other hand, 
it can be difficult to fabricate different states compared to other 
conventional materials [1].  

To overcome the typical failures of delamination, fiber pull-out, 
thermal transform, etc., various researchers have been studied 
machining parameters on CFRP. Uhlamann et al., studied the 
CFRPs machining using CVD diamond coated tool and milling 
tools for improving the milling process [2]. Khairusshima and 
Sharifah investigated the tool wear on solid carbide tool during 
milling process under dry and chilled air cutting conditions. They 
found the appropriate process parameter for machining CFRP 
[3]. However, few studies have been conducted to find out the 
process parameter of CFRP based on a dedicated machining 
center, universal jig, and fixture. 

Therefore, in this paper, developed 5-axis machining center 
with universal jig and fixture was used to fabricate the CFRP. 
Then, the process capability index was evaluated by ISO 10791-
7:2014 method with x-y-z laser calibration [4]. The experimental 
results showed that the drilling performance was investigated 
through delamination factors. 

2. Process capability Index (Cpk)      

Figure 1 shows that the developed 5-axis machining center 
(HNK) with universal jig and fixture was set up for machining 
CFRP, and then a series of these experiments were conducted. 
For the experiments, the endmill (OSG) having a diameter of 12 
mm was used for fabricating the aluminum workpiece in figure 
2.  

According to ISO 10791-7:2014, the aluminium workpiece was 
KS B ISO 10791-7, M1_160. The spindle speed and feed rate 

were 4,000 rpm and 1,000 mm/min. The minimum quantity 
lubrication (MQL) of 1.75 cc/min and 4 bar was chosen as a 
cutting fluid. 

 

 

Figure 1. Developed 5-axis machining center and universal jig and fixture 
 

  

Figure 2. Aluminium 6061 workpiece for Cpk test 
 

To measure the roundness (P) and linearity (M, N, K, L) of the 
machined surface, the laser 3D measuring equipment (ZS-4060, 
LDI) was used. Figure 3 shows the distribution histogram of (a) 
roundness and (b) linearity. As can be seen in Table 1, the 16 
experimental results were shown in detail. The process 
capability index (Cpk) was a statistical value, to measure the 
process capability to have output within the customer’s upper 
and lower boundary. The roundness of P was 4.18 and the 
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linearity of L, M, N, K were 2.52, 1.97, 1.67, 1.51. Cpk = or >1.33 
indicated that the process was highly capable and met the upper 
and lower boundary. 

 

 
(a) 

 
(b) 

Figure 3. Cpk representative results of Al6061 workpiece about (a) 
roundness - P and (b) linearity – L 
 
Table 1 Process capability index (Cpk) of machined surface 
 

No. 
Tolerances 

[mm] 
Calculation Cpk 

P 0.015 4.18 

L 

0.008 

2.52 

M 1.97 

N 1.67 

K 1.51 

3. Experimental setup and results 

Figure 1, the CFRP of 1500 x 1000 x 5 mm was consists of 3K 
and 12K plain weave. The built-up sequence and orientation 

were 3K/12K/12K/12K/12K/12K/12K/3K and 0°/90°. For the 

experiments, 20 of the universal jig and fixtures were fixed. The 
PCD drill diameter was 6 mm (Sandvik). The drilling conditions 
were 6,000 rpm and 0.05 mm/rev. A total of 42 holes were 
fabricated and measured. 

The delamination is one of the failure modes in CFRP. It is 
generated due to the weak bonding of constituent. The ratio of 
maximum diameter (Dmax) of delamination and the diameter of 
the drilled hole (D). Figure 4 shows the microscope image of the 
drilled hole at 1st and 42nd. The delamination factors were 
calculated by using measured holes.  

 

 

Figure 4. Microscope image of drilled holes 

Figure 5 shows the results of measured delamination factors. 
As can be seen in Figure 5, 88 % of the total were fulfilled under 
the threshold which was selected according to the industry index 

1.16. The others were occurred around the edge of the corner 
and related to the universal jig and fixture. The adsorption 
capacity and position of jig and fixture were some of the critical 
issues while machining CFRP. For those reasons, there is a need 
for the correlation analysis the parameter of jig/fixture and test 
results. 
 

 
Figure 5. Results of measured delamination factors 

4. Conclusion      

In this paper, developed 5-axis machining center was chosen 
for fabricating the CFRP workpiece. To evaluate the 
performance of machining center, Cpk test were conducted by 
ISO 10791:2014 which had several parameters. Among them, 
the roundness and linearity of machined surface were selected 
and measured by using laser 3D measuring equipment. As a 
result, all calculated Cpk values were over 1.33 which meant that 
it was over 4 sigma level within customer’s upper and lower 
boundary. For that reasons, process capability of developed 
machining center was verified.  

Then, CFRP drilling test were conducted to verify performance 
of the developed machining center and jig/fixture.  As a result, 
the most of them were content with the delamination factors 
based on 1.16 of industry index. For the future works, the 
correlation analysis of jig/fixture and experimental results will 
be carried out.  
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Abstract 
The present work investigates the interaction of nanofluids on micro-textured cutting tools and their influence in turning of Ti6Al4V 
alloy. Microhole texture has been fabricated on the WC/Co cutting tool rake face using Nd: YAG nanosecond laser. Three different 
types of nanofluids, namely MoS2 (lamellar nanofluid), Al2O3 (oxide-based nanofluid), and MoS2-Al2O3 (hybrid nanofluid) have been 
prepared and characterized for physicochemical properties. The nanofluid interaction has been studied on polished textured WC/Co 
surfaces for understanding the adsorption behavior of different nanofluids. The metal cutting tests have been conducted for turning 
of Ti6Al4V alloy with textured tools under the nanofluid environment. Cutting forces and the apparent coefficient of friction were 
measured and correlated with the adsorption behavior of the nanofluids on the micro-textured surfaces. The hybrid nanofluids 
resulted in the lowest contact angle and offered the least surface energy with the textured surfaces. The enhanced wettability of the 
hybrid nanofluids decreased the main cutting force and the apparent coefficient of friction by 20% and 25%, respectively.  
 
Keywords: Nanosecond laser texturing; Ti6Al4V machining; Tool wear; Textured tools; Hybrid nanofluids.   

   

1. Introduction  

Laser texturing of the cutting tools is projected as one of the 
next-generation technologies for the manufacturing of high-
performance cutting tools. The surface modification with laser 
ablation methods and consequent functionalization of the tool 
rake/flank surface or cutting edges are rigorously studied 
nowadays. Since the first experimental trials on the laser 
textured cutting tools in 2007 [1],  there is a continuous quest to 
find the most effective texturing method, cutting parameters, 
cooling the environment for metal cutting operations. The 
application of textured cutting tools has been investigated for 
machining of steels, aluminum, and titanium alloys. Titanium 
alloys are considered as one of the most difficult to cut material 
because of various physical, mechanical, and thermal properties 
[2]. Even after decades of research, the machining of Ti-alloys is 
still considered one of the most challenging tasks. Inferior 
thermal properties, low elastic modulus, high strength, and high 
heat generated at the secondary interface are the major 
contributors to the low machinability. The conventional cutting 
tools suffer from rapid crater and flank wear because of the 
severity of thermal interaction at rake face and intense rubbing 
at the flank face respectively.  

 
Textured cutting tools have been used for machining of Ti-

alloys under dry, flood, and MQL environments [3–5]. Under dry 
cutting conditions, laser textured cutting tools do not offer any 
significant machinability improvement. Under the influence of 
poor thermal properties, the textures act as micro-cutters and 
undercut the sliding chips owing to the interface-multipoint 
micro-cutting (IMP-µC) mechanism [3,6]. Hence, the textured 
cutting tools under dry cutting conditions are not highly 
encouraged for machining of Ti-alloys. Flood cooling offers the 
advantages of micro-pool formation at the secondary interface 
in the presence of textured microholes [7]. The mechanism of  

micro-pool formation leads to improved machinability. With the 
strict environmental regulations and conscious efforts towards 
the eco-friendly aspects, the use of cutting fluids are being 
obliterated [8].  

 
Minimum quantity lubrication (MQL), nanoMQL, and 

cryogenic machining techniques have proven their capability to 
replace the conventional flood cooling [9,10]. The past research 
has investigated the application of nanofluids for titanium 
machining with plain cutting tools [11,12]. Recently, water 
suspended Al2O3 nanoparticles were used as cutting fluid for 
Ti6Al4V machining using textured tools [13]. Hard nanoparticles 
puncture the nanofluid droplets upon impact to the cutting tools 
and get entrapped into the textures. This action reduces the 
efficacy of the nanofluids to reduce the cutting forces and tool 
wear. The combined effect of soft-hard hybrid nanofluids has 
been prolific in the improvement of the grindability of IN718 
alloys [14]. The physical synergy between soft MoS2 and hard 
CNT has been stated as offered lubrication advantages and 
reduced friction and surface roughness. In another study to 
combine the surface modification and advanced 
cooling/lubrication strategies, tribological tests have been 
performed over textured tool steel under TiO2 based nanofluids 
[15]. Textured surfaces under nanofluid lubrication reduced 
friction coefficient, wear, and sliding temperature.     

 
The advanced cooling strategies and innovative cutting tools 

have instigated a new dimension of metal cutting research. 
There is a vital need for an in-depth investigation combining the 
cooling and tool modification strategies for machining of 
difficult-to-cut Ti-alloys. The effect of nanofluids has not been 
explored much to consider the combinatorial success of 
nanofluids and surface texturing. Some preliminary 
investigations, limited to sliding tribology, have been performed. 
To the best of authors’ knowledge, no research is available, 
which has tried to address the interaction of hybrid nanofluids 
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with textured surfaces. As an attempt to address the research 
gap, the present study entails the application of soft lamellar 
(MoS2), hard oxide (Al2O3), and hybrid (MoS2-Al2O3) nanofluids 
for machining of Ti6Al4V with textured tools. 

2. Materials and methods      

Straight grade carbide (WC/6Co) cutting tools (WIDIA: 
CNMA120408-THM F) were used for metal cutting tests. The 
rake face of the cutting tools was laser textured using 
nanosecond (Nd: YAG) pulsed laser. Laser texturing has been 
carried at 25 mJ pulse energy, frequency 20 kHz, and wavelength 
1064 nm, according to the author’s previous work [3]. The 
microhole textures were fabricated with diameter 60 ± 5 𝜇𝑚, 
pitch 100 𝜇𝑚, and depth 30 𝜇𝑚. Machining of Ti64V alloy is 
performed on CNC turning centre (Leadwell CNC: Fanuc series 
OiMate, Taiwan). The cutting forces were measured using a 
piezoelectric dynamometer (9129AA: Kistler, Switzerland) and 
charge amplifier (5070B). Machining tests have been conducted 
with five replicates for each experimental condition. The 
average values of the main cutting force and the apparent 
coefficient of friction have been used for the comparative 
performance of various nanofluids. The machining performance 
of the nanofluids has been compared with the results obtained 
under machining with base fluid (DI water) environment.  

 
MoS2 (APS 90 nm, Sigma Aldrich) and Al2O3 nanoparticles (APS 

40 nm, Reinste nano) were used for preparing DI water-based 
nanofluids. Nanoparticles are mixed in DI water in the presence 
of 0.05 wt.% SDBS (sodium dodecyl benzene sulphonate) as a 
surfactant. The fluids have been continuously stirred for 30 min 
using a magnetic stirrer and ultrasonicated for 15 min. In the 
previous studies, it has been confirmed that the only addition of 
surfactant in base water doesn’t influence the metal cutting 
results [13]. TEM and TEM-EDS analysis of nanofluid have been 
performed using JEOL-JEM 1400 (USA) to confirm the size of 
nanoparticles, nanoparticle distribution, and its chemistry.  

 
The nanoMQL flow conditions (flow rate: 250 ml/h, and air 

delivery pressure 8 bar) were selected after initial trials for 
Ti6Al4V turning. The MQL system comprises of twin siphon 
nozzle, external mixing chamber, air inlet, a fluid inlet, and flow 
controller. The nozzle to cutting tool tip distance has been fixed 
to 52 mm. The nanofluid jet sprays over the tool tip and the rake 
face of textured tools. Nanoparticles impacting the textured 
rake face can influence the wettability behavior of nanofluids. 
Adsorption behavior of the nanofluids with the polished cutting 
tool surfaces was characterized by contact angle measurement 
using the DSA100 goniometer. The liquid volume for the contact 
angle measurement was 2µL and the measurement time was 5 
sec. The static contact angle has been measured using the sessile 
drop method. The average contact angle values have been used 
for the prediction of the wetting behavior of nanofluids.    

3. Results and discussion      

3.1 Nanofluid characterization 
The nanoparticles were mixed in 1:1 proportion and 

characterized for their physicochemical interaction and 
adsorption behavior (Fig. 1). TEM analysis shows the clustering 
of the alumina nanoparticles because of small particle size and 
high surface energy (Fig. 1a). The flaky structure of MoS2 
nanoparticles has also been revealed from the analysis (Fig. 1b). 

  
In hybrid nanofluid, the alumina clusters are evident to be 

joined at multiple branches of the MoS2 flakes (Fig. 1c). It has 
been observed that MoS2 flakes have been surrounded by 

alumina nanoparticles at multiple locations. MoS2 flakes 
connected to alumina nanoparticles have a branching of the 
aggregated nanoparticles. This physical interaction gives rise to 
the distribution of alumina nanoparticles around MoS2 
nanoparticles. This branching of smaller nanoparticles on the 
MoS2 flakes can be considered as one of the advantages of the 
hybrid nanofluids.  

 
TEM micrographs confirm the nature of soft-hard nanoparticle 

agglomerate for the hybrid nanofluid used in the present case. 
The presence of the chemical elements in hybrid nanofluid is 
confirmed from TEM-EDS analysis. The peaks of Al and Mo 
elements present in the EDS spectra (Fig. 1d) could be used to 
ascertain the preparation of the hybrid nanofluid. The physico-
chemical interaction of different nanofluids may influence the 
crystalline nature of the nanoparticles. To confirm the same, 
selected area electron diffraction (SAED) analysis has been 
conducted on the hybrid nanoparticles. The crystallinity of the 
hybrid nanofluid is retained, as revealed from the SAED pattern 
in Fig. 2. 

 

Fig. 1 TEM results for (a) alumina nanoparticles, (b) MoS2 flakes, 
(c) hybrid Al2O3-MoS2 nanofluid, and (d) TEM-EDS for hybrid 
nanofluid 
 

 
Fig. 2 SAED pattern revealing the retained crystallinity of the 
nanoparticles in the hybrid nanofluid 

    The physico-chemical interaction of the nanoparticles has a 
greater influence on the adsorption properties of the nanofluids. 
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Hybrid nanofluid resulted in a lower contact angle on the 
textured tool surface (Fig. 3). Contact angle values for base fluid 
and hybrid nanofluid are 61.72° ± 3.2° and 32.1° ±
1.2°, respectively. The lower contact angle is attributed to the 
low surface energy of the fluid-substrate pair resulting in 
increased spreadability of the hybrid nanofluid. Water droplets 
have a higher specific heat capacity and the addition of 
nanoparticles enhances the thermal conductivity and heat 
capacity of the nanofluids. Better spreadability and enhanced 
thermal properties of nanofluids could be beneficial in reducing 
friction and frictional heat from the secondary interface.  

 
 
Fig. 3 Adsorption behavior of the hybrid nanofluid compared to 
the base fluid  
 
3.2 Metal cutting results 
    The main cutting force and the apparent coefficient of friction 
are plotted in Fig. 4. The cutting force and the apparent 
coefficient of friction are reduced for turning under hybrid 
nanoMQL fluid by 20.1% and 24.9%, respectively. The reduction 
during turning under hybrid nanofluid is higher than the 
corresponding single nanoparticle-based nanofluids. Alumina 
nanoparticles possess high refractory nature but poor 
lubrication effects, whereas MoS2 nanoparticles could offer 
lubrication. MoS2 nanoparticles lose their lubrication effect at a 
higher temperature. During titanium machining, high machining 
temperature dissociates MoS2 to MoO3 (Equation 1) and reduces 
the lubricating effects [14]. 
 
2 MoS2 + 7 O2 → 2 MoO3 + 4 SO2    (1) 
 
   The hard alumina nanoparticles resulted in a lower friction 
coefficient than that of soft MoS2-based nanofluids. The hard 
alumina nanoparticles can offer a ball-bearing effect to the 
sliding chips and bear the chip load over the tool rake face. This 
effect can reduce local friction over several asperity contact 
zones unless the alumina nanoparticles get entrapped inside the 
textures [13]. Entrapment of nanoparticles inside textures and 
loss of ball bearing effect do not offer tribological advantages 
during machining. Similar results have been reported for high-
speed machining of titanium alloy and the entrapment of the 
nanoparticles has been confirmed experimentally [13]. 
 
   Hybrid nanofluids have a better network of soft and hard 
nanoparticles, as shown with the help of the TEM image (Fig. 1). 
The presence of hard and soft nanoparticles can form a thin 
lubricating film over the tool-chip interface. The combined 
action of hard and soft nanoparticles is beneficial in reducing 
both friction and cutting forces. Hybrid nanofluids can sustain 
the chip load and high cutting temperature (due to the presence 
of alumina nanoparticle), and offer better lubrication (due to the 
presence of MoS2 surrounded by the alumina nanoparticles). 
The high spreadability of hybrid nanofluids could be an 
influential factor for improved machinability of Ti6Al4V alloy. 
Higher spreading of fluid over the rake face helps in improved 
heat transfer from the tool-chip interface. Reduction in heat 
lessens the chance of material adhesion and sticking friction.  
   

 

 
Fig. 4 Variation of cutting forces and apparent friction coefficient 
for tested nanofluids at (cutting speed 120 m/min, feed 0.12 
mm/rev and depth of cut 1 mm) 

4. Conclusions     

In the present study, an experimental study has been 
conducted on the application of the hybrid nanofluid during 
turning of Ti6Al4V alloy. Water-based Al2O3, MoS2, and Al2O3-
MoS2 nanofluids have been prepared. Physical structure and 
physico-chemical interaction of nanofluids have been 
characterized. Spreadability study of the nanofluids on the laser 
textured WC/Co cutting tools have been performed to augment 
the adsorption behavior prediction. The following inferences are 
withdrawn:  

 

 A hybrid nanofluid has been prepared, which 
resembles a physical synergy between hard and soft 
nanoparticle.  
 

 Alumina nanoparticles cluster around the MoS2 flakes 
at multiple branches in hybrid nanofluids. 

 

 The hybrid nanofluid reduces the contact angle 
drastically compared to base fluid and single 
nanoparticle-based fluid. CA value of hybrid nanofluid 
32.1° ± 1.2° has significantly increased the wetting 
behavior of nanofluids.  
 

 The combined action of hybrid nanofluid (hard and 
soft nanoparticles) has better performance than a 
single constituent alone.  
 

 The physical synergy between the hybrid 
nanoparticles and adsorption behavior over laser 
textured surfaces have lowered the main cutting force 
and the apparent friction coefficient by 20.1% and 
24.9%, respectively. 
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Abstract 
The coat-hanger dies are widely used in the plastic film and sheet extrusion industry. The quality of the product and power 
requirements of the extrusion machine depend on the flow homogeneity at the exit and pressure drop, respectively. For die 
manufacturers, designing the die capable of providing uniform flow at the die outlet and low pressure drop is particularly challenging. 
However, many numerical studies conducted on the analysis of the die pressure drop and exit flow homogeneity do not consider the 
deformation of the die body. This study revealed how very small displacement of the die slit may distort the flow homogeneity and 
increase the pressure drop. The two-way coupled fluid-structure interaction approach was proposed using the Ansys Fluent and 
Ansys Static-Structural software programs to study the flow behaviour in the die subjected to deformation.     
 
Coat-hanger die, polymer extrusion, die deformation, flow homogeneity, pressure drop, fluid-structure interaction    

 

1. Introduction 

The coat-hanger dies are widely used in the polymer 
processing industry for the production of plastic films and 
sheets. The quality of the extruded product primarily depends 
on the homogeneity of the flow inside the die, while the power 
requirements of the equipment and tool life are governed by 
pressure drop [1]. The computer simulation is a powerful 
approach for predicting the optimal design of a die capable of 
providing the uniform flow and minimum pressure drop since it 
eliminates the need for costly material waste and time when 
manufacturing the die. There are several studies of the extrusion 
dies proposing the design methodologies based on the 
computational fluid dynamics (CFD) simulations [1-6]. However, 
only few of them [1] consider the die body deformation when 
calculating the polymer melt velocity and pressure drop. High 
internal pressures within the viscous polymer melt can cause 
significant die deformation which distorts the flow uniformity 
and increase the pressure drop.  

This study is aimed to show the importance of considering  die 
body deformation when determining the flow velocity and 
pressure drop within the coat-hanger die. A three-dimensional 
two-way coupled fluid-structure interaction (FSI) approach was 
carried out to represent the effect of the deformation of the 
solid die body on the fluid uniformity and pressure drop. Then, 
the results obtained will be compared with the rigid body FSI 
results assuming the die body to be undeformable.  

2. Computational model       

2.1. Material properties   

High density polyethylene (HDPE) with a melt density of 850 
kg/m3 at 170⁰ C was used as example resin for the extrusion 

simulation. The viscosity of the polymer melt is modelled based 
on the Carreau model [4]: 

 

 𝜂 = 𝜂0[1 + (𝜆�̇�)2]
𝑛−1

2                                                                   (1) 
 

where 𝜂0 is the viscosity at zero shear rate, 𝜆 is a time constant 
obtained from the viscosity curve of the material, �̇� is the rate-
of-strain tensor, 𝑛 is the power-law index. For HDPE: 𝜂0 = 8920 
Pa s, 𝜆 = 1.58 s, 𝑛 = 0.496.  

The die body is assumed to be constructed of tool steel with 
Young’s modulus of 𝐸 = 2.09 × 1011 Pa and Poisson’s ratio of 
𝜈 = 0.29. 

2.2. Geometry       

The geometry used for the numerical simulations consists of 
the following domains: solid die body and polymer melt. Die 
body is of the 85 mm thick, 180 mm width (distance between 
inlet and outlet), 750 mm long, and has an entrance of 20 mm 
diameter. The dimensions of the extruded product are 720 mm 
long and 3 mm thick. Due to the symmetric feature of the coat-
hanger die, only a quarter of the die body was simulated. This 
reduces overall computation time.  

2.3. Boundary conditions 

The following assumptions were made when simulating the 
polymer through a die: (1) the polymer melt is incompressible 
non-Newtonian fluid; (2) the polymer melt flow is assumed to be 
isothermal, laminar, and fully-developed; (3) no-slip condition 
between die wall and polymer melt. 

The boundary conditions for the solid and fluid domains were 
defined based on the schematics shown in Figure 2. 
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Figure 1. (a) solid domain and (b) fluid domain 
 

For the solid part, there are two symmetrical planes and solid-
fluid interface as shown in Figure 1a. Ansys Static-Structural was 
used for the computation of the die body deformation. It is 
assumed that the upper symmetry of the solid domain is fixed as 
in reality this face of the die is bolted. The FSI coupling data 
exchange between the fluid flow and solid structure appears at 
the solid-fluid interface. 

The fluid domain was simulated using Ansys Fluent. At the 
inlet, the flow is assumed to be fully-developed with the mass 
flow rate of �̇� = 0.0115 kg/s. For the die wall, the no-slip 
boundary condition was applied. This implies zero normal and 
tangential velocities at the wall. Along the symmetrical planes,  
zero normal velocities and zero shear rates are applied. The 
outlet boundary conditions were defined as zero normal and 
tangential forces (Figure 1b).  

3. Results and discussion      

After conducting FSI study, the maximum deformation was 
determined to be 3.22×10-5 m at the central region of the die 
outlet (Figure 2). This value is very small compared to the total 
die body thickness which is 8.5×10-2 m. However, this 
displacement of the die slit caused noticeable variation in the 
flow rate at the outlet. The Figure 3 represents the outlet 
velocity distribution across the die width for both cases: (a) die 
body is subjected to the deflection due to high internal pressures 
and (b) when the die body assumed to be totally rigid.  

 

 
 
Figure 2. The total deformation of the solid die  

 

 
 

Figure 3. Outlet velocity distribution (m/s) 

It can be seen from the graph that due to deflection the melt 
velocity is much higher at the centre and lower as it gets closer 
to the side wall of the die compared to the melt velocity of the 
rigid die. In addition, the pressure drops for deformed die and 
rigid die are 6.363 MPa and 6.138 MPa, respectively. Pressure 
contour plots are shown in Figure 4.   

 

 
 
Figure 4. Pressure distribution for (a) FSI study (b) Rigid die body study  

4. Conclusion      

 The FSI approach was applied by using the system coupling of 
Ansys Fluent and Ansys Static-Strucrual software programs. The 
results obtained from FSI study are different compared to the 
simple CFD analysis assuming the die body to be rigid. The 
calculated maximum deformation of the die body was only 
3.22×10-5 m. However, this caused totally different velocity 
profile at the outlet and higher pressure drop compared to the 
rigid body CFD analysis. The possible reason for that will be the 
expansion of the outlet slit particularly at the center, which 
causes increased flow rate and higher pressure drop at the 
central region. Thus, it can be concluded that the consideration 
of the die deflection when analysing the flow behaviour of the 
melt is crucial since even small displacement of the die slit may 
cause considerable outlet flow variation and different pressure 
drop. In addition, there is no work experimentally validating FSI 
analysis of the fluid flow through coat-hanger dies. Thus, one of 
the future objectives of this study will be to experimentally 
validate the velocity and pressure results obtained.  
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Abstract 
The new trend of single-aisle aircrafts and sustainability requirements of noise and emissions reduction led to increase the number 
of monolithic components inside the engine; this is the case of integral blade rotors (IBRs). These components are made of difficult-
to-cut thermoresistant superalloys as Ni-based or Ti alloys aligned with extremely complex geometries and tough finishing 
requirements. With the aim of analysing the optimal manufacturing technique, this work presents the comparison between 
different machining strategies applied to a complex surface, such as conventional point milling, the use of different mathematical 
algorithm to approach the surface to a developable surface to be machined using flank milling, or the use of the new technique 
known as Super Abrasive Machining (SAM). A entire Blisk composed of several blades was selected as the demonstrator, divided by 
sectors where it is shown the differences between selected strategies. Measuring is considered a critical stage for the accuracy of 
different machining processes, measuring final geometry and comparing the dimensional deviation and the obtained roughness 
with the original design. Additionally, an economical assessment is performed to scale the productivity of each strategy in terms of 
manufacturing costs and time. Hence, it is presented the main advantages and drawbacks for each strategy, concluding the optimal 
one for these type of components. 
 
 

Keywords:  IBRs, thermoresistant superalloys, point milling, flank milling, Super Abrasive Machining, accuracy, precision  

 

1. Introduction  

The aeronautical industry is suffering from a growing 

tendency due to the sector strict requirements, the 

globalization and the demand of noise and weight reduction in 

the new aircrafts and engines. The evolution of engine 

components from assembled disks to integral rotary 

components (see Figure 1) implied a major focus on improving 

manufacturing  processes in terms of productivity [1]. 

 
 

Figure 1. Blisk exhibited in the EMO Hannover 2019 

 

The manufacturing of these complex components led to many 

challenges to be faced in the industry from the initial 

conception to the final delivery to the market.  Among them, it 

should be pointed out the low machinability of composed 

materials and the tough finishing requirements. The presented 

work performs an analysis between different productive 

processes for finishing stage (conventional milling, algorithm-

based milling and super abrasive machining) considering the 

manufacturing time, cost and obtained finishing roughness. 

2. Methodology 

Figure 2 represents the manufacturing flowchart 

recommended for complex geometries that require 5-axis 

simultaneously movements. 

 
 

Figure 2.  5-axis machining process for complex geometries 

 

According to the defined process to be followed by the 

three proposed solutions to manufacture a blisk made of 

Inconel®718, there are some common stages that should be 

considered. The first one is related to the design and 

industrial requirements definition, then the CAM 

programming for complex 5-axis tool-path generation [2], 
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then it is needed the process virtual verification in order to 

predict and avoid collisions or machine kinematics limitations. 

As a final stage is the post-processing, the manufacturing 

process and the measuring analysis. 

In the same line, improvement requirements in this area of 

knowledge leads many research to consider other alternatives 

to this traditional methodology with new manufacturing 

technologies, as Electrochemical machining, linear friction 

welding, laser cladding or a new trend known as Super 

Abrasive Machining [3,4]. 

4. Experimental set-up      

Figure 3 presents the different steps performed during the 

experimental set-up. For those experiments it was selected a 

blade geometry and each blade was manufactured using 

different processes, the conventional milling process under tool 

providers recommended cutting conditions, the milling process 

supported by mathematical algorithm to use flank milling 

strategy and, finally, a new abrasive process known as Super 

Abrasive Machining (SAM). 

 
 
Figure 3. Case study: Blisk machining in a 5-axis multitasking machine 
 

Hereafter, it will be described more in detail the selected 

finishing process and manufacturing conditions to be 

compared. 

Related to the conventional milling process, it should be 

highlighted that there is a huge variety of cutting tools and 

CAM environments. However, the main used strategy is the 

point milling. This strategy presents different drawbacks such 

as final accuracy or machining time. On the contrary, this 

strategy is adequate for non-developable complex surfaces.  

With the aim of offering a solution to these point milling 

disadvantages, it is presented an algorithm based solution to 

adapt the complex non-developable surface to a developable 

surface. Therefore, the point milling could be substituted by 

the flank milling strategy. This solution will imply a 

minimization of manufacturing times and better surface 

quality.  

Finally, considering new manufacturing processes, the SAM 

is defined as grinding at machining conditions. Hence, the 

advantages from both processes are involved in this process. 

Finally, the developed algorithm could be applied to this 

process in the same way as the conventional milling. 

Table 1 shows the selected cutting tools and process 

parameters for finishing blisk blades. 

 
Process Tool Parameters 

Milling Ball nose end ø6 F= 400 mm/min, S= 4000 rpm, 
ap= 0.6 mm, ae= 0.5 mm 

Milling with 
algorithm 

Tapered ball 
noseend ø1.5 α3° 

F= 500 mm/min, S= 6000 rpm,  
ap= 24mm (tool length), ae= 

0.2 mm 

SAM 
Diamond & CBN 
Electroplated tool 
ø20mm 

F= 500mm/min, S= 14000 

rpm, ap= 20mm, ae= 0.2 mm 

 
Table 1 Processes parameters and cutting tools 

3. Results      

Related to the obtained results, Figure 4 shows the 
comparison between these three processes in terms of time, 
price and roughness. It was shown that related the price and 
the machining time, the three of them works within the same 
range. Nonetheless, regarding the surface roughness, the 
algorithm-based milling and the SAM present a crutial 
improvement compared with the conventional milling. 

 
 
Figure 4. Case study: Blisk machining in a 5-axis multitasking machine 

5. Conclusions      

The presented work performs an initial analysis related to 
blisk blades machining processes using different techniques. 
Observing obtained results, it is opened a new researching line 
related to flank milling algorithms and new alternative 
processes to obtain a more productive manufacturing process 
for these complex components. 
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Abstract 

The purpose of this study is the realization of high precision grinding by in-process removing the adhered swarf from the grinding 

wheel surface. For the achievement of the purpose, a laser cleaning device with a long focus distance was used. The removal 

performance of adhered swarf from wheel surface was investigated in the case of a conventional abrasive grinding wheel and a fine 

diamond grinding wheel. Results showed that it was possible to remove the adhered swarf of titanium alloy, copper, graphite easily 

when laser cleaning assisted dressing was applied to conventional abrasive (WA400) grinding wheel. The surface roughness was 

improved when laser cleaning assisted dressing was applied to grinding of titanium alloy. Furthermore, it was possible to remove the 

adhered swarf and improve the surface roughness when hardened steel (AISI M2) was ground with a fine diamond (SD600) grinding 

wheel. 
 

Grinding, Dressing, Laser cleaning, Grinding wheel, Surface roughness 

 

1. Introducion 

In precise grinding of high hardness steel and heat resistant 

alloys, a number of problems related to the dressing of the 

grinding wheel still remain. In particular, there are many 

problems in conventional dressing method of fine abrasive grits 

wheels and formed wheels. Although several dressing methods 

of diamond and cBN grinding wheel by using laser has been 

proposed [1-3], these dressing methods could not be employed 

because it is not possible to integrate them into the grinding 

machine. The purpose of this study is the realization of high 

precision grinding by removing the adhered swarf and 

embedded swarf on grinding wheel surface, either by in-

processing or off-processing on the machine. To achieve this 

purpose, a laser cleaning device with a long laser focus distance 

[4,5] was applied.  

In this study, the removal performance of adhered swarf from 

wheel surface and its grinding performance were investigated 

when the laser cleaning assisted dressing method was applied to 

conventional abrasive grinding wheel. Further the dressing 

method was also applied to fine diamond wheel. 

2. Features of laser cleaning assisted dressing method 

Figure 1 shows the removal mechanism of adhered material 

on the workpiece by laser cleaning. When a Nd:Yag short pulse 

laser is irradiated onto the workpiece surface, the rust, painting, 

dirt adhesion and so on are removed by the laser ablation effect. 

In the process, the heat damage on workpiece surface is 

extremely low because the laser energy absorption is very small. 

The advantage of laser cleaning assisted dressing is that the fine 

adhered swarf to the wheel surface can be removed. In addition, 

it is possible to apply to materials with easy adhesion such as for 

example aluminium alloys, copper alloys, glass, silicon, graphite, 

plastics. As shown in Figure 2, the laser cleaning assisted 

dressing can be also applied to the formed wheel (arc-shaped 

wheel and formed wheel for ball screw) because the laser 

working distance is sufficiently long. It is expected that the laser 

cleaning assisted dressing can be applied to wet grinding with 

coolant as well. [6] 

3. Experimental device and condition 

The experiments were carried out on a vertical machining 

centre. The laser cleaning device (MTR-02, P-Laser) was set on 

the machining table. Conventional grinding wheel (WA400, 

WA220) and fine diamond wheel (SD600 resinoid bonded wheel) 

were used. Figure 3 shows the experimental setup and the 

situation of laser cleaning assisted dressing of grinding wheel. 

The working distance between laser irradiate port and wheel 

surface was set to 300 mm. The range of laser irradiation was set 

to 25 mm. The conditions are listed in Table 1.  

4. Experimental result 

4.1. Application to conventional grinding wheel 

The laser cleaning assisted dressing method was applied to a 

WA400 vitrified bonded wheel. The removal performance of 

swarf and the improvement of surface roughness were 

Table.1 Experimental devices and conditions 

Machine Vertical MC (VSC430A, Mazak) 

Laser 

device 

Laser cleaning equipment (MTR-02, P-Laser) 

Nd:Yag, Pmax = 100W 

Grinding 

wheel 

WA400/WA220 H7 V 75R (φ30 mm × t 24 mm, Noritake) 

SDC600 T75 BW6 (φ30 mm × t 20 mm, Noritake) 

Work 

piece 

Ti alloy (w 4.5 × L 68 mm) 

Hardened steel (AISI M2, w 4.5 × L 41 mm) 

Coolant Soluble (Finecut R-5000H, Neos) 

 

  
Figure 3. Experimental setup and laser cleaning of grinding wheel 
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investigated when Ti alloy was ground for 100 passes. Grinding 

conditions were: wheel speed VS = 380 m/min, feed speed VW = 

200 mm/min, depth of cut a = 5 µm. Laser cleaning assisted 

dressing was carried out under the following conditions: wheel 

speed VS = 380 m/min, power P = 70 W, frequency f = 100 kHz in 

dry conditions. 

Figure 4 shows the wheel surface after laser cleaning assisted 

dressing. As the number of grinding passes increases, the 

amount of adhesion of Ti alloy swarf was increased. After 

grinding for 20 or 60 passes, the adhesion of swarf was removed 

completely when the laser cleaning assisted dressing was carried 

out for 20 seconds. The huge adhesion of swarf obtained after 

100 passes grinding was also possible to be removed when laser 

cleaning assisted dressing was carried out for 20 seconds. After 

laser cleaning assisted dressing, WA grains and vitrified bond 

were not removed.  Figure 5 shows the wheel surface profile 

curve after laser cleaning assisted dressing for 80 seconds. It was 

found that there is no wheel wear by laser cleaning assisted 

dressing even for 80 seconds. A change of wheel surface profile 

curve was not observed after grinding of 100 passes comparing 

that of before grinding.  

Figure 6 shows the change of surface roughness of workpiece 

by laser cleaning assisted dressing for 60 seconds. Although the 

surface roughness was characterized by Rz = 7.4 µm, Rz = 8.7 µm 

and Rz = 11.8 µm after 20, 60 and 100 passes grinding 

respectively, the surface roughness after applying laser cleaning 

assisted dressing was improved to Rz = 6.7 µm, Rz = 7.4 µm and 

Rz = 8.0 µm. The adhesion of swarf on grinding wheel that wet 

with coolant was also removed by laser cleaning assisted 

dressing.  

4.2. Application to formed conventional wheel 

Figure 7 shows the change of wheel shape when laser cleaning 

assisted dressing was applied to WA220 wheel formed with V 

shape (90°). The shape wear did not occur after laser cleaning 

assisted dressing for 80 seconds. Furthermore, when laser 

cleaning assisted dressing was applied to formed wheel after 

grinding of Ti alloy, the swarf on inclined wheel surface 

(difference in height: 1mm) was removed.  

4.3. Application to fine diamond wheel 

Figure 8 shows the result of laser cleaning assisted dressing of 

SD600 resin bonded diamond wheel (φ 30 mm × t 20 mm). 

Hardened steel (AISI M2) was ground under conditions of VS = 

570 m/min, VW = 200 mm/min, a = 2µm. Laser cleaning was 

carried out with a power P = 35 W. Figure 9 shows the wheel 

surface after laser cleaning assisted dressing. The thermal 

expansion of resin bond material was not occurred on the wheel 

surface. Although the adhesion of steel swarf was observed on 

wheel surface after grinding of 60 passes, the adhesion was 

completely removed. 

Figure 10 shows the change of surface roughness after laser 

cleaning assisted dressing. Although the surface roughness was 

characterized by Rz = 0.99 µm, Rz = 1.14 µm, Rz = 1.07 µm after 

20, 60 and 100 passes grinding, the surface roughness after 

applying laser cleaning assisted dressing was improved to Rz = 

0.90 µm, Rz = 0.94 µm, Rz = 0.98µm.  

5. Conclusion 

In order to remove the adhered swarf on conventional WA400 

wheel and fine diamond SD600 resin bond wheel, a laser 

cleaning assisted dressing method was applied. As shown by the 

results, it was possible to remove the adhered swarf. Surface 

roughness was improved. When the laser cleaning assisted 

dressing was applied to formed V-shape wheel, shape wear was 

not occurred. In the future, the removal property of adhered 

swarf for various materials will be investigated. The laser 

cleaning assisted dressing will apply to the conditioning of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lapping tool and polishing pad. 
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Figure 5. Change of surface profile 
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Figure 4. Removal of adhered swarf on conventional WA400 wheel 
after grinding of Ti alloy by laser cleaning assisted dressing 
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Abstract 
A sequential machining method of EDM (Electro discharge machining) and grinding has been proposed by rotating a PCD 
(polycrystalline diamond) segment made of conductive diamond particles for machining cemented carbide materials. In this study, 
in order to achieve the on-machine forming of the end face of a cemented carbide round bar material used as a cutting tool for rotary 
cutting with a 5-axis multi-tasking lathe, sequential machining experiments are performed by rotating the cemented carbide round 
bar without rotating the PCD tool. First, in basic experiments using Die-sinking EDM machine, the end face of a rotating cemented 
carbide round bar is EDMed using a fixed arc PCD as an electrode, and then the rotating cemented carbide round bar is pressed 
against the PCD surface. As results, it is clarified that the heat-affected layer due to electric discharge remaining on the cemented 
carbide surface is removed by grinding action using PCD. In addition, it is shown that when an electro discharge function is installed 
in 5-axis cutting machine, on-machine forming of a cemented carbide round bar tool in the cutting machine is possible. 
 
sequential processing combining EDM and grinding,  PCD tool, cemented carbide round bar material, 5-axis cutting machine  

 

1. Introduction 

The authors have proposed a method of sequential machining 
of cemented carbide materials by EDM and grinding using a PCD 
segment composed of electrically conductive (hereafter EC) 
diamond particles as a rotating tool [1, 2]. This method is 
characterized by the process where a hard workpiece such as 
cemented carbide is first processed by EDM using a rotating PCD 
electrode and then the heat affected layer remained on the 
carbide surface as a result of EDM is removed by grinding to 
produce a good surface condition. In this case use of PCD plays 
two important roles. One is to minimize the electrode wear by 
its use as an EDM electrode and the other is to perform efficient 
removal of the carbide by its use as a grinding tool. 

In this study, in order to achieve on-machine forming of the 
end face of a cemented carbide round bar used as a rotary 
cutting tool on the 5-axis multi-tasking lathe, sequential 
machining experiments were performed by rotating the 
cemented carbide round bar without rotating the PCD segment 
tool. Firstly, basic experiments were carried out using a die-
sinking EDM machine in oil. Next, possibility of the on-machine 
forming by this method with water supply was investigated. 

2. On-machine forming of end face of rotary cutting tool      

In recent years, a power-driven rotary cutting technology has  
received attention for its capability to realize high precision and 
high efficiency machining of hard to process materials. By using 
a built-in function of the 5-axis multi-function machine to 
control a cutting edge position, the end face periphery of a 
simple round bar can be used as a cutting edge. The authors 
have realized rotary cutting of hardened steel materials using an 
uncoated cemented carbide round bar tool, and have shown 

that on-machine forming/ regrinding of the tool is possible [3]. 
On-machine tool forming with a small diameter mounted 
diamond wheel enables easy achievement of the minimized tool 
rotational runout and rake face forming (Figure 1). However, the 
mounted wheel provides only a small number of the active 
cutting edges and easily loses its shape, which requires 

 
  

(a) Cemented carbide round 
bar tool 

(b) Situation of tool 
forming by wheel 

(c) Appearance of tool 

Figure 1. On-machine forming of rotary cutting tool with small diameter 
grinding wheel 

 

 

 

  

(a) EDM  (b) Grinding (c) PCD tool 

Figure 2. Sequential machining of EDM and grinding using PCD segment tool 
 

Table 1. Experimental conditions on Die-sinking EDM machine 

EDM machine AP1L (Sodick) 

PCD tool EC-PCD segment: Grain size 25μm, Thickness 0.6mm 

Workpiece Cemented carbide round bar: A1, φ6mm×L50mm 

EDM 
conditions 

Polarity: PCD (+), carbide (-), E0 = 90V, SV = 80V, IP = 3A, 
te/to = 20µs/20µs, N = 200rpm, processing time 5h, in oil 

Grinding 
conditions 

Total machining depth: H1 = 20µm, F = 1µm / min,  
N = 200rpm, dry machining 
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complicated operational managements such as continual 
checking of the wheel condition and frequent operation of 
trueing and dressing. To solve these problems in the on-
machine tool forming, the authors came to a solution in 
which the sequential processing combining EDM and grinding 
with a PCD tool would be functional, and then decided to 
investigate its fundamental characteristics. 

3. Sequential forming by EDM and grinding on EDM machine  

An EC-PCD plate with a semicircular cut of R2mm was fixed to 
the machine table side and a step processing was performed to 
give a ring groove of 1mm onto the edge face periphery of the 
ϕ6mm rotating carbide round bar (Figure 2). After the end face 
of the rotating carbide round bar was processed in oil on the die-
sinking EDM machine using the fixed PCD as an electrode, the 
working oil was ejected and pressing the rotating carbide round 
bar straightly to the PCD, infeed grinding was performed. The 
experimental conditions are shown in Table 1. 

Figure 3 shows the conditions of the cemented carbide 
surface before and after processing. The surface after just EDM 
was a pear skin finish, but successive grinding of 20µm in depth 
turned the surface to a mirror finish. Though maximum value of 
roughness height was relatively large in both cases due to the 
concentric grooves produced by the infeed grinding, it is clear 
that the roughness value of the ground surface was halved in 
comparison with that of the surface after just EDM (Figure 4). On 
the surface processed by just EDM, surface deterioration due to 
discharge effects and drop-off of the carbide particles can be 
seen on the corner regions, resulting in the corner R of 10µm or 
more of the edge section (Figure 5). On the other hand, it was 
found that the corner radius improved to R3.5 µm and the traces 
of the particle drop-off could be removed by adding the grinding 
process. PCD wear was little or nothing after machining.  

4. Sequential forming by EDM and grinding on 5-axis lathe  

By adding a function to control a discharge gap, the 5-axis 
multi-tasking lathe was upgraded to the special machine which 
enabled EDM processing of a carbide round bar tool. To simplify 
the experiment, an R4 arc shaped PCD tool was fixed to the 
machine head and a cemented carbide round bar of ϕ 12 mm 
was gripped to the main spindle chuck and rotation was given 
(Figure 6). Ion-exchange water was supplied as a working fluid. 
EDM processing was conducted on the conditions shown in 
Table 2, and then infeed grinding was carried out. 

Surface conditions of the cemented carbide after experiments 
are shown in Figure 7. On the surface of the cemented carbide 
discharge processed by PCD electrode, melted and solidified 
discharge wastes were adhered. In contrast after grinding the 
surface exhibited a mirror finish without adhered matters all of 
which had been removed. However, it was found that the PCD 
did wear during the EDM processing. While the processing on 
the die-sinking EDM machine was performed in oil, in this 
experiment on the 5-axis multi-tasking lathe ion exchange water 
was used instead of oil. Therefore, the effect to protect the PCD 
surface by the oil decomposed carbon produced during the EDM 
process didn’t work. It seems this is the reason why the PCD 
wore. It was confirmed that the grinding with this PCD could 
remove the discharge affected layer on the carbide surface and 
the shape of the PCD was copied. 

5. Conclusion   

In order to perform on-machine forming of a cemented 
carbide rotary cutting tool, sequential processing method 
combining EDM and grinding was proposed. In this method the 

rotation was given to a carbide round bar but not to PCD tool. It 
was shown that the EDM processed cemented carbide surface 
could be turned to mirror finish by on-machine processing using 
the same PCD tool on both die-sinking EDM machine and a 5-
axis multi-tasking lathe equipped with EDM function. 

In addition, it was found that use of oil is desirable as a 
working fluid for EDM since the use of ion exchange water did 
not produce the oil carbon decomposition to protect the PCD, 
leading to a wear of the PCD electrode. 
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 (a) Before (b) EDM only (c) EDM+G 
Figure 3. Cemented carbide surface before and  

after processing (In Oil) 
Figure 4. Surface roughness 
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(a) EDM only (b) EDM+Grinding 

Figure 5. State of corner part on cemented carbide after processing (In Oil) 
 

  

(a) Schematic diagram (b) Experimental setup 
Figure 6. Experimental setup on 5 axis multi-tasking lathe 

 
Table 2. Experimental conditions on 5 axis multi-tasking lathe 

5-axis machine INTEGREX 100-Ⅲ (Mazak) 

Power supply SUE-87(Sodick) 

PCD tool EC-PCD segment: Grain size 10μm, Notch R=4mm 

Workpiece Cemented carbide round bar: A1, ϕ12mm×L73mm 

EDM conditions 
Polarity: PCD (+), carbide (-), E0 = 90V, SV = 80V, IP = 6A, 
te/to = 20µs/30µs, N = 100rpm, processing time 0.5h, 
Ion-exchange water supply: 9L/min 

Grinding 
conditions 

V=1.9m/min, a=0.005mm/pass (Dwell time 10min/pass),  
H1 =0.08mm, Ion-exchange water supply: 9L/min 

 

   
 (a) EDM only (b) EDM+Grinding 

Figure 7. Surface state of cemented carbide using a laser microscope  
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Abstract 
Tungsten heavy alloys (WHAs) are typical two-phase alloys consisting of tungsten grains and matrix phase. WHAs have many 
important applications in various fields due to their excellent physical, chemical and mechanical properties. With the development 
of defense industry and precision instruments, the demand for WHA components with complex shapes and high surface quality is 

increasing. Conventional machining methods can not satisfy the demand. Because of the bad machinability of tungsten grains, many 

problems are encountered, such as severe tool wear, large cutting force and low processing efficiency. To solve these problems, a 
new processing strategy has been proposed including modifying the surface with selective electrochemical etching of tungsten grains, 
and mechanical machining. The modification is conducted, and the surface morphologies of 95W-3.5Ni-1.5Fe samples before and 
after the modification are presented to verify the electrochemical effect. Then the experiment is conducted combining the 
modification with grinding. The results of processing quality show that the assistant of electrochemical action can remove the 
difficult-to-machine tungsten grains. Thus, the surface roughness, cutting force and residual stress are reduced. This paper provides 
a reference for the processing of WHAs. 
 
Keywords: Selective electrochemical etching, modification, grinding 

         

1. Introduction 

Tungsten heavy alloys (WHAs) are generally composed of 
tungsten grains and matrix phase [1], in which the content of 
tungsten can reach 90% [2]. They are widely used because of 
their excellent properties [3]. However, the machining of WHAs 
encounters many problems especially the large cutting force and 
the tool wear due to the bad machinability of the tungsten grains 
[4]. 

Some research on improving the processing quality in the 
cutting process of WHAs has been reported [5-7]. The 
effectiveness of ultrasonic vibration and nitrogen cooling has 
been verified, nevertheless, the processing efficiency is still low 
or complex device is essential in these methods. 

In our previous research [8], a new processing strategy was 
proposed: modifying the surface with selective electrochemical 
etching of tungsten grains, followed by mechanical machining. 
The Na2CO3 solution and the potential in oxygen region were 
used and the modification of 95W-3.5Ni-1.5Fe alloy was 
achieved as expected. Tungsten grains were selectively etched 
and only the matrix phase was remained, which left a porous 
modified layer. This method is expected to avoid the machining 
problems caused by tungsten grains. 

In this paper, the electrochemical assisted grinding 
experiment based on the proposed processing strategy is carried 
out. The conventional grinding experiment is conducted for 
comparison. The surface quality, grinding force and residual 
stress are evaluated to verify the feasibility of the strategy. 

2. Experimental      

The experimental setup is as shown in Figure 1. In the 
experiment, the workpiece made of 95W-3.5Ni-1.5Fe alloy with 

a size of 25 mm * 10 mm * 20 mm was the anode. The cathode 
was a copper block with a size of 15 mm * 6 mm * 10 mm. Before 
the experiment, the sidewall of the cathode was insulated with 
epoxy resin. The electrolyte used in the experiment was 20% 
Na2CO3 solution. The surface of workpiece was firstly 
electrochemically modified, and then it was grinded by 150# 
ceramic bonded diamond cup wheel. The dynamometer (Kistler 
9257B) was used to detect the grinding forces. The residual 
stress was detected by X-ray diffraction (XRD). The current 

applied in electrochemical modification is 4 A. Other 

experimental parameters are shown in Table 1. 

 
Figure 1. Experimental setup for grinding with electrochemical 
modification. 
 
Table 1 Experimental parameters. 
 

Wheel speed Feed rate Feed depth 

10000rpm 0.5 mm*s-1 70 μm 
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3. Results and discussion  

The effect of modification is shown in Figure 2. The 95W-3.5Ni-
1.5Fe alloy consists of two phases: tungsten grains and matrix 
phase. Compared with unmodified workpieces, tungsten grains 
are selectively removed by the modification, leaving the 
skeleton of the matrix phase. The modified surface has a porous 
structure.   
 

 
 
Figure 2. Morphologies of the workpiece before (a) and after (b) 
modification.  
 

As shown in Figure 3, the surface quality of grinding after 
electrochemical modification is better than that of conventional 
grinding. The surface roughness is improved from Ra 196 nm to 
Ra 121 nm. The porous structure formed in the modification step 
is removed. The improvement of surface quality may be caused 
by the prevention of grinding wheel wear. 
 

 
 
Figure. 3. Morphologies of the workpieces after grinding with 
electrochemical modification (a) and without modification (b).  

 
Figure 4 compares the grinding forces. After the modification, 

the grinding force decreases obviously. The difference between 
the hardness of two phases in the tungsten alloy is significant. 
Through the modification, tungsten grains with higher hardness 
are removed, and the remaining matrix phase is soft and porous, 
so the reduction of grinding force meets the expectation. 

 

 
Figure 4. Forces in the grinding experiments.  
 

95% of the materials are tungsten grains, and these tungsten 
grains are removed by electrochemical action. Electrochemical 

action is a stress-free method, so the reduction of residual stress 
is foreseeable. As shown in Figure 5, the residual stress reduced 
from approximately 2176 MPa to 1349 MPa.  

 
Figure 5. Residual stresses after the grinding experiments.  
  

Although the grinding force and residual stress have been 
reduced, the reduction is less than expected. The cause is 
speculated to be the incomplete removal of some tungsten 
grains in the bottom of modified layer.  

4. Summary      

In this paper, experiments are carried out to verify the effect 
of the proposed modification method. The results show that the 
removal of the tungsten grains can reduce grinding force and 
residual stress, and surface quality can be improved. The 
modification method by selective electrochemical etching of 
tungsten grains shows a good prospect in the processing of 
tungsten heavy alloys. However, the machining mechanism and 
tool wear mechanism after modification have not been 
revealed. Future work will focus on revealing the mechanism 
and improving processing quality.  
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Abstract 
We developed Ultra Violet (UV) light assist polishing system for GaN. A newly developed mesh polisher is set up on silica glass platter. 
The UV light is irradiated to polishing surface of a GaN substrate directly through a silica platter and the mesh polisher. The UV light 
which wave length is 365 nm has nearly equal the GaN band gap energy. This UV irradiation assists chemical mechanical polishing by 
optical chemical reaction with electron excitation. The mesh polisher has 0.2-mm fibre bundles and 0.2 mm gaps. Through this gap, 
the UV light reach directory to polishing surface very near polishing point. Strong alkali slurry was used for investigating UV assist 
polishing. Potassium permanganate and potassium peroxodisulfate are also used for oxidizing agent.  
Ga surface of GaN is polished with silica slurry (70-nm diameter in average). The polishing rate with the mesh polisher made of 
Vectrantm was almost same as the rate with SUBA 800 which is commonly used as polisher. The rate in the case of UV irradiation and 
strong alkali (pH = 14.5) is higher 28 times than that of no UV irradiation and no alkaline agents. The rate of UV irradiation and 
potassium peroxodisulfate is also 20 times higher than that of no irradiation and agents. It is concluded that UV irradiation, strong 
alkaline and potassium peroxodisulfate oxidants improve polishing efficiency extremely. It is also revealed that the mesh polisher 
developed in this study was effective for these polishing.       
 
Keywords: polishing, mesh polisher, UV light, engineering plastics     

 

1. Introduction 

Recently, more efficient power devices are needed for future 
sustainable society mainly supported by electrical power. New 
semiconductor substrate made of SiC, GaN, and diamond are 
necessary for these new efficient devices. But these substrates 
are said commonly to be very hard and inert chemically. 
Especially the GaN substrate of which device has begun to 
develop recently is very hard to polishing. In order to get usable 
GaN process various effort are reported. In wet process, 
Ultraviolet (UV) light assisted chemical etching were reported[1]. 
It was also investigated for the electrochemical etching with UV 
light[2]. Recently these UV light assist technology applied to 
Chemo-Mechanical Polishing (CMP)[3],[4],[5].  

In this study mesh polisher were adopted to the UV light 
assisted CMP. Using this type polisher, enough UV irradiation to 
very near the polishing point without polishing ability reduction 
and easy operation can be implemented. We investigate the 
effects of alkali and oxidant for UV-assisted polishing of GaN 
substrate. 

2. Experiments      

Figure 1 shows the mesh polisher used in our experiments. The 
bundle fibres are made to the meshed plane weaved cloth. It has 
0.2 mm square holes through which the UV light reach to the 
GaN surface very near the polishing point. The rectangular holes 
make contact area between GaN substrate and polisher small. 
But it is ordinally said that the real contact area in the polishing 
is serval percent[6]. So, it is thought that the small contact area 
will be enough to polishing. The polisher is made of high strength 

polyalylate (Vectrantm) fibre which is very durable for chemical 
agents and UV light. 

 
 
 
 
 
 
 
 
 
 
 

Figure 1. mesh-polisher 
 
As polishing agent, silica slurry whose abrasive average 

diameter is 70 nm (Compole 80 made by Fujimi incorporated, 20 
wt.%) are used. The UV light is a high pressure mercury lamp 
whose wavelength is 365 nm. In order to examine the 
effectiveness of our polisher, we measure the light power 
reached to GaN substrate surface. Figure 2 shows the setup to 
measure the light power. It simulates the UV assist polishing well. 

  50-mm diameter GaN substrates were used in our 
experimetnt. The Ga surface which is important for power 
device was polished. The fused silica glass platter which 
diameter is 0.45 m are used with 60 min-1 rotating speed. SUBA 
800 polisher is also used as a reference one. The substrate also 
rotates at 60 min-1. Process pressure is 17 kPa. The high-pressure 
mercury lamp power is 250 w. Polishing slurry were conditioned 
with chemical agent in order to enhance the polishing rate. For 
oxidization, KMNO4 and K2S2O8 (0.1 mol %) are used. KOH are 
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used for alkali. Polishing rate was characterized with a precision 
electric scale which has 0.010 mg linearity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Schematic diagram of UV light power measurement 

3. Results 

Table 1 shows UV transparency measurement results. If the 
light transparency through only silica glass platter is set to 100%, 
the transmitted light rate through almost same condition with 
UV assist polishing is 26%. The slurry and mesh polisher absorb 
the light to some extent. But it is revealed that the UV light 
reaches at the polished GaN surface to a certain degree. 

 
Table 1. UV light transparency rate 

 

Condition Transparency 
rate % 

Only silica platter 100 

Silica platter + TEMPAX glass 94 

All things (+ slurry, mesh polisher and etc.) 26 

 

 The Ga surface polishing rate between SUBA 800 and mesh 
polisher were compared to check the mesh polisher availability. 
In this examination the substrate was polished without chemical 
agents adding and UV-light assist. As a result, the polishing rate 
of the mesh polisher is same as that of SUBA 800. It prove that 
the mesh polisher we developed is enough available for GaN 
polishing compared with SUBA 800 polisher. The rate is 3.3 nm/h. 
It is also revealed that by ordinarily CMP polishing the GA surface 
of GaN substrate is very hard to polishing. So chemical or optical 
assist is needed to polish the substrate commercially  

Table 2 shows the effects of oxidants and UV light. The 
polishing rate assisted by the UV light increases from 3.4 nm/h 
to 12.1 nm/h. It is almost 4 times higher than that of without UV 
case. The 365 nm wavelength UV light has almost same energy 
with GaN band gap. So exited electrons will assist  

 
Table 2. Effects of oxidants and UV light. Here oxidant is K2S2O8. 

 

Condition Removal rate  nm/h 

Without oxidant 3.4 

With UV 12.1 

With oxidant 6.4 

With oxidant and UV 68 

 
polishing phenomenon chemically. The K2S2O8 oxidant also 
enhanced polishing about rate from 3.4 to 6.4 nm/h. It is thought 
that the mechanical effect of polishing achieves K2S2O8 oxidation 
of GaN surface. The oxidized Ga becomes rather easy to polish 
than GaN. But KMnO4 oxidant which is very effective to enhance 
the SiC polishing didn’t assist the polishing for GaN for pH 2 to 
13 range in our experiment.   

Using UV irradiation and K2S2O8 oxidant, very high polishing 
rate are gotten. The rate is 68 nm/h which is 20 times higher 
than that without any assists. It is 10 times higher than that 
without UV light and with oxidant. In the case of K2S2O8 oxidant, 
the UV light effect becomes larger.  
  Figure 3 shows alkali effects to UV assist polishing. GaN is very 
inert to chemical agents. But it was investigated that melt KOH 
can etch GaN slightly. Polishing abrasive mechanical action 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Effects of alkali and UV for silica polishing 

 
help etching. From rather low alkali, the polishing late become 
slithgly high. AT pH 14.5 the rate indicates very high;29 nm/h. In 
order to achieve this high rate, polishing was done as soon as 
possible after the KOH is mixed to avoid silica abrasive dissolve. 
The UV light assists alkali effect substantially. UV assist polishing 
rate became 96 nm/h which is 28 times higher than that of 
without assist. It is also confirmed that only with pH14.5 KOH 
alkali requid a GaN substrate almost never dissolve. 

 

4. Summary 

Mesh polisher which is made of chemically durable 
engineering plastic fiber are adopted in order to irradiate the UV 
light very near polishing point of GaN surface. 

As a result, 20- or 28-times higher polishing rates are achieved 
by UV assist Chemo-Mechanical Polishing (CMP) with K2S2O8 

oxidization agent and pH14.5 alkali with KOH 
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Abstract 
 
Manufacturing processes and handling procedures for new stable silicon mass standards with unprecedented accuracy have been 
developed and transferred to industry. The patented manufacturing process and the high precision calibration procedures were 
developed by Physikalisch-Technische Bundesanstalt (PTB). Both the manufacturing process for the spheres and the handling of the 
spheres were extended to two small and medium-sized enterprises (SME). The transfer was part of the three-year transfer project 
“Si-kg” for industrial requirements and placed on the market with great success. 
Depending on the custom requirements, two different qualities are offered within a newly established sales infrastructure. One 
potentially primary quality derived from volume and density and another high quality which serves as high precision mass standard. 
This coincides completely with the revision of the International System of Units in 2019 and the resulting new possibilities to 
disseminate the unit Kilogram for a practice oriented and stable traceability chain.  
As a result of the project, several silicon spheres were sold before the end of the project. Further inquiries reflect the increasing 
market for high precision mass standards.   
 
 
Kilogram, Si, mass standard, dissemination  

 

1. Introduction 

The Physikalisch-Technische Bundesanstalt (PTB) was 
significantly involved in the redefinition of the International 
System of Units [1]. In the field of mass, for example, the 130-
year-old International Kilogram Prototype (IPK) was replaced by 
kibble balance methods and by several unique spheres with 
nominal mass of 1 kg made of monocrystalline isotopically 
enriched silicon (28Si) [2]. In case of the silicon sphere, the unit 
kilogram is linked to the mass of its individual atoms and "traced 
back" to them [3]. A key challenge of this new approach has been 
to produce spheres with unprecedented accuracy in roundness 
and surface quality. In order to minimize measurement errors 
and undesirable environmental conditions, many physical 
barriers had to be overcome. For this purpose, PTB developed a 
manufacturing process for monocrystalline silicon. Since the 
high-cost and the complex enrichment process of the 
isotopically enriched material, only 12 spheres made of 28Si will 
be available in the world. 

Therefore, alternatives had to be developed for National 
Metrological Institutes, Calibration Laboratories and 
manufacturers of weighing instruments to reliably disseminate 
the unit kilogram via silicon spheres. 

2. Mass standards made of silicon spheres 

Since May 20, 2019 the revised SI came into power. One 
essential realization in mass are spheres of silicon. Spheres of 
highly enriched isotopic monocrystalline silicon 28Si of 1 kg 
nominal weight with 99.998 % enrichment [4] used for the 
realization of the mass derived on the value of the Planck 
constant h. 

Silicon spheres made of natural silicon which are manufactured 
similar to the silicon spheres made of silicon 28 can be used as 
stable and high accurate mass standards. 
All spheres can be marked in order to determine the location 
with is required for the volume measurement on spherical 
interferometer and oxide layer growth on XPS/XRF 
measurement device. The markings show the crystal 
orientations [100], [110] and [111] and are used as calibration 
points and for precise measurements. All markings are done 
with laser ablation and ensure minimum changes to the silicon 
surface. 

3. Industrial manufacturing process for silicon spheres  

The manufacturing process was transferred to a small and 
medium-sized enterprises (SME) in order to produce spheres of 
natural mon-ocrystalline silicon (natSi). 

The patented manufacturing process of the purpose-built 
machine provides contaminant-free spheres showing only minor 
shape errors, low roughness and a very uniform and stable 
oxide-layer [4]. Despite the robust crystal structure, the 
polishing process enables due to the special composition of the 
polishing paste to physically remove atoms from the surface 
without scratches nor subsurface damage of the crystalline 
structure. The polishing process achieves very low roughness 
and achieves a defined thickness of oxide layers. The scratch-
free surface prevents the diffusion of (foreign) atoms. As a 
result, mass standards made of silicon achieve a long-term 
stability that has not been achieved before.  

The manufacturing partner is able to use the transferred 
process for the production of a large range of spheres. This 
includes spheres made of other materials as well as spheres that 
can be used as density standards. 
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4. Handling, transportation and cleaning of silicon spheres 

The know-how about handling silicon spheres and the 
necessary tools were passed on to a second company which has 
a long experience in manufacturing weights. In a series of trials 
and practical tests lasting several years, PTB has identified 
materials with which silicon spheres can be safely handled, 
stored and transported. In order to guarantee the extremely 
high mass stability, the silicon spheres are mounted on special 
rings which neither scratch the sphere nor leave any adhering to 
the surface of the sphere.  

In contrast to other mass standards, silicon spheres can be 
cleaned in a simple, efficient and cost-effective way to remove 
all surface contamination. This cleaning procedure enables the 
high stability. Therefore, special cloths and handling equipment 
were developed and optimized with the industrial partner. In 
addition to the spheres, the cleaning and handling equipment, 
the sales partner offers training courses for silicon spheres 
handling. In close cooperation a broad selection of accessories 
for silicon spheres like transport container and transport case, 
special tongs and fork and sphere holder for universal 
applications were designed [5]. 

5. Results 

With the transfer of sphere manufacturing to an industrial 
company and the transfer of handling to a second SME, a 
worldwide unique ready to use infrastructure has been realised 
which allows highly stable and accurate mass standards to be 
delivered. 

During the project period, the requirements for the high-
precision manufacturing were even more than exceeded. Silicon 
spheres with form deviations of less than 20 nm can now be 
manufactured for the first time by industry. If the diameters of 
the sphere are plotted according to its spherical coordinates, the 
topography specific to this sphere is obtained. Figure 1 shows 
the data in Mollweide projection with a peak to valley value for 
the radius of 10.2 nm with U(k=2)= 2.3 nm. 

 

 
 
Figure 1. Topography: Mollweide projection of a silicon sphere 
manufactured of industrial partner 

 
Table 1 shows the achieved measurement uncertainties of the 

silicon spheres manufactured by the industrial cooperation 
partner [6]. All spheres are adjusted to 1 kg +/- 200 mg. Table 2 
shows the corresponding environmental conditions for 
calibration. 

The established infrastructure can meet the increasing global 
demand for stable high-precision mass standards. This is 
underlined by the sales of several silicon spheres, which were 
already sold to international customers during the project 
period. In addition, more than 12 spheres were distributed to 
national metrology institutes worldwide for individual practice. 

Table 1 Measurement uncertainties U(k=2) of silicon spheres 
manufactured by industrial partner. All measurements are done by PTB 

 

Parameter U(k=2) 

Mass in air 50 μg 

Mass in vacuum 25 μg 

Density (hydrostatic) 0.004 kg/m³ 

Roughness Sa < 0.5 nm 

Form deviation RONt 10.2 nm 

Average layer thickness 0.4 nm 

 
Table 2 Environmental conditions and specifications for calibration of 
silicon spheres at the highest level 

 

Measurand Specification 

temperature  
U(k=2) = 0.02 °C 

19 °C – 22 °C 

temperature drift  
U(k=2) = 0.02 °C 

±0.05 °C/h 

temperature stability  
U(k=2) 

±0.1 °C/24h 

humidity 45% - 55% 

humidity drift ±1% 

air pressure 0.06 mbar 

mass comparator  
   electrical weighing range  
   resolution  
   linearity  
   standard deviation 

 
1.5 g  
0.1 g  
≤ 2 μg  
0.4 μg at 1 kg 

6. Summary 

Processes for the production of mass standards made of highly 
enriched silicon with nominal mass of 1 kg have been developed 
in the preparation of the redefinition of the unit Kilogram. The 
methods and procedures were successfully transferred to 
industry. The transfer to two SMEs of the spheres led to 
previously unattained small form deviation of less than 20 nm. 
An infrastructure which includes user-friendly handling tools and 
cleaning procedures was established. In future the procedures 
can be modified in order to manufacture spheres made of 
different materials and with different diameters. 
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Abstract 
 
We present a novel approach to multi-dimensional optical stage encoding that utilises a single laser diode and single photodetector 
to resolve individual interferometers from a superpositioned interferometric signal and distinguishes them based on optical path 
difference using range-resolved interferometry. In this paper the principles behind this approach and a proof-of-concept setup 
demonstration, are presented. For a nominal stage motion of ±50 μm, 3-dimensional displacement measurements of a helical stage 
motion are presented. It is thought that this approach offers an attractive alternative to existing techniques, as it is compact, versatile 
and cost-effective. 
 
Key Words: Interferometry, Range-resolved, Modulation, Displacement Measurement, Diode Lasers, Dimensional Metrology, Optical Encoder  

 

1. Introduction   

As technology advances, so does the need for high precision 
and versatile metrological methods. Modern production 
techniques used to produce nano-scale electronic and optical 
components require high-precision machinery, typically utilising 
optical positioning measurements capable of sub-nanometer 
resolution [1]. Whilst a variety of suitable linear encoders exist 
for single dimension measurements, multi-dimensional 
measurements require more sophisticated setups. Existing 
techniques such as pattern-based and interferometric encoders 
require multiple pattern strips [2] or optical access ports in order 
to measure multiple dimensions, while grating-based multi-
dimensional approaches typically require complex setups [3], 
increasing the cost and alignment difficulty of these techniques. 
This current lack of low-complexity multi-dimensional optical 
encoding technique limits their potential applications in science 
and industry. 

 
In this paper we present a novel approach to multi-

dimensional optical stage encoding, utilising a range-resolved 
interferometric (RRI) technique [4] to measure simultaneous 
displacements for three Cartesian directions. This technique 
utilises a single optical access port to interrogate a series of 
multiplexed interferometers separated by unique optical path 
differences (OPDs), allowing for a compact, cost-effective optical 
stage encoder. We present a proof-of-concept setup that uses 
this technique to simultaneously measure displacements of a 
Piezo stage along three orthogonal axes, using a simple optical 
setup. In section two of this paper, the principle behind RRI is 
briefly discussed and how it is utilised in this application. In 
addition, the design of a proof-of-concept setup is presented, 
along with the hardware required. In section 3, measurements 
of stage motions over the ±50 µm range of a Piezo stage in 3-
dimensions taken using the proof-of-concept design are 
presented.  

 

2. Principle and Setup      

2.1. Range-resolved Interferometry 
 

Range-resolved interferometry (RRI) uses sinusoidal optical 
wavelength modulation resulting from injection current 
modulation of diode lasers to multiplex interferometric signals 
that are separated by unique OPDs. Constituent interferometers 
are created between a series of semi-reflective or reflective 
surfaces within a single optical beam and can be individually 
interrogated. By calculation of an appropriate, range dependant 
demodulation waveform, phase change measurements of each 
individual interferometer within the optical beam path can be 
resolved. This allows for standard interferometric 
measurements to be performed on each constituent 
interferometer simultaneously, provided they have unique 
OPDs, where any overlap in the OPDs of the interrogated 
interferometers would result in cyclic errors [5]. 
   
2.2.  Setup 
 
Using a simple optical setup consisting of two beamsplitters 
mounted on a 3-dimensional Piezo stage and three planar 
mirrors mounted orthogonally to one another around the stage, 
an appropriate optical configuration could be conceived in 
which the interferometers between each mirror and a fibre-tip 
reference could be interrogated. By numerically subtracting 
from these measurements, the measurement from an 
interferometer between an on-stage reference surface and the 
fibre-tip, 3-dimensional measurements of the stage 
displacement could be acquired.  In order to obtain a strong 
reference signal back from the beamsplitters, the front surface 
of the first beamsplitter is polished to selectively remove the 
anti-reflective coating from this surface only, whilst maintaining 
the anti-reflective coating on the other beamsplitter faces. 
Figure 1 shows an illustration of this setup for three dimensions. 
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Figure 1. Schematic of the 3-dimensional stage encoder design with the 
geometric distances of the interferometers of interest, α, β, γ & δ 
highlighted. (a) shows a top-down view showing the X & Y dimension 
mirrors, with (b) showing a side-view of the setup and the X & Z mirrors. 
 

In Figure 1, the geometrical distances corresponding to the 
interferometers of interest are denoted as α, β, γ & δ, with the 
former three referring to the optical paths between each mirror 
and the fibre-tip reference, and the latter referring to the optical 
path between the front surface of the beamsplitter and the 
fibre-tip, providing the on-stage reference measurement. 
Notably in this setup, the fibre collimator is the only optical 
access port required by this setup, with the interrogation 
hardware able to be placed a distance away, allowing for remote 
measurements. In order to interrogate this setup, a single 
discrete-mode laser diode (λ ≈ 1520.5nm) has its emission 
wavelength sinusoidally modulated by injection current 
modulation at a frequency of 24.4 kHz, with a wavelength 
modulation amplitude of ± 0.3 nm. The emitted light is guided 
through an optical circulator via a single-mode lead to the 
optical setup shown in Figure 1, and the returning light is 
circulated to an InGaAs photodetector. The resulting 
interferometric signals are demodulated in real-time using field 
programmable gate array (FPGA)-based signal processing 
hardware. Figure 2 shows a schematic of the interrogation 
hardware along with a photo of the fully-enclosed interrogation 
unit developed and manufactured at Cranfield, an example of an 
interferogram captured by the system and the range view 
output  of the RRI interrogation unit. 

 
Figure 2.  (a) shows a schematic of the interrogation hardware used, and 
(b) shows a photo of the fully enclosed interrogation unit. (c) shows an 
example interferogram captured by the system and (d) shows the range 
view output of the RRI system, showing peaks at the optical path 
differences present in the interferometric signal shown in (c). 

3. Experimental Results      

Over the ±50 µm nominal operating range of the stage, 
displacement measurements were taken for a series of 3-axis 
motions. In two of the axes, sinusoidal and co-sinusoidal 
motions of the stage were performed in closed-loop operation 
using feedback from the strain-gauge encoder of the stage, 
resulting in circular motion in this plane. This was combined with 
a linear motion of the stage in the third axis, resulting in a helical 
motion. This was repeated for each pair of axes for a total of 
three helical motions with results shown in Figure 3.  

Figure 3. Measured displacements of helical motions of the Piezo 
stage. (a), (c) and (e) show polar representations of the amplitude of the 
X-Y, Y-Z and X-Z circular planes respectively. (b), (d) and (f) show 3D 
representations of the measured displacements. 

 
Of interest within these results is the skew of the polar plots and 
offset of each circle within the plots. It is thought that the 
“footprint” shape of each plot is due to non-perfect stage 
motion, while the offset could be caused by misalignment of the 
beamsplitters or the mirrors to the measurement axis, with 
further analysis required to determine the exact cause. From 
static noise measurements over a bandwidth from 1 Hz to 10 kHz 
typical noise standard deviations of 3.5 nm are achieved. This, 
however also includes mechanical stage vibrations present.  

4. Further Work 

This technique shows great promise as an alternative to 
existing techniques for multi-dimensional stage encoding. 
Although this proof-of-concept demonstrates one particular 
application of RRI, variations of this setup could be extended to 
allow the simultaneous measurement of other degrees of 
freedom, for example angular measurements by evaluating the 
measurements from two spatially offset beams for each mirror. 

5. Conclusions      

In this paper we have presented a novel approach to multi-
dimensional positional encoders, using a range-resolved 
interferometric system and a compact, simple optical setup. 
Using a proof-of-concept design we have presented 
simultaneous, 3 dimensional measurements of a 3D stage 
motion, demonstrating the feasibility and benefits of such an 
approach for science or industrial applications. 
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Abstract 
We present the novel design of an all-optical dimensional measuring system (AODMS) for measuring the geometry and surface 
texture of small-scale components. The system is designed to operate in a cube of 100 mm sides, with micrometre or sub-micrometre 
measurement uncertainties. The AODMS includes a four-axis motion system for mounting and moving the sample to be measured, 
a photogrammetric system for coordinate measurement and motion system tracking, a combination of coherence scanning 
interferometry and focus variation microscopy for texture measurement and a metrology frame fabricated using additive 
manufactured lattice structures with internal resonating bandgaps for vibration isolation. The paper will discuss the development of 
the AODMS, the experimental realisation of the instrument and the first steps in its validation. 
 
Coordinate metrology, surface topography, information-rich metrology       
   

 

1. Introduction  

To address the need for three-dimensional (3D) measurement 
of the geometry of complex milli- to micro-scale components, 
there have been a number of developments of tactile micro-
coordinate measuring machines (CMMs) – see [1] for a recent 
review. However, the commercial success of such CMMs has 
been limited due to their delicate mechanics, complexity of use, 
contact nature and slow measurement speeds. To address these 
limitations, several optical surface topography measuring 
instruments have been equipped with multi-axis motion systems 
to allow them to act as CMMs (e.g. [2]), but for geometry 
measurement they require multiple stitching operations and can 
be slow. Optical probes have also been integrated with tactile 
CMM platforms (e.g. [3]) or robot arms (e.g. [4]), but these are 
usually for geometry measurement only and often have 
limitations in terms of object accessibility.  

In this paper, we present the novel design of an all-optical 
dimensional measuring system (AODMS) for measuring the 
geometry and surface texture of micro-scale components. The 
system is designed to operate in a cube of 100 mm sides, with 
micrometre or sub-micrometre measurement uncertainties. 
This new system is designed to be fast and produce dense point 
clouds; characteristics that are not shared with tactile 
instruments [1]. It is important to state up front that the AODMS 
is not designed to be a state-of-the-art coordinate measuring 
system and/or surface texture measuring instrument – rather it 
is a platform to demonstrate the concepts of “information-rich 
metrology” (IRM) [5]. When manufacturing a product, we have 
information about the product before we start manufacture. We 
usually have computer models, information about the materials, 
and we often know what to look out for in terms of defects. This 
“a priori” information can be used to enhance the measurement 
process by focusing on what exactly needs to be measured, so 
decreasing the time to do it. Most of the above information 
becomes available at product development and at 

manufacturing process planning, and we are asserting that such 
information may also bring benefit to metrology.   

Several examples of IRM will be investigated using the 
AODMS, but first, we need a highly stable platform with multi-
scale sensing capabilities. This paper concerns the design and 
development of such a platform. 

2. System design  

The core design principle of the AODMS is to combine two 
scales of optical measurement to create a system for 
measurements of the geometry and surface texture of small-
scale components. Additively manufactured lattice structures 
are incorporated into the design to aid in vibration isolation, 
with the aim of improving the performance of the optical 
measurements. 

 
Figure 1 Computer render section view of the AODMS, with the central 
cube being the measurement volume possible with both texture and 
form sensors. 
 
The optical texture sensor (see Section 2.2) is mounted on an 
aluminium ring, which places the thermal centre close to the 
optical axis of the surface texture measurement. The ring also 
places all three photogrammetry cameras (see Section 2.1) 

489



  
equidistant from the centre of the measurement volume. The 
ring is kinematically coupled with the lattice legs (see Section 
2.5), using micrometers and three ball and vee-groove kinematic 
couplings [6]. A computer rendered cut-away depiction of the 
system is shown in Figure 1 and Figure 2 is a photograph of the 
assembled system.   
 

 
 

Figure 2 Photograph of the AODMS. 
 

The position of the measurement stage is tracked with the 
photogrammetry system (see Section 2.4). This allows us to use 
low accuracy, low cost (but high repeatability) motion stages, 
and anchors the measurement stage co-ordinate system to the 
optical co-ordinate system.  

 
2.1. Form measurement   

The AODMS is capable of performing geometry (form) 
measurement using the multi-camera system. The form of a 
sample is reconstructed with photogrammetry; a passive 
triangulation-based technique in which the 3D location of 
corresponding image features between two or more images can 
be triangulated [7]. Typically, SIFT features are used as they are 
considered the most effective feature detection method due to 
their robustness to changes in perspective [8]. The multi-camera 
setup, along with the rotation stage, allows the system to 
capture many images of a sample to be measured from a wide 
range of positions. Smooth objects can be measured by taking 
advantage of illumination with a stationary laser speckle pattern 
(not shown) [9]. 

The photogrammetry system is based on an open-source 
photogrammetry pipeline called OpenMVG (Open multi-view 
geometry). However, OpenMVG is based on self-calibration and, 
therefore, only produces point clouds with an arbitrary scale 
factor. In order to apply a scale factor to the form 
measurements, a pre-calibration procedure is used in order to 
determine the true metric location of the three cameras with 
respect to each other. The pre-calibration procedure consists of 
imaging of a calibrated checkerboard artefact as described by 
Zhang [10]. The pre-calibration procedure provides both a 
characterisation of the camera intrinsic and extrinsic parameters 
as well the relative distances between the cameras. The 
calibrated camera-to-camera distances allow the 
photogrammetry point cloud to be appropriately scaled and 
metric information about the sample form to be evaluated. 
Further scaling and uncertainty estimation for the 
photogrammetry system are described elsewhere [11]. Figure 3 
shows a point cloud measured with the photogrammetry 
system, where the measured ball diameter is 12.096 mm with a 
standard deviation of 0.060 mm. Of course, traceability for these 
measurements is still part of the work in progress, although we 
have recently published on the how to establish uncertainty for 
the photogrammetry measurements [11]. 

 

  
Figure 3 Initial photogrammetry measurement.  

 
2.2. Texture measurement 

The optical setup for the surface texture measurement is a 
coherence scanning interferometer (CSI) sensor [15]. The optical 
setup consists of a  Kohler axial illumination system and a 
microscope equipped with a 10× Mirau objective. Figure 4 shows 
the optical design and setup. The optical sensor is mounted on a 
precision linear stage with an axial resolution of 20 nm. 

From the CSI sensor, two types of raw data can be obtained: 
CSI data as the primary raw data type and focus variation (FV) 
data [13] as the secondary raw data type. The purpose of using 
two types of data is to combine the benefit of CSI for measuring 
smooth and highly reflective surfaces and the benefit of FV for 
measuring rough surfaces with high-slope angles. These two 
types of raw data can be extracted from a single measurement 
with the optical system. 

 
2.3. Data fusion 

As well as using checkerboard targets to provide high-accuracy 
localisation of the motion stage, the SIFT features described in 
Section 2.1 can be used to track the location and orientation of 
the sample. The feature information captured during the 
photogrammetry measurement process can be used to locate 
the photogrammetry point cloud within the surface texture 
measurement coordinate system. By locating the 
photogrammetry point cloud in the same coordinate system as 
the surface texture measurement, the two data sets can be 
combined and fused in order to generate a single data set 
covering both sample form and surface texture information. 

In order to ensure that the coordinate systems of both the 
form and surface texture measurement systems are accurately 
aligned, some common features visible in both measurement 
systems are required. The optical targets shown in Figure 5 
provide an good solution to this, as the intersections between 
the squares of the checkerboard can be seen in the surface 
texture measurements and can be triangulated to sub-pixel 
accuracy by the photogrammetry system. By measuring at least 
three checkerboard intersections with both systems, the relative 
rotation and translation between the two coordinate systems 
can be determined. 

The outcome of this fusion of form and texture information 
allows for the generation of sample measurements with 
improved dynamic range of spatial frequencies. Additionally, the 
methodology allows for the sample to be removed and replaced 
in any orientation and still allow the two measurements to be 
registered. This ability to manually move the sample to any 
orientation and still be able to register texture measurements 
negates the need for any highly complex and high-cost precision 
lateral motion stages (see Section 2.4).  
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Figure 4 The optical design and setup of the CSI sensor. 

2.4. Motion system       
The AODMS has positioning capacity in the lateral 𝑥 and 𝑦 

directions up to 100 mm. In addition, motion of the texture 
sensor measurement head in the 𝑧-direction allows positioning 

of the measurement range in a desired region. The fourth 
degree of motion is for the multi-view imaging at various 
rotational positions 𝜃 as illustrated in Figure 5. Machine vision 
cameras are used for the purpose of photogrammetric 3D 
measurement, positional tracking for registration and geometric 
characterisation of the rotation axis.  

There are three machine vision cameras (see Section 2.1) in 
the setup of the AODMS for multi-view monitoring of the 
position of a measured sample. The use of multiple cameras 
improves the tracking accuracy and the visibility of optical 
targets that can be occluded by the measured sample. Four 
checkerboard-patterned optical targets are placed at the 
corners of the measurement plate shown in Figure 5. The 
tracked positions are used for stitching and fusing surface 
texture measurements at different 𝑥𝑦 positions. 

The position and orientation of the rotation axis, about which 
images are acquired for photogrammetry, is evaluated through 
a geometric characterisation process. This is necessary in order 
to accurately relate the image-based photogrammetric 
coordinate measurements to the actual dimensions and position 
of the measured sample. The details of the stage 
characterisation process using the camera data are given 
elsewhere [14]. 
 

 
 

Figure 5 Measurement stage showing optical targets and motion 
directions. Note that the workpiece metrology frame shown in Figure 2 
had not been assembled at the time of this photograph. 

2.5. Vibration isolation  
Design of the support frame and workpiece metrology frame 

of the AODMS used additive manufactured (AM) lattice 
structures to mimic the vibration isolation behaviour of elastic 
bandgap structures [15]. Bandgap structures provide enhanced 
vibration isolation, in comparison to solid structures, with 
vibration transmissibility of up to -66 dB as reported elsewhere 
[16]. We targeted the low-frequency vibration range from 50 Hz 
to 150 Hz, which corresponds to the vibration of a typical 
laboratory environment (below 50 Hz we rely on the use of a 
massive concrete structure on which the instrument is 
mounted). However, it is challenging to use existing bandgap 
structures to isolate this low-frequency range. This is because 
the resulting unit cells size would be larger than the envelope of 
the AODMS and the geometrical features of the lattices would 
be impossible to manufacture with current AM machines. The 
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support and workpiece metrology frames of the AODMS share a 
novel lattice structure design for low-frequency vibration 
isolation. This design incorporates an energy absorption 
mechanism in the form of a cubic solid structure with stiffeners, 
as shown in Figure 6. 

 

 
Figure 6 Design of lattice unit cells for low-frequency vibration isolation. 

The support frame and workpiece metrology frame are shown 
in Figure 7. For an illustration of the ability of the structures to 
isolate vibration, a vibration test was set up, integrating a 
mechanical shaker, a piezoelectric accelerometer and a laser 
vibrometer. The transmissibility of vibration through the 
support frame was measured, referencing acceleration data 
from the accelerometer and vibrometer, as shown in Figure 8. 
 

 
Figure 7 Support frame and workpiece metrology frame as 
manufactured from Nylon 12. 

Below the targeted isolation region, the response is slightly 
below 0 dB. The first resonance of the structure is designed at 
the start of the isolation frequency range, at 50 Hz. Above 50 Hz, 
the energy absorption mechanism is in action and results in wide 
bandgap behaviour from 50 Hz to 1000 Hz. The transmissibility 
reaches as low of -62 dB. Note that whilst this is the lowest 
bandgap frequency reported in the literature to date [16],  the 
use of bandgaps usually has the detrimental effect of amplifying 
low-frequency vibration (as can be seen in Figure 8). For now, 
we rely on the high-mass passive isolation of the large concrete 
support table (and isolated laboratory floor) to reduce this effect 
and we continue research to push the lower end of the bandgap 
frequency to 0 Hz. 
 

 
Figure 8 Experimental testing results for the support frame. 

To avoid the thermal expansion of the Nylon-12 having a 
significant effect on the metrology loop, the lattice structures 
are sandwiched between low-expansion Invar sheets which are 
rigidly connected to each other with Invar strips (shown in Figure 
2 and Figure 5). 

3. Current status of AODMS  

At the time of writing, the full system had only just been 
assembled and initial tests are still underway. Some early data 
from the registration and fusion process are described 
elsewhere [17] and a paper on the enhanced stage tracking is in 
press [18]. Further results will be presented at the 20th euspen 
Annual Conference and Exhibition. 
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Abstract 
The research work presented in this paper is focused on the development of a new hydraulic actuator for machine tool applications. 
Vibration isolation has been one of the main focuses of precision engineering in recent years. For this purpose, electromagnetic 
actuators have been widely used. However, in cases where high forces are required, the size, the heat on the actuator and the cooling 
systems could be limiting constraints. Therefore, it is considered that vibration reduction in heavy duty machine tools, with forces 
higher than 10 kN and frequencies close to 50 Hz, cannot be covered with electromagnetic actuators. To meet these requirements 
hydraulic actuators are analysed in this paper. Hydraulic solutions have been historically viewed as low dynamics or even quasi-static 
solutions for industry, where their biggest advantages are the large applying force and power density. The present study covers the 
mathematical modelling together with the experimental analysis of a preliminary hydraulic actuator design, emphasizing the facets 
which enhance its frequency response. Experimental and simulation results exhibit good agreement for the different tests performed 
and thus, the model has been validated for the tested range of operation. The mathematical model is later used for a parametrical 
analysis, whose results are the preliminary design guidelines for a new hydraulic actuator that will be defined in further steps of this 
research project. 
 
Keywords: Hydraulic actuator, active damping, machine tool      

 

1. Introduction  

Isolation of precision machines against external disturbances 
is essential to achieve the required machining tolerances. 
Vibrations are considered to be one of the main disturbing 
agents as they can widely affect the machining accuracy [1]. To 
satisfy the increasing requiring demands, passive and active 
isolators have been developed [2]. 

Passive vibration isolation is usually accomplished by a high 
mass on a low stiffness spring [1]. However, theses systems are 
usually tuned to a fixed frequency, which is not sufficient for 
highly position-dependent machines [3]. Moreover, passive 
isolators usually introduce dynamic instabilities which lead to 
rocking of the machine [3],[4]. Active isolators are composed of 
a sensor, a controller and an actuator which can overcome the 
dynamic issues associated to passive isolators providing an 
improved frequency performance. 

Among active isolators, inertial drives have been 
recommended for heavy duty machine applications [5]. 
Electromagnetic inertial drives are most often used in industry 
[6], whose diverse applications can be found in the literature 
[5],[6],[7]. Nevertheless, if forces of several kN were to be 
counteracted, electrogmanetic actuators would lead to space 
and heating issues. 

Hydraulic actuators are considered to be an alternative for 
these applications due to their high power to weight ratio and 
stiffness characteristics. However, their frequency response is 
limited due to the inherent non-linearities and delays found in 
hydraulic systems [5],[8]. 

An electrohydraulic active damping system was developed 
with short pipes and close gaps between piston and cylinder to 
reduce pressures losses and friction respectively [9]. For the 
presented design, the depth of cut could almost be tripled. 

An electrohydraulic actuator was designed to isolate the 
machine from ground vibrations and with a high passive stiffness 
to support inertial loads [10]. Simulation results suggested the 
actuator could work up to 100 Hz with displacements in the µm 
range. Moreover, in [11] design guidelines were proposed for 
the development of new electrohydraulic actuators.  

In the present study, applications which require forces of 
several kN, displacements in the mm range and a frequency 
bandwidth of 50 Hz are considered. In the search of these 
specifications and in order to gain some insight in hydraulic 
systems, the main objectives of the present document are the 
mathematical modelling of a hydraulic actuator along with test 
bench validation. The gained knowledge in conjuction with the 
design variables analysis will be the initial step for the desired 
new electrohydraulic actuator design. 

With that aim, this document has been structured in 3 
different sections. In section 2, the adopted methodology for the 
experiments and the mathematical modelling is explained. In 
section 3, the experimental results and model validation are 
presented followed by section 4, in which the main clonclusions 
are drawn.  

2. Methodology      

In this section the experimental set-up together with the 
different experiments to be conducted will be firstly presented. 
Afterwards, the mathematical modelling of the main 
components followed by the optimisation procedure to validate 
the model will be explained. Finally, a design variable analysis 
will be presented for the new generation hydraulic actuator. 
2.1. Experimental set-up 

The test bench is schematically shown in Figure 1. The 
backbone of the actuator consists of a hydraulic pump that feeds 
the system with fluid from a tank; an accumulator to feed the 
system with additional power in case abrupt need of energy is 
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required; a D1FP Parker proportional valve which directs the 
flow; and a GLUAL KI 40/18x250 hydraulic asymmetric cylinder 
to drive the load. The pump is included in the hydraulic unit of 
Ideko ultraprecision laboratory capable of delivering up to 100 
bar pressure. 

 
Figure 1. Actuator test bench scheme 

The actuator was tested in open-loop configuration. Voltage 
to the valve was provided in the form of a sinestream signal with 
3 repetitions of 120 frequencies ranging from 1 Hz to 70 Hz. In 
order to analyse the influence of both input signal and supply 
pressure, various experiments were proposed. In Table 1, the 
proposed test conditions are presented. 

Table 1 Test conditions for the hydraulic actuator 

Test Ps [bar] Vin [V] 

1 30 2 
2 30 2 
3 45 4 
4 45 4 

An Interface SSM-AJ-20kN load cell was used to measure the 
actuator force and pressures were measured in both cylinder 
chambers and in the supply port of the proportional valve with 
HYDAC 3445-A-060-000 pressure sensors. In addition, valve 
spool position and input signal to the valve were measured. 
Signal control and acquisition was performed with Ingesys IC3 
PAC controller. 
2.2. Mathematical modelling 

The actuator dynamics are mainly influenced by the 
proportional valve and the hydraulic cylinder dynamics. Despite 
the fact that the valve response is non-linear, it is often 
linearized and characterized as a second order transfer function 
as [12] 

𝑥𝑠𝑝

𝑥𝑖𝑛
=  

𝐾𝑣

𝑠2 + 2𝛿𝑣𝜔𝑣 + 𝜔𝑣
2

 (1) 

where xsp, xin, Kv, δv and ωv are the spool position, input signal, 
valve proportional gain, valve apparent damping ratio and valve 
apparent natural frequency, respectively. 

The supply pressure, Ps, is assumed to be constant at the input 
port of the proportional valve due to the accumulator influence. 
Besides, the tank pressure, Pt, is assumed to be null. Assuming 
the valve ports are matched and symmetrical, pressures will rise 
above and below Ps/2 by equal amounts. Thus, flow equations 
can be linearized as [13]  

𝑄𝑎 =  𝐾𝑞𝑥𝑠𝑝 −  2𝐾𝑐𝑃𝑎 (2) 

𝑄𝑏 =  𝐾𝑞𝑥𝑠𝑝 +  2𝐾𝑐𝑃𝑏 (3) 

where Qa, Kq, Kc, Pa, Qb and Pb are line A flow, valve flow gain, 
valve flow-pressure coefficient, line A pressure, line B flow and 
line B pressure respectively. Kq and Kc are known as the valve 
coefficients and determine the frequency response and stability 
of the system. On the one hand, the open loop gain of the 

system is directly proportional to Kq and thus, it directly 
influences the system stability. On the other hand, Kc directly 
influences the damping ratio of the valve-piston system. Both of 
them are extremely dependent on the operating conditions [13]. 

Assuming constant temperature and density, no saturation 
nor cavitacion inside the piston chambers and no leakage 
between valve ports, the continuity equation in each chamber 
yields [13] 

𝑄𝑎 =  
𝑑𝑉𝑎

𝑑𝑡
+  

𝑉𝑎

𝛽𝑒

𝑑𝑃𝑎

𝑑𝑡
  (4) 

−𝑄𝑏 =  
𝑑𝑉𝑏

𝑑𝑡
+  

𝑉𝑏

𝛽𝑒

𝑑𝑃𝑏

𝑑𝑡
 (5) 

where Va, βe and Vb are chamber A volume, effective Bulk 
modulus and chamber B volume respectively. Assuming 
identical initial volumes 

𝑉𝑎 =  𝑉0 +  𝐴𝑎𝑥𝑝 (6) 

𝑉𝑏 =  𝑉0 − 𝐴𝑏𝑥𝑝 (7) 

where V0, Aa, xp and Ab are initial volume in each chamber, 
piston area in chamber A, piston position and piston area in 
chamber B respectively. The pressure load, Pl, is given by 

𝑃𝑙 =  𝑃𝑎 − 𝑃𝑏 (8) 

and due to the cylinder asymmetry the piston force, Fp, is given 
by 

𝐹𝑝 = {
𝑃𝑙 𝐴𝑎,         if 𝑃𝑙 > 0
𝑃𝑙 𝐴𝑏,         if 𝑃𝑙 < 0

 (9) 

Assuming there are no external forces, the last equation is 
given by Newton’s second law applied to the mass spring system 
of the piston and load cell. Applying the Laplace transformation 
yields [13] 

𝐹𝑝 =  𝑀𝑠2 𝑥𝑝 + 𝐵𝑠 𝑥𝑝 + 𝐾𝑙 𝑥𝑝 (10) 

where M, B and Kl are piston mass, viscous damping coefficient 
and load cell stiffness respectively. 

Dynamics of the system are greatly influenced by the valve 
natural frequency and the hydrodynamic natural frequency, ωh, 
which can be written for a symmetric cylinder as [13]: 

𝜔ℎ = √
4𝛽𝑒𝐴2

2𝑉0𝑀
 (11) 

These two frequencies should be as separated as possible in 
order to enhance the actuator controllability [11]. These 
equations were implemented in Simulink, Matlab 2018. The 
parameters were determined according to the operating 
conditions expected in the experiments stated in Table 1. Finally, 
simulation results were compared with experimental ones for 
the optimisation that will be explained hereunder. 
2.3. Optimisation  

As previously stated, various parameters are highly dependent 
on the operating conditions. Therefore, similarly to [10], system 
identification was performed solving the following optimisation 
problem 

min 𝑓𝑜𝑏𝑗(𝑥𝑑) =  ∑ 𝑟𝑖
2

𝑛𝑝

𝑖=1

 𝑤𝑖𝑡ℎ 𝑙𝑏 ≤  𝑥𝑑 ≤ 𝑢𝑏 (12) 

where fobj, xd,np, ri, lb and ub are the objective function, set of 
model parameters, number of frequency points, the residual 
and lower and upper bounds of the set of model parameters 
respectively. The residual is calculated as: 

𝑟𝑖 =  𝑎𝑏𝑠(𝑃𝑎 𝑒𝑥𝑝 − 𝑃𝑎) + 𝑎𝑏𝑠(𝑃𝑏 𝑒𝑥𝑝 − 𝑃𝑏) (13) 

The pressures transfer functions have been considered for the 
residual calculation due to the load cell and piston relative 
displacement, which hindered clear force signal acquisition. 
Pressures provide an understanding of the system response as 
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their difference is the image and likeness of the force the 
actuator can generate.  

The set of parameters is composed of ωv, δv, Kq, Kc, B and Kl. 
The upper and lower bounds of the valve parameters are 
determined according to the charts provided by the 
manufacturer [12]. B and Kl are not a priori known. The model 
will be considered valid in case the experimental results match 
well with the simulated ones. 
2.4. Parameter analysis 

Once the model is validated, a parameter analysis will be 
performed in order to understand their influence in the 
frequency response of the actuator. The results from this 
analysis will be the first seed for the development of the new 
hydraulic actuator. 

3. Results and discussion      

In the present section the experimental results will be firstly 
analysed. Afterwards, the simulation results will be compared 
with the experimental ones followed by an analysis of the 
parameter influence simulations. 
3.1. Experimental results 

Chamber A pressure variation Bode diagrams are shown in 
Figure 2 for the different tests specified in Table 1. For the test 
bench arrangement shown in Figure 1, it is apparent that the 
pressure variations reach the maximum value possible, Ps/2, in 
all the studied cases for low frequency values. This suggests that 
the maximum force can be definitely reached in the low 
frequency range. 

As it was expected, an increase in the supply pressure induces 
higher pressures in both chambers, increasing the actuator force 
capacity. However, the amplitude decay for equal input signal 
amplitudes occurs at similar frequency values for the different 
supply pressures. In opposition, an increase in the input signal 
amplitude involves the pressure to be kept at its maximum value 
for higher frequencies, and so will force. 

 
Figure 2. Chamber A pressure Bode diagram for the tests specified in 

Table 1 

However, the phase lag response of the system is similar for 
all of the cases. There exists the common low frequency lag in 
pistons attached to spring loads [13] and similar phase lag trends 
were obtained somewhere in [10]. It is true that higher input 
signal amplitudes provide slightly lower time delays, which is in 
accordance with the amplitude response. The small differences 

could be attributed to the limited incrementss imposed in the 
supply pressures and input signal amplitudes studied. 
3.2. Simulation and experimental results comparison 

The optimisation problem specified in Eq. (12) was solved for 
the different test conditions. The initial valve parameter values 
were selected according to the expected operating conditions 
while the lower and upper bounds were equal for all of the 
cases. In order to gain a complete picture of the differences 
between model and reality, Figure 3 shows the Bode diagram of 
the pressure variation in A chamber for Test 3. Although there 
exist slight differences, the mathematical model reesembles 
reality to a great extent. 

 
Figure 3. Experimental and simulation pressure response for Ps = 45 

bar, Vin = 2 V 

The differences can be attributed to the non-linearities that 
have not been modelled like the valve dead zone, pipes and 
orifice losses, flow forces, leakages… Moreover, valve 
coefficients have been considered constant in each specific case 
and are highly dependent on the operating conditions, hindering 
a perfect match. Specifically, Kc is remarkably susceptible to 
changes in the excitation frequency [10], accentuating these 
differences at higher frequencies. This effect can be observed at 
the highest frequencies of the pressure amplitude plot. Based on 
the good match between the simulation and the experiments, 
the model is considered valid. 
3.3. Parameter analysis 

From the experimental results, it can be concluded that the 
maximum force is actually achievable while considerable 
difficulties are encountered with maintaining high pressures 
with increasing frequency. Therefore, the rapid decrease in 
phase and amplitude should be enhanced. All things considered, 
the parameter analysis has been focused in the determination 
of their influence for enhanced frequency response.  

In Table 2 the influence in the frequency response of the 
different parameters analysed is displayed together with the 
refitting easiness in future designs. It was concluded that valve 
coefficients and piston area are the most influential parameters. 
On the one hand, valve parameters are difficult to be modified 
in terms of design and vary with different operating conditions. 
On the other hand, lower areas provided better response in 
terms of pressure. This occurs because the low frequency lag 
introduced by pistons with spring loads at KcKl/A2, 15 Hz, 
influences the frequency response in the tested range of 
operation to a larger extent than the hydrodynamic, 350 Hz, and 
the valve, 300 Hz, natural frequencies. However, if the actuator 
is intended to be used as an active isolator, it will not act against 
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a spring load and this effect will be removed. In this instance, 
greater areas will provide better piston force and displacement 
frequency response [11], as it can be concluded from Eq. (11). 

Table 2 Influence and refitting easiness of actuator parameters 

Parameter Influence Refitting easiness 

V Moderate High 
A High High 
Kq High Moderate 
Kc High Moderate 
β Moderate Low 
M Moderate High 

Among the other parameters, the volume and the mass are 
rather easily modifiable with the piston chamber length. On the 
contrary, the Bulk modulus should remain the same as oil is the 
common fluid in machine tools. 

Based on this analysis, it was decided to make an analytical 
exercise of how the cylinder of the test bench could be improved 
for an enhanced frequency response. Its main constraits for the 
intended applications were the high piston chamber length, 250 
mm, as well as its asymmetry. Besides, the valve and the 
hydrodynamic natural frequencies are similar, hindering the 
actuator controllability 

Therefore, a cylinder volume reduction was applied, 
decreasing its length to 50 mm. In addition, symmetry was 
introduced in the piston for better controllability. The obtained 
chamber A pressure variation Bode diagram is shown in Figure 
4. 

 
Figure 4. Improved actuator design compared to base design 

pressure response for Ps = 45 bar, Vin = 2 V 

It is obvious that a reduction in volume improves the 
frequency response of the actuator. The phase lag is decreased 
in a good manner and the pressure is doubled between both 
designs for the highest frequencies, providing in consequence 
higher forces and displacements. Similar conclusions were 
obtained somewhere in [11]. Besides, the hydrodynamic 
frequency is increased from 350 Hz to 782 Hz. This widens the 
separation between the valve and the hydrodynamic natural 
frequency, enhancing the actuator controllability. The results 
suggest that focusing the attention on the cylinder design and 
applying enhanced operating conditions, a new actuator design 
that meets the application requirements can be obtained.  

4. Conclusions and future work      

The current research has presented the experiments and 
mathematical modelling of a hydraulic actuator. The 
mathematical model has been validated and the parametic 
results and the experience acquired will be applied in the 
development of the new generation hydraulic actuator. The 
following design guidelines will be considered in the new 
actuator: 

1. Symmetry will be used when designing the hydraulic 
cylinder for better controllability. 

2. The piston length will be kept as small as possible. 
3. For active damping, greater areas will provide better 

piston force and displacement frequency response. 
4. Pipes between valve and cylinder will be kept as 

small as possible to reduce pressure losses. 
5. Higher supply pressures increase the force capacity 

of the actuator.  
6. Higher input voltages enhance the frequency 

response of the actuator. 

   Finally, one of the main focuses of the future work should be 
the analysis of the influence of the viscous damping coefficient 
in the frequency response. The unawareness of the usual values 
of this parameter made it impossible to perform a proper 
analysis of its influence. This issue will be addressed with CFD 
simulations of a new cylinder design based on the design 
guidelines stated above. 
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Abstract 
Stiffness is an important characteristic of production machinery, as it contributes to its ability to precisely maintain the pose between 
a tool centre point with respect to a workpiece under loads. For machine tools, it directly affects the geometric dimensions and 
surface properties of the parts, i.e. how closely the parts match their design drawings. 

This work presents an efficient measurement procedure to measure and identify the full translational stiffness matrices of machine 
tools. The measurement procedure consists of inducing static loads, which vary in magnitude and direction, at the tool centre point 
of the machine tool using the Loaded Double Ball Bar and measures the displacement with three Linear Variable Differential 
Transformers. The main components of the uncertainty budget related to the measurement of the cross compliance are also 
summarized. 

The measurement procedure is implemented in a case study on a 5-axis machining centre. Finally, the manuscript concludes with 
a discussion on the utility value of the translational stiffness matrix for the design and operation of machine tools as well as the 
possibility to expand the measurement procedure to capture the quasi-static and dynamic compliance. 

 
Keywords: Machining, Measurement, Performance, Stiffness 

 

1. Introduction 

Machine tools are essential for technologically developed 
societies. Their accuracy enables machining complex products of 
tight Geometric Dimensions and Tolerances (GD&T). One of the 
main design criteria of machine tools is static stiffness which 
affects their performance under load. Several works exist which 
focus on the stiffness evaluation and identification at the Tool 
Centre Point (TCP) of a machine tool. There are a priori 
modelling approaches employing FE analysis [1] and a posteriori 
experimental approaches [2]. The experimental approaches can 
be further divided into machining tests [3] and experiments [4]. 
ISO230-1:2012 provides guidelines for the measurement and 
evaluation of machine tool static compliance (inverse of static 
stiffness) and hysteresis. The measurement consists by applying 
a static load between the spindle and the workpiece or any 
machine component (e.g. table and spindle) and measure the 
displacements for each axis. The limitation of the process is the 
measurement of deflections solely in the direction of the applied 
force ignoring possible cross stiffness effects. 

 
Figure 1. Experimental setup for the measurement and identification 

of the translational stiffness matrix. 

This research work is a first step towards expanding the 
capabilities of the Loaded Double Ball Bar (LDBB) proposed by 
Archenti and Nicolescu [5] to identify the Cartesian translational 
stiffness matrix 𝐾𝑡. 

2. Methodology 
2.1 Experimental setup and procedure 

The experimental setup is displayed in Figure 1. It consists of 
the LDBB (1), three wireless LVDT probes TESA GTL21-W (2) fixed 
on a mounting adaptor (5), a Tool Adaptor (TA) (3), which 
consists of a sphere of radius 15 mm attached to a shaft of 
diameter 25 mm, and the table adaptor (4) which is a steel 
sphere of radius 15 mm mounted on the table with a washer and 
a nut. For data capturing the wireless probes are connected to a 
TESA TWIN-STATION data acquisiton system. The design of the 
mounting adaptor for the probes is inspired by Trapet et al. [6]. 

The setup in Figure 1 is used for the z-axis loading and 
measurement. For the x- and y-axis, the same probe 
configuration and placement is used (invariant probe mounting) 
but the LDBB is re-aligned along the x- and y-axis of the Machine 
Coordinate System (MCS) using a higher table adaptor with a 
similar sphere.  

First the table adaptor is probed using the machine tool touch 
trigger probe to identify the center point in MCS. This way the 
alignment of the table and tool spheres will orient the force 
vector along the z-axis in MCS. The orientations of all force 
vectors are defined through the relative position of the table and 
tool spheres and identified using the touch trigger probe. Then 
the LVDTs’s output is mapped to the MCS. The process consists 
of measuring controlled motions of the unloaded TCP (tool 
adapter) of 20 µm, 50 µm and 500 µm along x-, y- and z-axes of 
the MCS. The transformation matrix (𝑇 ∈ 𝑅3×3) that maps the 
LVDT’s coordinate system into the MCS is calculated by solving 
the linear least-squares problem: 
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 ‖T × [
𝑥
𝑦
𝑧

]

𝐿𝑉𝐷𝑇

− [
x
y
𝑧

 ]

𝑀𝐶𝑆

‖

2

2

 (1) 

The uncertainty associated with this transformation has been 
assessed by repeatedly measuring controlled motions 
approaching the corner points of a cube with side length 40 µm, 
100 µm, and 1000 µm. 

Once the transformation matrix is identified, the LDBB is 
placed between the tool and table adaptor. A predefined set of 
loads of 150 N, 300 N, 450 N, 600 N, 750 N are applied 
incrementally. The TCP displacement is recorded by the LVDTs 
for each load level. The process is repeated three times for each 
axis of principal loading. The measurement procedure and the 
data analysis is visualised in Figure 2. 

 
Figure 2. Flow chart of the measurement procedure and data 

processing 

2.2 Static stiffness identification  
Models of the static deflections of machine tools describe the 

spatial  deflections  (Δ𝑥)  of  the  loaded  TCP  compared  to  the 
unloaded  TCP  due  to  the  finite  stiffness  (𝐾)  of  the  structural 
members which are in the flow of forces of static loads (𝐹). The 
stiffness of a mechanical system can be defined as its capacity to 
sustain  loads,  which  result  in  a  change  of  its  geometry.  This 
relationship is modelled using Hooke’s law in tensor form: 

 𝐹 = 𝐾𝑡 × Δx (2) 

The translational stiffness matrix 𝐾𝑡  is identified using the static 
loads 𝑓𝑥, 𝑓𝑦, and 𝑓𝑧  of the force vector 𝐹 from the LDBB and the 

translational deflections 𝛿𝑥, 𝛿𝑦, and 𝛿𝑧 of vector Δx, measured 
by the LVDT’s using a linear least-squares solution according to : 

 ‖[

𝑘𝑥𝑥 𝑘𝑥𝑦 𝑘𝑥𝑧

𝑘𝑦𝑥 𝑘𝑦𝑦 𝑘𝑦𝑧

𝑘𝑧𝑥 𝑘𝑧𝑦 𝑘𝑧𝑧

] × [
𝛿𝑥
𝛿𝑦
𝛿𝑧

] − [

𝑓𝑥

𝑓𝑦

𝑓𝑧

 ]‖

2

2

 (3) 

3. Results 

A case-study has been executed on a Hermle C50U 5-axis 
milling machine. The deflections of the TCP as a result of a 
loading along the principal axis of the MCS can be seen in Figure 
3. The shades on the plotes highlight the combined expanded 
uncertainty of the measurands. The components of the 
uncertainty budget have been estimated by considering the 
following factors: Transformation of the measured deflections 
into the MCS, the eccentricity of the TA as well as of the LDBB, 

the non-linearity of the LVDTs, the load variation of the LDBB, 
and the Type A uncertainty associated with the measurement. 
The identified translational stiffness matrix 𝐾𝑡  equals: 

 𝐾𝑡 = [
12.1 0.3 6.3
−0.1 12.6 −2.2
6.8 5.1 102.6

]  𝑁 µ𝑚−1 (4) 

The magnitude of the components of the matrix 𝐾𝑡  is in 
accordance with the design requirements of the type of machine 
tools. The x- and y-axis are similar in magnitude while the z-axis 
is significantly stiffer. However, in theory the terms 𝑘𝑦𝑥 and 𝑘𝑥𝑦 

as well as 𝑘𝑦𝑧  and 𝑘𝑧𝑦 are considered to be equal in magnitude 

and sign, i.e. the stiffness matrix is symmetric. This is due to the 
fact that 𝐾𝑡  in Equation (4) has been obtained according to an 
unconstrained linear least-squares formulation and the loading 
of the z-axis. Due to the comparably higher stiffness in the z-axis 
the uncertainty for the x and y component is significantly higher 
than the measurand, cf. Figure 3 bottom. 

 
Figure  3:  Measured  translational  deflections  under  load  and  their 

combined uncertainty. 

4. Conclusion 

In this paper a measurement and identification procedure was 
presented for measuring the full translational static stiffness 
matrix of a machine tool using the LDBB instrument. As can be 
observed from the measurement results in Figure 3, the 
procedure is able to identify translational stiffness values in an 
efficient way. The immediate next steps is reducing the 
uncertainties associated with the measurement system. 
Futhemore, the method should be improved in order to identify 
static stiffness for a subset of the workspace and include one 
rotary axis contribution in the measurement and identification 
procedure. 
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Abstract 
Large cylindrical rotors are used in continuous manufacturing processes to form sheet-like materials, such as steel, non-ferrous 
metals, cardboard and paper. Runout and roundness of these rotors directly affect the process reliability and quality of the end 
product. In reconditioning process the rotors are ground to remove wear and damage induced by the continuous manufacturing 
process. A periodic waviness error is a common wear pattern present in the roundness profile of a rotor. These undulations become 
problematic at few micrometer amplitude and lead to vibrations in the machinery. 
 
A tool was developed to grind the rotor to a minimal roundness error, while removing minimal quantity of material from the rotor 
surface. The tool consists of a curved contact face that has equal radius to the rotor. The working principle of the tool is that the 
300mm long contact face touches only at the undulation peaks of the runout profile, thus removing the material from the high spots. 
The large contact area additionally has elastic averaging effect, as the contact pressure is highest at the contact points on the 
undulation peaks.  
 
A test rotor with 800mm diameter and 1800mm length was prepared by grinding an error profile at 33rd harmonic, meaning 33 
undulations in the profile. The amplitude of the ground initial error was 10.6 µm. The rotor was ground using a free belt grinding tool 
and the developed grinding tool and the runout profile was measured periodically. The grinding was continued until the runout 
amplitudes did not reduce. 
 
The results show that using the developed tool, the errors at 33rd harmonic amplitude can be removed almost completely. However, 
while using a free belt grinding, 1.4 µm amplitude undulation was left to the rotor surface. The developed tool had also a positive 
effect on improving the roundness at low harmonics, reducing the errors at 2nd harmonic significantly. The developed tool performed 
substantially better in reducing the roundness error than the free belt grinding method. 
 
 
Grinding, roundness, runout, rotor, manufacturing   

1. Introduction 

Large cylindrical rotors are used in various manufacturing 
processes. For example, in paper and steel industry, the end 
product is formed using these large rotors. The product material 
is formed by compressing it between a pair of rotors. Thus the 
geometrical properties of these rotors have a substantial effect 
on the end product quality. However, it is challenging to 
manufacture the rotors to meet the required tolerances.  

 
Manufacturing inaccuracies in the production of rotors, wear 

and damage during the operation results in geometrical errors, 
such as roundness errors. These geometrical errors lead to 
vibration in rotating machinery and cause undesired thickness 
variations in the produced goods. Thus, minimal runout is 
desirable as it improves the runnability of the manufacturing 
process and the quality of the end product. 

 
In cylindrical rotor manufacturing process, the rotor surface is 

typically ground with a rotating wheel and finished with an 
abrasive belt grinding (superfinishing) to improve the surface 
finish. During operation, the rotors are periodically reground to 

remove surface defects and reduce runout errors resulting from 
operation. Changing and regrinding of the rotors are done on 
scheduled intervals or when the vibration levels in the machine 
increase over a critical threshold. 

 
In the present study a novel method for grinding cylindrical 

rotors to minimal runout is experimentally investigated. The 
method targets the regrinding of polymer covered rotors as part 
of the maintenance process. The main purpose of the tool is to 
reduce the high-order periodic undulations present in the 
roundness profile, which is a common wear type in the rotors in 
question. Preferably, this grinding process should remove 
minimal amount of material to allow as many as possible 
regrounds.  

 
The developed method uses a curved tool to contact the rotor 

cover on large surface area instead of line contact used in 
conventional methods where the rotating grinding wheel is 
used. This study compares the developed grinding tool against 
free-belt grinding, where also a large surface area contact is 
achieved. The methods were compared by measuring the 
residual runout profiles after grinding with each method. 
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2. Materials and Methods 

2.1. Roundness and runout 
Roundness is a measure of how close a measured cross section 

is to a mathematically perfect circle. Runout is the radial error in 
a cylindrical part (Figure 1). Runout is a sum of roundness error 
and movement of the rotation axis. 

 
In present study the rotor is assumed rigid. For rigid rotors, 

runout is caused by the roundness error of the rotor surface and 
the error motion in the bearings. Assuming rigid rotation is valid 
as the diameter to length ratio for the rotor is high. Diameter of 
the rotor is 800 mm and the length of the rotor measured 
between bearing surfaces is 1800 mm. The rotor is rotating 
relatively slowly at 20 rpm, so dynamic runout can be assumed 
insignificant in the measurements. 
 

 
Figure 1. Runout measurement. Here the total indicated runout t is 
measured in cross-section plane b about the rotation axis a.[1] 

 
2.2. Grinding tools     

In grinding processes chips are removed by multiple abrasive 
grains, in comparison to machining tools where chip formation 
happens with clearly defined cutting edges. The abrasive 
degrades during use by releasing the dull abrasive grains from 
the binder and exposes fresh grains to continue the cutting 
action. The material removal by multiple cutting edges has  an 
averaging effect that leaves good surface finish on the 
workpiece.[2] 

 
Grinding and chip formation have been studied in depth by 

Denkena, Köhler and Kästner [3]. Brinksmeier et al. [4] present 
ultra-precision grinding methods used in various industries. 
Current systems in cylindrical rotor grinding include advanced 
measurement and control systems to determine the runout and 
roundness profiles of the rotor and compensate for the errors in 
the process allowing accurate grinding of flexible rotors [5]. 

 
Defining feature of the developed grinding tool was arc shaped 

contact area matching the curvature of the rotor surface. The 
tool was manufactured from PE 1000 plastic. The contact face 
on the developed tool is 300 mm long. Conventionally used 
methods have line contact between the abrasive wheel and the 
rotor surface. The only degree of freedom of the developed tool 
is in the radial direction of the rotor, and it is pressed into 
contact with constant pressure by a pneumatic actuator. The 
tool will only contact the rotor cover at the highest undulation 
peaks in the rotor surface (Figure 2). This leads to grinding of the 
cover material at the current peak areas and to averaging of the 
rotor surface towards minimal runout situation. 

 

 
Figure 2. The grinding tool contacts only on the highest peak under its 
contact face. This averages down the highest runout peaks until uniform 
runout is reached at the point of lowest runout point. 

 
In free belt grinding the developed tool was removed from the 

machine and only the guide rolls were used to support the 
abrasive film backed with a processing belt (Figure 3). Habasit 
HAB-12E –processing belt was used. The belt was used to 
support the abrasive film and prevent it from stretching or 
tearing during the grinding process. The Contact length between 
the abrasive and rotor was 270 mm in free belt grinding.  

 

 
Figure 3. Developed grinding tool (left) and free belt grinding (right). On 
the test rotor surface there are marks left from grinding the initial runout 
error. 

 
2.3. Measurement setup     

The experimental measurement setup consisted of a large 
cylindrical rotor supported on roller bearings (Figure 4). The test 
rotor was made out of steel and was covered with polymer 
coating. The tool stand for the interchangeable grinding tools 
was mounted on a servo axis allowing linear motion along the 
rotor length. The tools can be pressed against the rotor surface 
with a pneumatic actuator. The developed tool was aligned to 
the rotor by pressing it against the rotor cover while the 
attaching fasteners were tightened. The contact face was 
ground to equivalent radius of the rotor surface before use.  

 
The measurement setup includes a Heidenhain MT-12 

incremental length gauge with 0.2 µm measurement uncertainty 
to measure the runout of the rotor. The length gauge was rigidly 
attached to the frame of the rotor support by using a magnetic 
indicator stand. Stegmann DG60 rotational encoder attached to 
the end of the rotor was used to trigger the measurements. The 
encoder has resolution of 2500 pulses per revolution. The 
measurement data was collected by using Heidenhain EIB700 
evaluation device and a pc. 
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Figure 4. Grinding and measurement setup. Grinding tool is pressed 
against the cylinder with constant force from a pneumatic actuator. 
 

2.4. Measurement procedure     
Measurements were conducted by following procedure: 

 
1. Initial error was ground to the rotor using a voice coil 

controlled grinding head at 11 µm amplitude 
repeating at 33rd harmonic. 

2. Grinding setup was changed to a free belt. 
3. Free belt grinding. 
4. Runout measurement. 
5. Steps 3 and 4 were repeated until there was no 

decrease in runout amplitudes. 
6. Grinding setup was changed to developed tool. 
7. Grinding with the developed tool. 
8. Runout measurement. 
9. Steps 7 and 8 were repeated until there was no 

decrease in the runout amplitudes. 
 

In all grinding operations 3M 472L -abrasive film with 40 
Micron abrasive size was used. Each runout measurement 
consisted of 5 measured revolutions of the rotor. 
 
2.5. Analysis methods     

Time synchronous averaging (TSA) is a popular method in 
vibration analysis of rotation components and machinery. TSA 
requires a periodic and steady state system. The system is 
measured over multiple revolution periods using a trigger signal 
which is phase locked to the rotation of the rotor. The measured 
data is averaged over the periods into single representative 
period. By using TSA, random noise is attenuated while the 
periodic components of the signal stay unchanged.[6, 7] 

 
In the present study rotational encoder with 2500 pulses per 

revolution was used to trigger the runout measurement. With 
phase locked measurement points, the effects of rotation speed 
fluctuations can be negated and TSA assumptions are valid. For 
each measurements, 5 measured revolutions of the rotor were 
used for the TSA calculation. 

 
Fourier analysis allows the separation of individual frequency 

components from a time domain signal. It is based on 
representing time domain signals as infinite sum of sinusoidal 
waves in frequency domain. Each sinusoidal component 
represents a frequency present in the signal with some 
amplitude and phase shift. Fast Fourier Transform (FFT) is 
algorithm to calculate the Discrete Fourier Transform (DFT) 
originally presented by Cooley and Tukey [8]. 

 
Matlab FFT-function based on the improvements of Frigo and 

Johnson [9] was used to calculate the FFT for measurement data. 
Frequency domain runout data is normalized with respect to the 
rotation frequency of the rotor. Normalization transforms the 

runout data into harmonic domain. Harmonic domain 
components represent the amplitude of undulations repeating 
1, 2, 3… N times in each revolution of the rotor. Harmonic 
domain representation is an intuitive way to show the results. 
Harmonic low pass filtering was used, terms higher than 400th 
harmonic were set to 0. 

3. Results      

The runout profiles are presented in polar coordinate systems 
showing the exaggerated profile of the rotor in various stages of 
the grinding. Harmonic domain figures show the amplitude of 
each component. The phase information is omitted because it 
has no significance in the present study. The Nth harmonic 
component represent runout variations occurring N times 
during the revolution of the rotor. Therefore, the angular period 
for Nth component is 360°/N. 

 
The runout profile of the rotor in initial state and after 

grindings is presented in Figure 5. The initial state had a waviness 
error of 33 undulations with 10.6 µm amplitude and was also 
slightly oval 20.7 µm amplitude at the 2nd harmonic (Figure 6). 
After free belt grinding the runout amplitude was reduced to 1.4 
µm while the 2nd harmonic was still at 11.3 µm (Figure 7). After 
grinding with the developed tool the initial error at 33rd 
harmonic had disappeared, and while 2nd harmonic was at 3.9 
µm amplitude (Figure 8). 

 

 
Figure 5. Runout profile during different phases of the study. 
 

 
Figure 6. Initial state before grinding. Error was ground to the cylinder 
with 10.6 μm amplitude at 33rd harmonic. There was initial errors below 
10th harmonic with 2nd harmonic being the largest at 20.7 µm amplitude. 
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Figure 7. State after free belt grinding. Errors at higher harmonics 
decreased significantly, with only the main peak at 33rd harmonic. Low 
harmonic number errors are still present 11 µm amplitude. 

 

 
Figure 8. State after grinding with the developed tool. Errors have 
decreased to miniscule levels on higher harmonics, and low harmonics 
have decreased significantly from the initial and free belt grinding states. 

4. Summary and discussion      

The results indicate that grinding with the developed tool 
reduces the runout substantially compared to using a free-belt 
grinding method. The runout error at 33rd harmonic reduced 
from the initial 10.6 µm amplitude to 1.4 µm with free belt 
grinding and disappeared completely with the developed tool. 
The tool had positive effect on reducing errors at low harmonic 
numbers. For 2nd harmonic the initial runout amplitude was 20.7 
µm, after free belt grinding  the amplitude was 11.3 µm and after 
the developed tool the amplitude was 3.9 µm. Therefore the 
results suggest that the working principle of the developed tool 
is valid. 

 
In the grinding experiments clogging of the abrasive film was 

problematic. Current setup did not have option to use coolant 
for flushing away the grinding dust and loose abrasive particles. 
The loose dust and particles filled the voids between the 
abrasive grains, preventing cutting action. The clogging was 
mitigated with proper selection of the rotor rotation speed and 
abrasive film feed rate. Heat generation becomes problematic 
with too high rotation speeds and the abrasive film and the rotor 
surface when there is no coolant used. In future studies, the 
grinding parameters should be optimized and coolant system 
should be added in order to increase the performance of the 
system. The parameters should include the rotation speed or the 
rotor, abrasive film type and feed rate. Also the mounting and 

positioning of the tool should be considered, as the aligning 
process used was quite tedious. 

 
The arc length of the grinding tool should also be considered. 

Intuitively having a longer length increases the area over which 
the tool averages the contact with the rotor cover. Shorter tool 
has smaller contact area, which could help with the abrasive film 
clogging discussed earlier. Material elasticity is also important 
factor when the errors in question are on micrometer scale, the 
workpiece, tool and machine all deform under the load [10]. The 
tool face made of PE 1000 plastic and the rotor made of polymer 
are the least stiff parts of the system and will deform the most 
under the grinding loads. The elasticity can help with small 
alignment errors, even if the errors will lead to uneven pressure 
distribution on the tool face. 
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Abstract 
Inner  circumference  measurement  of  complex  small  parts,  such  as  watch  parts,  and  barrels  for  small‐lenses  dedicated  for 
smartphones, has been  in a great demand  in recent years. To meet this demand, a new measuring method was developed. This 
method tilts the laser optical axis of a point autofocus probe (PAP), applying high angle tracking ability of PAP, in order to reach to 
the  inner circumference of the small parts.  It has effective measuring  inclination angles and measures cross section contour and 
circumference contour and 3D of a workpiece having its inner diameter less than several millimeters in sub‐micron accuracy without 
repositioning  by  setting  the  optimal  measuring  conditions.  In  this  paper,  measurement  accuracy  and  repeatability  of  inner 
circumference  measurement  were  verified  by  using  high  magnification  objective  lenses.  It  is  useful  for  inner  circumference 
measurement of small lens barrels and small precision parts. 
 
Keywords: Inner circumference measurement, Point autofocus probe, Barrel, Roundness, 3D form, Surface texture 

 

1. Introduction 

It is common to use low pressure stylus and image processing 
measuring  instruments  for measuring  inner  circumference  of 
small parts. However, it is difficult for contact stylus instruments 
to carry out high precision measurement due to requiring long 
measuring  time, displacing and deforming  the workpiece with 
their  contact  pressure.  Also,  image  processing  measuring 
instruments have trouble obtaining correct inner surface image 
as the edge image is affected by brightness of the illumination. 
To  solve  this  restriction,  autofocus  (AF)  optical  axis  tilt 
measuring method (AFOT), tilting the AF optical axis of a point 
autofocus  probe  (PAP)  to measure  inner  circumference, was 
developed. This measuring method utilizes steep angle surface 
tracking ability of PAP [1]  to autofocus on the inner surface in a 
diagonal direction and measures the inner surface directly. This 
paper  presents  the  new  measuring  method,  measurement 
accuracy  and  repeatability  of  AFOT  and  shows  some 
measurement results of small presicion parts. 

2. AF optical axis tilt measuring method 

This measuring method is described in Fig. 1. The AF driving axis 
is in horizontal direction(X) while the AF optical axis is tilted at a 
fixed angle (A) for measuring the inner surface. With this setting, 
PAP directly measures inner diameter and roundness by rotating 
the workpiece in the AZ axis direction. In addition, AFOT offers 
contour and 3D form measurements by setting the AZ axis as the 
stepping  axis  and  scanning  in  the  Z  axis.  Fig.  2  shows  the 
measurement  instrument  for  this study  [2]. This  instrument  is 
equipped with 6‐axis control mechanism; 4  linear motion axes 
and  2  rotation  axes.  This  feature  allows  the  AF  probe  to 
approach  to a workpiece  in various directions. The X, Y and Z 
linear motion axes are loaded with 10 nm resolution linear scales 
and the AF axis is loaded with 1 nm resolution linear scale.  The 
workpiece is set on the AZ axis and the AF probe is mounted on  
the Z axis. This instrument was modified in order to keep the AF 
driving axis in a horizontal position yet the AF optical axis is  

Figure 1. AF optical axis tilt measuring method 
 

 
Figure 2. 3D form measuring instrument (Model: MLP‐3SP) 

AZ  

AF probe Z 

AF driving axis  

A 

X 
Y 

AF optical axis 

Workpiece 

Laser beam 

AF(X) 

Objective 

Z 

AZ 

A

+X 

+Z 

+Y 

503



  

adjustable  in various angles. This modified  instrument enables 
to measure workpieces having inner diameter and depth up to 7 
mm with a 50x objective (WD = 10.6 mm) with the AF optical axis 
at 45˚. 

3.Verification of measurement accuracy 

3.1. Maximum measurable angle 
The  maximum  measurable  inclination  angle  that  does  not 
generate scattered  light with surface  roughness  in nanometer 
level (A3) is given by the following equation [3]: 
 

A3
α

2
+
b

4
                                          (1) 

Fig. 3 shows each symbol of the  laser beam path  in detail.This 
formula gives the maximum measureble angle  is A3 = 25˚ with 
50x objective and A3 = 45˚ with 100x objective . However,  it  is 
possible  to measure  greater  angle  than  A3  as  the  AF  sensor 
captures the scattered light generated by the workpiece surface 
having several tens of nanometer surface roughness [4]. Fig. 4 
shows  a  measurement  result  of  a  pin  gauge  having  surface 
roughness Ra = 0.1 µm. This profile measurement proves that ± 
88˚ slope is measurable. 

 
Figure 3. Maxmum measurable inclination angle 

Figure 4. D=3mm pin gauge profile (50x objective) 

 
3.2. Change of surface texture parameters against inclination 

angle  
In order to verify the measurement accuracy against  inclined 

planes, a roughness reference material having Ra = 0.5 µm was 
measured by changing its setting angle at every 5˚ from 0˚ up to 
85˚. Fig. 5 shows  the measurement  result. The horizontal axis 
shows  inclination angle and the vertical axis shows correlation 
against  the  roughness  standard. Amplitude  parameter  value 
(Ra) with the 50x objective is same as that of the reference value 
ranging from 0° to 10°. And, Ra increases as the angle becomes 
greater and reaches to its peak near the maximum measurable 
inclination  angle  (25°).  It  drastically  decreases  at  30°  and 
becomes  stable up  to 85°. On  the other hand, with  the 100x 
objective, it remains the same as the reference value, 0°, up to 
25°  and  reaches  to  the  peak  near  the maximum measurable 
inclination  angle  (45°)  likewise.  It  becomes  closer  to  the 
reference value at the greater angle than 50°. Fig. 6 shows the 
roughness  profile  at  each  set  angle  with  different  objective 
lenses. The roughness profile at 20˚ in Fig. 6‐a is approximately 
7 times larger value than the reference profile at 0˚. On the other  

 
Figure 5. Change of  the  surface  texture parameter against  inclination 

angle 
 

 
Figure 6. Comparison of roughness profile of different inclination angle 
 
hand, the roughness profiles at 45˚ and 60˚ show closer values 
to the reference profile with the presence of micro‐noise. Fig. 6‐
b shows the changes in roughness profile with the 100x objective. 
The roughness profile increases almost twice at 45°, comparing 
with the reference profile at 0°, with indication of micro noise in 
sub‐micron level at greater inclination angle. However, it shows 
a similar result to the reference profile at 0°. 
For the inclination angles from 0˚ to 10˚, the objective captured 
all the reflected laser beam. For the inclination angles from 10˚ 
to 25˚, the reflected laser beam was at the circumference of the 
objective.  For  over  25˚,  PAP  autofocused  on  the  workpiece 
surface  only with  the  scattered  light.  From  these  results,  the 
optimal  angles  of  the  AF  optical  axis  for  high  accuracy 
measurement with the 50x objective are from 0˚ to 10˚ and over 
30˚, excepting for the angles where the reflected laser beam is 
at  the circumference of  the objective, and  that with  the 100x 
objective  are  from  0°  to  25°  and  over  50°.  However,  as  the 
inclination angle  increases, the scattered  light captured by the 
AF  sensor  decreases.  This  causes  signal‐to‐noise  ratio  (SNR) 
decreases, leading the AF focusing speed to slow down. Hence, 
the ideal AF optical axis angles for high precision measurement 
of inclined planes, having sub‐micron roughness that generates 
sattering light, are 45° for the 50x and 60° for the 100x objectives. 

 
3.3.Accuracy verification of  roundness measurements  
To  verify  the  inner  diameter measurement  accuracy,  2  ring 
gauges were measured; one has 5.999 mm diameter  (Ring A) 
and the other has 1.004 mm diameter (Ring B). The roundness 
of Ring A was measured with the 50x objective with AF optical 
axis tilt angle = 45° and that of Rinig B was measured with the 
100x objective with the tilt angle = 75°. Both ring gauges were 
measured 20 times, and the result shows that both PV values are 
less than 0.1 µm. Also, the roundness of the ring gauges were 
measured by repositioning 4 times, changing phase at every 90˚ 
from 0˚ to 270˚. As a result, PV values are less than 0.2 µm. 
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4. Inner circumference measurement of lens barrel 

4.1. Measurement items and required accuracy 
Camera  lens  for  smartphones  consist  of  several  aspherical 
lenses  (Fig. 7‐a). For aspherical  lenses, eccentricity amount of 
each lens directly and greatly affects their optical performance. 
In order  to  reduce  the eccentricity  amount,  the  fitting of  the 
inner  diameter  of  barrel  for  holding  these  lenses  and  the 
circumference of the lenses are critical, and the gap between the 
barrel and the lenses must be controlled in a‐few‐micron level. 
To meet these requirements, it is very important to measure the 
inner circumeferences of each steps. The reference lens for the 
optical  axis  is  the  bottom  lens  depicted  in  Fig.  7‐a.  It  is  also 
crucial to measure the inner corner form of the bottom and the 
contour  of  the  bottom  iris. Most  of  the  barrels  are made  of 
plastic  with  several  millimeters  in  size.  There  has  been  no 
proposal of non‐contact method that carries out high precision 
measurement of black plastic material with low reflectivity and 
inner diameter having multistep part of inner rings in sub‐micron 
level yet. AFOT is a only one non‐contact measuring method that 
meets these requirements (Fig. 7‐b).  
 

 
Figure 7. Camera lens module for smartphone 

 
4.2. Measurement example 1): Cross section contour  
PAP was set as described in Fig. 1. The AZ axis is the stepping 
axis and the Z axis is the scanning axis. Profile measurement of a 
barrel was  carried out as  follows:  scan  in  the Z axis  from  the 
bottom to the top of the barrel with the AZ axis at 0˚, and rotate 
the AZ axis 180˚ and repeat the Z‐axis scan. The obtained data 
was  transformed  to  coordinates,  referencing  to  the  rotation 
center  coordinates of  the  instrument, and  combined  them  to 
produce a cross‐section contour of the inside of the barrel. Fig. 
8 shows an example of cross‐section contour measurement of a 
barrel  having  less  than  2‐mm  inner  diameter.  PAP measured 
from the edge form of the iris at the bottom up to the tip of the 
inner diameter at the top of the barrel. 

 
Figure 8. Barrel inner crosssection contour 

4.3. Measurement  example  2):  Circumference measurement 
(diameter, roundness and eccentricity measurements) 

Each  inner  circumference  of  the  barrel  was  measured  by 
setting  the  Z  axis  as  the  stepping  axis  and  the AZ  axis  as  the 
scanning axis. This measurement setting is as same as that of the 
cross‐section contour measurement in the previous subsection, 
yet  it  also  offers  diameter,  roundness  and  eccentricity 
measurements.  The  circumference  measurement  enables  to 
carry  out  high  speed  measurement  by  setting  the  AZ  axis 
rotation  speed  at  20˚  per  second  with  Scan  mode  [5].  The 
measurement  time of one circumference  is 25 seconds. Fig. 9 
shows the measurement result of 4 roundness measurements of 
the barrel with 4 inner steps. All 4 measurement results indicate 
less  than  0.8  µm,  showing  good  roundness.  In  addition,  this 
measurement  setting  can  calculate  the  diameter  upon 
circumference measurement  as  the  rotation  center of  the AZ 
axis is obtained prior to the measurement. Hence, the diameter 
value is automatically acquired when measuring circumferences. 
Table 1 shows the 20‐time repeated measurement result of the 
diameter and the center position of the barrel, having 3.0 mm 
diameter, under ± 0.5 ̊ C environment. Since diameter values are 
sensitive to temperature fluctuations, PV value of the diameter 
shows  relatively  large  value  of  0.4  µm, whereas  that  of  the 
central coordinate is 0.06 µm, indicating a stable value. Fig. 10 
shows  the  eccentricity  of  7  circumferences  after  leveling  the 
measurement data by the center points of point 7 at the top and 
point 1 at  the bottom. The eccentricity amount changes  in an 
elliptic form, however all the eccentricity values fall within 0.3 
µm. 
 

 
Figure 9. Roundness of four inner circumferences 

 
Figure 10. Eccentricity of seven circumferences 
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Table 1 Diameter and center position repeatability 

 

4.4. Measurement example 3): 3D form measurement 
Fig.  11  shows  the  3D  CAD  comparison  of  3D  inner  form 
measurement of a barrel having 6 mm diameter, 4.1 mm depth 
and 6 inner steps. The Z axis was set as the stepping axis and the 
scanning speed of the AZ axis was set at 60˚ per second with Scan 
mode. Sampling pitch in the Z axis is 20 µm and that of the AZ 
axis  is 0.1˚. The  total measured points are 740,000 points and 
the measurement  time  is  38 minutes.  The  form  deviation  is 
expressed  in color. The upper area shows approximately 8 µm  
of quadrate shape deviation. This is caused by sinking in injection 
molding, having the quadrate flange at the top of the barrel. In 
this way, 3D data offer surface information visually that is useful 
for root cause analysis of the form deviation. 
 

 
Figure 11. 3D form deviation of barrel inner surface 
 
5. Inner circumference measurement of minute hand of watch 
As an example of measuring  small precision parts,  the  inner 
circumference of center hole of the wristwatch minute hand was 
measured. Fig. 12 shows the inner circumference measurement 
with the 100x objective. The angle of the AF axis was set at 75° 
where the objective will not be in contact with the flat plane. Fig. 
13 shows the measurement result of inner surface with 0.7‐mm 
diameter and 0.4‐mm depth in 3D form. The color bar indicates 
the form deviation against the design values. The red indicates 
+1 μm and  the blue  indicates  ‐2 μm. Even  though  this hole  is 
produced by precision press processing, its roundness is within 
3 μm. Also, the result clearly shows the 3D surface texture of the 
inner surface which was well obtained by AFOT. 
 

 
Figure 12. Center hole measurement of a minute hand 

 
Figure 13. 3D measurement center hole with D = 0.7 mm 

6. Summary 

AFOT offers direct and high precision measurement of  inner 
surface  and  circumference  of  small  complex  parts  whose 
diameters are less than several millimeters. 
The findings of this study are as follows: 
1. Since measurement accuracy of the AF axis at the inclination 

angle deteriorates near the maximum measurable inclination 
angle (A3), it is effective to set the AFOT angle greater than  
A3  where  only  the  scattered  light  is  used  for  the 
measurement. The best tilt angle is 45˚ with the 50x objective 
and 60˚ with the 100x objective for the inclined planes having 
sub‐micron roughness that generates sattering light. 

2. The  50x  objective  with  working  distance  =  10.6  mm  can 
measure inner diameters having 7 mm with its depth up to 7 
mm with AFOT. 

3. The measurement repeatability of  the roundness is less than 
0.1 µm from the result of the 20‐time repeated measurement 
of the 2 ring gauges. 

4. Diameter  measurement  is  sensitive  to  environmental 
temperature. 

5. Only by changing the scanning axis and the stepping axis of 
PAP,  it  is possible  to carry out  inner cross‐section contour, 
diameter,  roundness,  eccentricity  and  3D  form 
measurements  of  each  inner  step  of  the  barrel  without 
replacing it. 

AFOT  is  ideal  for  inner  circumference measurement of  small 
complex parts such as lens barrels for smartphones, which none 
of the conventional measuring methods have not achieved yet. 
AFOT will be widely accepted in precision precessing filed as the 
current  small  complex  and  precision  parts will  become  even 
smaller in the near future. 
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Abstract 
This paper presents a tool wear prediction model based on multi-sensorial data fusion, which integrates both local preserving 
projection (LPP) and support vector regression machine (SVR). The time-domain features are extracted from spindle current and feed 
motor torque signals, and the multi-sensorial features are fused by three dimension reduction algorithms of PCA, KPCA and LPP. To 
compare the fusion effect, SVR model was used to establish the mapping relationship between the fusion feature and the tool flank 
wear value, and the tool wear value was predicted. The experimental results demonstrate that the effect of feature fusion using LPP 
method is better than that of PCA and KPCA. In addition, in order to eliminate the motor current fluctuation and unexpected factors 
in cutting process, wavelet packet transform (WPT) algorithm is used to filter the extracted features to further improve the accuracy 
of tool wear prediction. 
 
Keywords: multi-sensorial data fusion, tool wear prediction, machine learning

1. Introduction 

At present, the goal of the research is to monitor the abnormal 
conditions in the machine tool processing under the situation of 
unattended and one worker with multi-machine. With the 
development of intelligent manufacturing, machine tools have 
the certain self-perception function. Therefore, monitoring tasks 
such as tool wear, breakage, chatter and chip load self-adaptive 
control can be carried out. The target is in line with the industrial 
4.0 principle [1]. 

In the process of NC machining, tool wear will affect the 
accuracy and surface quality of parts, and damage the machine 
tool when seriously [2]. In order to avoid it, the tool condition 
should be monitored during machining.There have been several 
tool condition monitoring techniques reported in the literature, 
which can be classified as direct or indirect approaches. In the 
direct approach, the artificial vision system installed close to the 
cutting region, such as laser and image sensors on the table with 
position tracking along the tool path. Milad [3], proposed a 
method combining PCA and discrete wavelet transform (DWT) 
with a neural network is used to locate and track cutters in the 
process of processing infrared and visual cameras. This method 
has high measurement accuracy, but it is limited by the high cost 
of laser and the influence of illumination change and 
environment, which make it difficult to implement this method 
in industry. Zhu et al. [4] used optical image method to measure 
tool wear at intervals, but this method needs to interrupt the 
processing process and affect the processing efficiency.  

To solve above problems, the indirect monitoring methods of 
physical signals such as acoustic emission, vibration, force, 
temperature and motor current have become the hot pot. 
Because the model based on artificial intelligence (AI) has made 
reliable progress in the field of system identification and 
prediction [5]. In addition, In addition, AI models are widely used 
in the field of tool condition monitoring to reduce cost, 
complexity and time [6]. Ghosh et al. [7] used back propagation 
neural network (BPNN) model to fuse different signals (cutting 
force, spindle current, vibration and sound) for tool condition 
monitoring. Yu et al. [8] used a hidden Markov model and 
combined cutting force, acoustic emission and spindle vibration 

signals to monitor tool status. Alonso et al. [9] utilized sound and 
feed motor current to develop the monitoring system to detect 
the tool wear. The features extracted from sound and feed 
motor current signals by SSA correlate with tool wear state and 
were trained by neural network to estimate the tool flank wear. 
Stavropoulos et al. [10] presented a methodology based on the 
simultaneous detection of spindle drive current and acceleration 
sensor signals for tool wear prediction in milling of CGI 450 
plates, by utilizing third degree regression models and pattern 
recognition systems. Balsamo et al. [11] proposed a new 
methodology based on the acquisition of multiple sensor signals 
of different nature, including force as well as acoustic emission 
sensor signals. In [12,13], proposed a methodology for a 
comprehensive tool condition monitoring, based on the 
acquisition and processing of multiple sensor signals to acquire 
a number of sensor signal features relevant for the monitoring 
of tool wear. 

Although the above research has achieved appropriate 
monitoring results, literature [14] points out that both spindle 
current and feed motor torque are affected by cutting forces. 
Wang [15] points out that the features proposed by multi-source 
information are combined, the dimension of features is highly. 
Appropriate feature fusion methods should be adopted to 
reduce the dimension and complexity of the features. 

Aiming at the above problem, we use PCA, KPCA and LPP 
methods to fuse the features of the spindle current and feed 
motor torque signal of machine tool, reduce the dimension and 
complexity of features. And then predicts tool wear through SVR 
model to verify the effectiveness of the fusion method. The 
experimental results show that the combination method of LPP 
and SVR enhances the prediction accuracy of the model. In 
addition, the filtered feature can obtain higher prediction 
accuracy than the unfiltered feature. 

2. Methodology 

2.1 PCA and KPCA  
The goal of PCA is to map data to a new projection space by an 

orthogonal transformation. The maps with the largest variance 
in the new space are the principal elements, while the maps with 
smaller orthogonal variance are considered noise. It can reduce 
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the dimensionality of data sets with little information loss. 
Therefore, PCA can be utilized to feature fusion. 

However, PCA algorithm cannot get satisfactory results in 
solving the reduction problem of non-linear data sets. The 
principal kernel component analysis (KPCA) algorithm, which 
maps low-dimensional input data space to high-dimensional 
with the help of the kernel function, and uses PCA in high-
dimensional space, thus effectively solving the problem of 
reduction of non-linear data sets, and improves the efficiency of 
calculation. 

 
2.2 Proposed method 

LPP [16] is a type of mapping which uses neighbor graph to 
establish mapping. Compared with PCA method, LPP is a popular 
learning algorithm. By using the local symmetry of linear 
reconstruction, the potential non-linear structure of high-
dimensional data can be found, so the essential features of non-
linear data can be retained. Compared with KPCA method, LPP 
mapping matrix needs less computation, and retains the 
advantages of linear method which is simple and intuitive. 

Taking n-dimensional data sample X = {x1, x2… xm}, which 
containing cutting process quantity is m as an example (n<<m). 
Using LPP algorithm to find a projection matrix W to map data 

sample X to low-dimensional space R (l<<n) so TY =W X . The 
optimal projection matrix W can be obtained by minimizing the 
problem, as shown in (1): 
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  (D is a diagonal matrix) and L D S  is 

a Laplacian matrix. Additional constraints are: 
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Finally, the optimization objective function in (1) can be 
modified as follows: 
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The optimization problem can be transformed into solving 
eigenvalue equation. 

                               T TXLX w XDX w                                   (5) 

By selecting the first l eigenvectors from ( )W l n , the 

following mappings can be obtained: 

                          1 2, [ , ... ]T T
i i ly W x W w w w                            (6) 

Therefore, W is l m matrix, the data dimension is reduced 

from n to l dimensional. Besides the structure between 
neighboring data points of the original data remains unchanged. 

3. Experimental setup      

The TC4 material is used in this experiment with size of 
190mm×140mm×60mm. The cutting tool diameter is equal to 
50mm. Two carbide inserts are installed. The installation of the 
workpiece and cutting tool is shown in Figure 1. Dry cuttings are 

carried out in the experimental process. The cutting parameter 
is indicated in Table 1. 

 

 
 
Figure 1. Cutting tool and wrokpiece mounting 

 
Table 1 Cutting Parameters 

 

Parameter Value 

Y Depth of Cut 2 mm 

Z Depth of Cut 2 mm 

Spindle Speed 1500 rpm 

Feed Rate 150 mm/min 

Milling Method Down milling 

 
As showed in Figure 2, the HIOKI 3283 current clamp is 

installed at the output end of X, Y, Z and spindle servo drive. The 
sampling frequency of each channel is 2 KHz. The signal 
acquisition is done through the DAQ acquisition card. 
 

Spindle Motor Current

TC4 Workpiece

X

Y

Z190mm

Feed 

Rotation

Ø50

 Y

- Z

X

Feed Motor 
Current

Data 
acquisition

 
Figure 2. Schematic diagram of cutting process 
 

In addition, after each cutting, the blade is removed to observe 
the wear of the tool flank (VB) through the INSIZE magnifier, and 
the worn value of the tool flank is measured. As it is non-uniform 
wear, take the mean value of VB value in different areas.The 

wear of tool flank is shown in Fig. 3. 
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1 mm

 
 
Figure 3. Schematic diagram of tool wear value measurement 

 

 
(a) Torque of X axis 

 
(b)  Torque of Y axis 

 
Figure 4. Contact before and after feature filtering 

 

4. Signal processing 

4.1 Feature extraction 
The traditional features according to the characteristics of the 

response are chosen, as showed in Table 2. Two features were 
extracted from the response of one channel, and in this 
experiment we use 4 channels, so the number of the feature set 
is 8. 
 
4.2 Signal filter 

Although the collected data are an incremental process 
caused by tool wear, there will be many disturbances (such as 
friction, high frequency vibration, etc.) due to the distance 
between the collected signal and the cutting area, resulting in 

the oscillation phenomenon in the extracted feature trend. The 
extracted features cannot directly reflect the trend of tool wear. 
To avoid this problem, WPT is used to filter the RMS feature of 
tool wear tendency. The results are shown in Figure 4. 
 
Table 2 Extracted Features and Feature Description 
 

Feature Formula 

RMS 
1 2

1

w
x xrms iwi t w

 
    

Kurtosis 
4 /

1

n
K x nXrmsi

i
 
  

 

5. Comparison Results 

5.1 Feature Fusion 
Two feature reduction techniques were chosen to fuse 

features and compare with the proposed hybrid approach by 
averaging the results of 100 tests. Therefore, in the case of PCA 
and KPCA and LPP are implemented to find the best features for 
each regression respectively. Same SVR model is used in this 
section. 

The comparison of different feature reduction methods is 
given in Table 3. Figure 5 shows the relation curve of meaning 
accuracy with the number of features. The accuracy curve of the 
proposed method reached a peak at 8.7 (MSE), where the 
number of selected features is for two. Then the accuracy curve 
gradually declined and stabilized at 13.4. PCA algorithm worked 
well, while KPCA performed worst in this tool wear regression 
task. Specific information about selecting features is listed in 
Table 3. 

 

 
 
Figure 5. Relation curves of means accuracy with number of selected 
features in 100 tests 

 
Table 3 Comparison of different feature reduction methods 

 

Method 
Number of 

selected features 
Number of 

total features 
MSE 

PCA+SVR 2 8 9.9 

KPCA+SVR 4 8 11.6 

LPP+SVR 2 8 8.7 

 
5.2 Regression 

The proposed hybrid approach compares with other data 
fusion methods for averaging the results of 100 tests. Nine tens 
(9/10) of the input data were used only for model development 
(training). The remainder (1/10) of the input data was used for 
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model validation (testing). Figure 6~7 shows the predicted 

against observed tool wear values using the experimental data 
set. Besides, the comparison result is shown in table 4. 
 
Table 4 Comparison of different algorithms for tool wear prediction 

 

Method 

Prediction results 

Filtered Unfiltered 

MSE Error_avg/μm MSE Error_avg/μm 

SVM 12.7 25 13.1 27 

PCA+SVR 9.9 17 10.7 19 

KPCA+SVR 11.6 22 12.8 25 

LPP+SVR 8.7 11 9.9 17 

 

 
 
Figure 6. LPP-SVR; filtered; maxmum error: 27μm and minmum error: 
3μm and avg error: 11μm 

 
The proposed method gets the highest average regression 

accuracy while comparing with other algorithms. The accuracy 
derives from two aspects. (a) when the feature numbers were 
set to two. The accuracy represents the performance of SVR 
model. Depending on Table 4, LPP is more precise than PCA in 
our experiment. (b) by filtering the extracted features, the 
prediction accuracy of the model can be also improved. 
 

 
 
Figure 7. LPP-SVR; unfiltered; maxmum error: 33μm and minmum error: 
8μm and avg error: 17μm 

 

6. Conclusion 

In this paper, time domain features of RMS and Kurtosis are 
extracted from the spindle current and feed motor torque 

signals, and the multi-sensorial features are fused by three 
dimension reduction methods of PCA, KPCA and LPP. Finally, the 
mapping relationship between the fused features and tool flank 
wear (VB) value is established by SVR model. The results of three 
dimension reduction methods were compared by the index of 
average wear value and MSE. The experimental results show 
that the index of LPP + SVR method proposed in this paper is 
higher than that of other two methods, which solve the problem 
of high dimension of multi-sensorial features in tool wear 
monitoring process. In addition, the prediction accuracy of the 
model can be well improved by filtering the proposed features. 

The future work is to combine the mechanism model with the 
data model to predict the tool wear. In order to eliminate the 
influence of cutting parameters on the response signal. 
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Abstract 
 
In 1851 Léon Foucault created a sensation with his pendulum providing a direct demonstration of the turning of the Earth. This simple 
device consists of a pendulum which is launched in a purely planar orbit. Following Mach's principle of inertia, the mass will continue 
to oscillate in the same planar orbit with respect to absolute space. For an observer on Earth, however, the plane of oscillation will 
turn. Conceptually speaking, Foucault constructed a very precise demonstrator showing that, when put on a rotating table, planar 
oscillations of an isotropic two degree of freedom oscillator remain planar with respect to an inertial frame of reference. 
These oscillators have currently been under study in order to construct new horological time bases. A novel concept was a spherical 
isotropic two degree of freedom oscillator. Theoretical computations indicate that when put on a rotating table, planar oscillations 
of the spherical oscillator neither remain planar in the inertial frame nor in the rotating frame of reference, but in a frame of reference 
rotating at exactly half the rotational speed of the rotating table. 
This intriguing result led to the design, construction and experimental validation of a proof of concept demonstrator placed on a 
motorized rotating table. The demonstrator consists of a spherical isotropic oscillator, a launcher to place the oscillator on planar 
orbits, a motorized rotating table and a measurement setup. The experimental data recorded by the lasers validates the physical 
phenomenon. 
 
Foucault pendulum, two degree of freedom oscillator, spherical oscillator, mechanics       

 

1. Introduction   

In previous work [1,2], it was shown that that two degree of 
freedom (2-DOF) harmonic oscillators can be used 
advantageously as time bases for mechanical timekeepers since 
they bypass escapement mechanisms. More specifically, 
attention was brought to spherical oscillators which are 
relatively insensitive to the effect of tilting the mechanism in the 
presence of gravity [2]. By spherical oscillator, we mean a 
spherical mass having purely rotational kinematics and subject 
to restoring torque.  
These 2-DOF oscillators behave to some extent like a spherical 
pendulum, the Foucault pendulum being a physical constrution 
of the latter.  This paper shows that spherical oscillators are also 
subject to a precession when undergoing planar oscillations, but 
this precession is only at half the rate of the standard Foucault 
pendulum. This paper first introduces the required theoretical 
background including the description of spherical oscillators. We 
then present the design and construction of a proof-of-concept 
demonstrator (Fig. 1) intended to make this Foucault effect 
visible to the naked eye. As the Foucault effect induced by the 
Earth’s rotation is extremely small (one revolution per 32 hours 
at our 47 degree latitude), the prototype was placed on a 
motorized rotation stage to increase the effect. The 
experimental method will be described and the results of 
quantitative measurements will be given and discussed. 

2. Theoretical Background      

2.1. The Foucault pendulum    

The Foucault pendulum is a physics experiment that enables 
the rotation of the Earth to be visible to the naked eye and was 
first imagined and constructed in 1851 by the famous French 
physicist Léon Foucault. This simple device consists of a spherical 
pendulum launched in a straight line towards the center of 
attraction, which defines a plane of oscillation. Following the 
principle of inertia, the mass will try to follow a straight line with 
respect to absolute space. Due to the Earth’s rotation, for a 
terrestrial observer, the plane of oscillations will seem to turn. 
See [3] for a historical summary.  

2.2. Spherical oscillators      
In his Principia Mathematica, Isaac Newton showed that if 

gravitation’s restoring force were to be linear, then the orbits of 
a planet around the sun would be an ellipse with the sun in the 
center. 

 
Figure 1: General CAD view of the demonstrator prototype 
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Moreover, Newton showed that all orbits of a planet would 

have the same period, which is the basic requirement for an 
oscillator to be a precise time base for a timekeeper.  

In order to have portable timekeepers, the time base must be 
insensitive to gravity and in [2] we considered spherical 
oscillators, since they can be rotated without displacing their 
center of gravity.  

Since a sphere has 3 degrees of freedom and Newton's result 
applies only to 2-DOF oscillators, we must restrict a degree of 
freedom. This is achieved by having the sphere follow Listing's 
Law known to described human eye movement, see  [2]. 

Listing’s law: 
There is a direction called the primary position so that any 

admissible position is obtained from this position by a rotation 
whose axis is perpendicular to the direction of the primary 
position. 

Mechanical Realisation 
A flexure mechanism following Listing’s law can be obtained 

with four flexible beams as shown in  Fig 1. The three equatorial 
beams prevent rotation around polar axis and the polar beam 
acts as a bearing to counteract  gravity. 

2.3. Foucault pendulum properties of spherical oscillators      
We give an overview of the demonstration of the Foucault 

effect for spherical oscillators. The method is standard and 
calculates the oscillator’s Lagrangian to  derive its Euler-
Lagrange equations. Computing the kinetic energy requires the 

calculation of the infinitesimal angular velocity . 

In previous work [2], an expression for  in the case of the 
spherical oscillator in an inertial frame was derived: 

𝜔 = �̇�(𝒊 − 𝒗) +  �̇�𝒏 , 
where 𝒊, 𝒗, 𝒏 are the Euler angles rotation axes as shown in [2, 
Fig. 5]. As we are considering the case of a spherical oscillator 
whose primary position 𝒊  is vertical and is placed in a frame 

rotating around this axis at rate 𝜁, the angular velocity  has an 
additional term along 𝒊: 

𝜔 = �̇�(𝒊 − 𝒗) + �̇�𝒏 + 𝜁𝒊 
From this, one calculates the kinetic energy 

𝐾 =  
𝐼

2
[�̇�2 + 4�̇�2(sin(𝜃/2))2 +  4 𝜁 �̇�(sin(𝜃/2))2 + 𝜁2] 

and the Lagrangian is 𝐿 =  𝐾 − 𝑉, where 𝑉 is a central isotropic 
potential.  The Euler-Lagrange equation in 𝜑 
simplifies to  

(2�̇� + 𝜁)(sin(𝜃/2))2 = C 
where C is a constant.  The key observation is that this equation 
is satisfied when �̇� =  −𝜁/2. This states that planar oscillations  
precess at a rate one half of the constant sphere rotation. Note 
that this holds for any central isotropic restoring force.  

3. Demonstrator design, construction and measurement 

The designed demonstrator is based on the previous clock 
sphere time base of [2]. Its specifications are an inertia of  
2*10-2[kg m2] and a frequency of 1.75 [Hz] 

To verify the ratio of ½ between the precession of the plane of 
oscillations and the rate of the rotating frame, the oscillator was 
set on a rotating table having a variety of possible speeds and 
launched on planar orbits. Following our theoretical analysis, 
when plotting the shift of the plane of oscillation described by 𝜑 
(seen from the rotating frame) with respect to the shift 
undergone by the rotating frame, the angle  𝜑 should have a 
linear behaviour with slope ½. To represent the position of the 
sphere, the principal position corresponding to the north pole is 
projected onto the equatorial plane. 

Due to the inevitable isotropy defect, the orbits will 
degenerate and no longer be planar. The angle 𝜑 was therefore 
measured at the orbits’ apogees and only the first six periods 

were considered as they were deemed sufficiently linear. Fig.2a 
shows the orbits considered and Fig.2b shows the angle 𝜑 with 
respect to the shift of the table along with the slope of the linear 
regression. 

Figure 2a: Enlarged view on the first six periods with their apogees 
highlighted by the circles 

Figure 2b: Plot of the angle  of the apogees in respect to the shift of 
the table with a linear regression 

4. Results 

The slopes of the linear regression for a variety of table speeds 
are shown in Table 1. 

Table speed [deg/s] Slope of linear regression 

10 0.46 

6 0.57 

2 0.50 

1 0.51 

0.5 0.75 
Table 1: Summary of the ratio of shift in the plane of oscillation versus 
the shift of the table for a selection of table speeds 

These slopes are close to the theoretical value of 0.5, with 
exception of the lower table speed for which the slope is 0.75. 
An explanation is that the Foucault effect is small at this low 
speed and therefore the effects of the anisotropy dominate. 

This experiment is a first validation of the predicted 
phenomenon: the frame of reference is rotating at half the 
rotational speed of the rotating table.  

5. Future work 

The natural question is whether it is possible to detect the 
rotation of the Earth. This would be a useful alternative to the 
standard Foucault pendulum which requires a high ceiling: they 
are usually over 5 [m] long in order to reduce parasitic 
precession [3]. The main result shows that these are more 
prominent for this mechanism, since the Foucault precession is 
reduced by half. Current work involves estimating the 
modifications required to detect the rotation of the Earth.  
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Abstract 
The modern manufacturing industry requires to achieve thorough multiscale mechanical characterisation to qualify processes and 
materials. Amongst the few available methods, Instrumented Indentation Test (IIT) outstands for its capabilities of estimating 
hardness, Young’s modulus, stress-strains curve, creep and relaxation behaviour by means of a non-destructive procedure which 
analyses the force applied to the sample and the displacement of the indenter with respect to the sample surface continuously 
acquired during the application of a loading/unloading indentation cycle.  
Traceability of the characterisation is ensured by calibration procedures described in the ISO 14577-2. In particular, the calibration 
of the frame compliance and the indenter area function are critical as they have been proven major contributor to the mechanical 
characterisation measurement uncertainty. Iterative methods, that do not require the indenter area function to be independently 
calibrated by means of high-resolution microscopes, e.g. AFM, are largely exploited in both academia and industry. Several calibration 
recipes are available according to the standard and reference literature. These include different reference materials, algorithms, and 
testing procedures, in terms of force range and number of tests. However, literature lacks detailed works aimed at reporting the 
performances of the several available methods combining the possible parameters admissible for the standard. Furthermore, 
approaches for estimating the measurement uncertainty of this calibration are undefined in both literature and the standard.  
This work, exploiting a Monte Carlo approach for evaluating calibration uncertainty, discusses the results of the comparison of these 
calibration methods in the nano-range. Shortcomings of the standard due to the effect of calibration materials and algorithms are 
highlighted and discussed. 
 
Instrumented nano-indentation test, calibration method, frame compliance, indenter area 

 

1. Introduction 

Amongst mechanical characterisation methods, IIT is a depth-
sensing indentation technique that requires limited sample 
preparation. It received actual interest in the research and 
industrial community since late ‘80s because it allows 
characterisation at nano-range overcoming limits set by optical 
instrument resolution [1]. IIT requires to indent a material by 
means of a loading-unloading cycle, throughout which the 
applied force, F, and the indenter displacement, h, are 
measured by devoted transducers. Mechanical characterisation 
can be achieved by analysing the loading-unloading cycle, when 
expressed in terms of applied force as function of indenter 
displacement, i.e. F(h), that is referred to as indentation curve 
(IC), which Fig. 1 shows. IIT can effectively provide, as an at most 
semi-destructive test, thorough mechanical characterisation in 
terms of hardness, estimate of Young’s modulus, creep and 
relaxation behaviour of the material [2,3], the map of 
mechanical properties of the microstructure of metallic 
materials by distinguishing amongst different phases and 
precipitates [4,5], and the estimate of characteristic dimension 
of microstructure [6]. Therefore, it is attractive for online quality 
control and rapid set-up of manufacturing processes. 
Consequently, given the widespread interest in this technique, it 
is standardised by the ISO 14577, latest reissued in 2015. 

Measured data during the indentation cycle require to be 

corrected to account for some measurement errors. In 

particular, h is affected by a zero error h0, by the elastic 

deformation of the sample reference surface which dependes on 

the indenter shape: 𝜀∙F/S (where S is the contact stiffness, i.e. 

the sample stiffness, and ε is a shape factor depending on the 

indenter type, e.g. for Berkovich indenter it is 0.75), and by the 

elastic deformation of the indentation testing machine: Cf (i.e. 

the frame compliance) [7]. When these contributions are 

considered, the corrected displacement, hc, results according to: 

ℎ𝑐 = ℎ − ℎ0 − 𝜀
𝐹

𝑆
− 𝐶𝑓𝐹 (1) 

 
Figure 1. Example of IC: (a) loading, (b) holding at maximum load 
necessary for creep compensation, (c) unloading and the residual 

indentation hp. 

The contact stiffness can be evaluated, by modelling the 

indenter-sample system as a couple of ideal springs representing 

for the testing machine, with a compliance Cf, and the sample, 

with stiffness S. Due to the modelling and by their definitions 

[1,2], it follows: 

𝐶𝑡𝑜𝑡 =
1

𝑆𝑚
= (

𝜕𝐹

𝜕ℎ
|

ℎ𝑚𝑎𝑥

)

−1

= 𝐶𝑓 +
1

𝑆
 (2.1) 
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𝑆 =
𝜕𝐹

𝜕ℎ𝑐
|

ℎ𝑐,𝑚𝑎𝑥

 (2.2) 

where Ctot is the total compliance of the system and can be 

retrieved from the measured raw data as the inverse of the 

measured, i.e. total, stiffness, Sm. 

In order to evaluate the Sm, ISO 14577-1:2015 [3] requires 

the unloading curve to be fitted according to a pre-defined 

mathematical model, which has to be differentiated and 

computed in the point corresponding to the onset of unloading. 

In particular, the power law method (PL) [2] provides best 

results, amongst the standard alternatives [8]. It describes the 

bulk of the unloading curve as: 

𝐹 = 𝐵(ℎ − ℎ𝑝)
𝑚

 (3) 

where the terms B and m are estimated by least squares fitting 

to the experimental data within an interval usually between 98% 

and 20% of the maximum force reached during the cycle, Fmax. 

PL provides unbiased results, which, though, are characterised 

by a high measurement uncertainty [8]. Moreover, this 

procedure estimates the derivative of a curve from its primitive 

fitting, which, even though minimises the sum of squared 

residuals, does not guarantee any properties of the derivative. 

This is critical because S, according to Eq. (2.2), is the derivative 

of Eq. (3) at the maximum penetration depth, hmax. Thus, 

literature suggested a methodology, hereafter referred to as DM 

(i.e. Derivative Method), based on the direct derivative 

evaluation to provide a metrological evaluation of S consistent 

with its definition [9]. 

To achieve the mechanical characterisation, the contact area 

surface needs to be estimated; this can be retrieved directly from 

continuous recording of h during the indentation cycle, if the 

area shape function, Ap(h), is known. Ap(h) describes the 

projection on the tested surface of the lateral surface of the 

indenter in contact with the sample as a function of the distance 

from its apex; for the most typical case of an ideal modified 

Berkovich indenter, i.e. a tetrahedron with dihedral angle of 

130.56°, it is Ap(h) = 24.5∙h2 and 𝜀 = 0.75 [3]. However, due to 

deviations from ideal geometry, which are mostly due to 

blunting and offset of the tip and wear, Ap(h) results in a more 

general quadratic function [10,11], which can be written in both 

terms of raw (h) or corrected (hc) displacement: 

𝐴𝑝(ℎ) =  𝑎2ℎ2 + 𝑎1ℎ + 𝑎0 (4) 

The indentation hardness, HIT, and the indentation modulus, 

EIT are some of the several characterisation results of IIT. The 

latter provides an estimate of the tested material elastic 

modulus, by means of a non-destructive procedure. EIT depends 

on IIT test results and the mechanical properties of the indenter, 

i.e. its Poisson’s, νi, and Young’s modulus, Ei, and the Poisson’s 

modulus of the tested material, νs: 

𝐻𝐼𝑇 =
𝐹𝑚𝑎𝑥

𝐴𝑝(ℎ𝑐,𝑚𝑎𝑥)
 (5.1) 

𝐸𝐼𝑇 =  
1 − 𝜈𝑠

2

2√𝐴𝑝(ℎ𝑐,𝑚𝑎𝑥)

𝑆√𝜋
−

1 − 𝜈𝑖
2

𝐸𝑖

 
(5.2) 

The accuracy and precision of material characterisation is 

core to be achieved; therefore, careful calibration of testing 

machine according to ISO 14577-2:2015 [10] is necessary to 

guarantee traceability and to establish uncertainty contribution 

to final results. Barbato et al. [8] demonstrated that major 

contributors to measurement uncertainty of the indentation 

modulus, in the nano-range, are the Cf and the parameters of 

Ap(h). Annex D of ISO 14577-2:2015 introduces five methods for 

their calibration. Methods no. 1, 3 and 5 allow to calibrate Ap(h) 

parameters by means of a measurement of the indentation tip 

by a metrological AFM and to subsequently calibrate Cf. These, 

despite yielding a smaller calibration uncertainty are more 

expensive [11]; therefore, methods no. 2 and 4 are often 

preferred. They rely upon an iterative procedure outlined to 

achieve the calibration, by exploiting relationships that can be 

inferred from IC without the need of the AFM calibration of the 

Ap(h). Although the widespread adoption of method no. 2 and 

no. 4, ISO 14577-2:2015 does not suggest any good practice to 

perform such calibrations; moreover, literature [11,12] and 

practices of research laboratories or testing machine 

manufacturers show quite a variety of solutions, whose 

compliancy is not reported. 
This work aims at comparing the calibration results of Cf  and 

Ap(h), and their effect on material characterisation in the nano-
range, when methods no. 2 and 4 are adopted. The investigation 
will be based on a Monte Carlo approach for evaluating 
calibration uncertainty; the effect of calibration materials and 
algorithms will be discussed. The paper is structured as follows. 
Section 2 describes the calibration methods, Section 3 describes 
the experimental methodology, Section 4 discusses the main 
results, and Section 5 eventually concludes the findings. 

2. Calibration procedure  

This section discusses the two methods outlined in 
ISO 14577-2:2015, which will be investigated in the present 
work. As mentioned in the previous section, the overall stiffness 
is measured from raw data, according to its definition, as in Eq. 
(2.1). Moreover, considering the definition of reduced modulus 
Er in Eq. (6) and combining it with Eq. (2.1), the linear 

relationship in Eq. (7) between 1/𝑆𝑚 and 1/√𝐴𝑝(ℎ𝑐,𝑚𝑎𝑥) 

results, whose intercept is the Cf  and from which Eq. (8) follows. 

 
1

𝐸𝑟
⁄ =

1 − 𝜈𝑠
2

𝐸𝑠
+

1 − 𝜈𝑖
2

𝐸𝑖
=

2

√𝜋

√𝐴𝑝(ℎ𝑐,𝑚𝑎𝑥)

𝑆
 (6) 

 
1

𝑆𝑚
⁄ = 𝐶𝑡𝑜𝑡 = 𝐶𝑓 +

√𝜋

2𝐸𝑟√𝐴𝑝(ℎ𝑐,𝑚𝑎𝑥)
 (7) 

 𝐴𝑝(ℎ𝑐,𝑚𝑎𝑥) =  
𝜋

4𝐸𝑟
2(𝐶𝑡𝑜𝑡 − 𝐶𝑓)

2 (8) 

Thus, an iterative procedure, whose workflow is shown in 
Fig. 2, is outlined to calibrate parameters and achieve 
convergence of the values obtained [10]. It requires I 
indentations, I ≥ 5, to be performed over a load range which is 
representative for the application field of the instrument [10]. 
The procedure holds fixed 𝜀 and Er, which enables for a 
calibration. Initialisation of the problem is performed in step 2 
and 3 assuming ideal conditions, i.e. infinitely stiff testing 
machine and ideal indenter geometry. In Fig. 2, Fmax, Sm, hmax, 
hc,max, h0 and Ap(hc,max) are column vectors built, exploiting Fmax 
as an example, as: 

𝑭𝒎𝒂𝒙 =  {𝑭𝒎𝒂𝒙,𝒊,𝒋} (9) 

where i counts the load range levels at which J replicated 
indentations are performed, i ranges from 1 to I, j from 1 to J. 
Moreover, arrays are sorted so that Fmax,w,∙ > Fmax,w+1,∙, with w 
ranging from 1 to I-1. 

Custom script was implemented in MATLAB R2018b, 
convergence was achieved as the variation of mean values of 
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calibrated parameter from cycle k and k-1 is smaller than 0.1% 
and furtherly checked on root mean square error stabilisation. 

The standard includes two versions of this iterative method: 
method no. 2 and method no. 4. The former prescribes the 
calibration to be performed according to workflow presented in 
Fig. 2 by indenting a single sample, which must have a low E, e.g. 
fused silica (SiO2) or monocrystalline aluminium (Al), to allow the 
calibration of Ap(h) parameters even at low forces. Problem 
initialisation is performed by exploiting data from the 
indentations at the two higher loads, i.e. i ∈ {1,2}; subsequent 
iterations exploits all collected data. The latter prescribes to 
indent two samples of different materials: a material with higher 
E, e.g. tungsten (W), shall be considered to calibrate Cf, whilst a 
material with lower E, e.g. SiO2 or monocrystalline Al, enables 
the calibration of Ap(h) parameters. Therefore, steps 1 to 4, and 
consequently 7, have to be performed considering data from 
tungsten indentations, whilst steps 5 and 6, which calibrate 
shape function parameters, require data from the material with 
lower E. This method, by decoupling calibration and material, 
guarantees faster convergence [11] and allows the initialisation 
to be performed considering all data, i.e. i ∈ {1, …, I}, on the 
material with higher modulus. 

 
Figure 2. Workflow of the calibration iterative procedure. 

3. Methodology  

3.1. Experimental setup 
A Triboindenter TI 950 by Hysitron, hosted in the facilities of 

the Istituto Italiano di Tecnologia and equipped with a modified 
Berkovich indenter (Ei = 1140 GPa, 𝜈i = 0.07 and ε = 0.75), was 
calibrated on calibrated samples, whose characteristics are 
summarised in Table 1. The testing equipment features a force-
displacement three-plate capacitive transducer with resolution 
and noise floor, respectively, of 1 nN and 100 nN, on force, and 
of 0.04 nm and 0.2 nm, on displacement. This platform allows to 
assume h0 = 0. 

Table 1 Calibrated materials characteristics. 

Material Calibration E / GPa 𝜈 

SiO2 NPL 73.3 ± 0.6 0.161 ± 0.003 

W NPL 413.0 ± 2.8 0.281 ± 0.003 

 
According to literature [10–12] the experimental plan, 

summarised in Table 2, was outlined to properly cater for 
different degrees of freedom: 

 calibration method: no. 2 (M2) and no. 4 (M4) from ISO 
14577-2:2015, 

 contact stiffness evaluation method: PL [2] and DM [9], 

 material: SiO2 and on the couple of W and SiO2, 

 load range: from 1 mN to 10 mN and from 3 mN to 10 mN, 

 range sampling conditions: five evenly spaced loads with 
ten replicated measurements (10r) and fifty evenly spaced 
loads with no replication providing a denser sampling (DS). 

Tungsten is always tested on the 1 mN to 10 mN range to 
provide Cf calibration in the whole operating range of the 
machine. On the other hand, provided the known greater signal 
to noise ratio at low loads, the reduced range from 3 mN to 
10 mN has been introduced for SiO2. Force controlled tests, 
according to manufacturer best practices, feature a loading 
curve of 9 s, a hold phase of 2 s and an unloading phase of 5 s. 

Results will be provided in terms of Cf and, considering an 
indentation performed with the same force controlled cycle with 
a maximum force of 10 mN on SiO2, of HIT  and EIT. 

Table 2  Experimental plan implemented to assess performances of 
calibration methods. 

Material M2 M4 with W at (1-10) mN 

 PL DM PL DM 

SiO2 (1-10) mN 10r DS 10r DS 10r DS 10r DS 

SiO2 (3-10) mN 10r DS 10r DS 10r DS 10r DS 

 

3.2. Monte Carlo setup and uncertainty estimation 
In order to provide a comparison of calibration methods 

performances, calibration results must be compared in terms of 
mean value and measurement uncertainty. However, the 
iterative algorithms, which enable for the calibration to be 
performed, hamper the implementation of simple closed 
formulae, defined in JCGM 100, that allows to compose 
uncertainty contributions [13]. Thus, this work, to assess 
calibration methods performances within a metrological 
framework, exploits a Monte Carlo method (MCM) to estimate 
the ralated uncertainties. A MCM was set up considering the 
influence factors with the distributional hypotheses summarised 
in Fig. 3. Experimental sources, calibrated sources and results of 
fitting are assumed to distribute according to normal 
distributions, tabular sources according to uniform distribution; 
the iterative method introduces as influence factors the output 
themselves. 

 
Figure 3. Ishikawa diagram for influencing factors of standard 
uncertainty of calibration methods results. 

According to JCGM 101 [14], 10000 iterations are performed, 
distribution evaluated so that results to compare calibration 
methods’ performances will be provided in terms of mean and 
expanded uncertainty at 95% confidence level. 

4. Results discussion  

Referring to the experimental plan of Table 2, 16 
configurations are considered. Results of the calibration of Cf  
are shown in Fig. 4, where error bars represent uncertainty 
intervals evaluated exploiting a MCM, see Section 3.2.  

Method no. 2 has in general worst performances in both terms 
of accuracy and precision than method no. 4: mean estimate 
shows greater variability between different cases of the former 
with respect to the latter, and in some cases distribution is not 
symmetrical. This suggests a lack of robustness of method no. 2 
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to measurement disturbances, which are more likely to happen 
when lower loads are included, i.e. (1-10) mN range, or when 
replicated measurements are not included, i.e. DS case. The 
decoupling of Cf and Ap(h) parameters calibration in method 
no. 4 allows to relieve the effect of those issues. Provided 
limitations of method no. 2, the adoption of several load points, 
i.e. load range sampling case DS, does not provide any advantage 
in calibration accuracy but worsen the precision. Similarly, a 
wider range coupled with a more robust calibration method, i.e. 
[M4; (1-10) mN], provides more precise results than a narrower 
one. A wider range also guarantees unbiased estimation of Cf, as 
shown in Figure 5.  

 

 
Figure 4. Performance comparison of calibration method for Cf. 

 
Figure 5. (a) h(F), see Eq.(3): despite the consistency in h measurement 
at F=1 mN in data set (1-10) mN and the expected value from (3-10) mN, 
(b) different data spread biases the estimate of Cf, i.e. the intercept. 

These behaviours of the calibration methods depending on 
the investigated degrees of freedom reflect on results of 
characterisation. Figures 6 and 7 show estimated EIT  and HIT  for 
the corresponding calibration for a measurement on SiO2 at 
10 mN. Scaling the analysis from Cf  to HIT  and EIT, the difference 
in accuracy amongst considered cases becomes less significant. 
However, precision becomes critical and shows that results are 
sometimes not compliant with calibrated value of HIT, which can 
be explained considering that the calibration methods only 
require information of Er. Also, the adoption of DM yields more 
precise results than PL, consistently to the method definition, 
when noise content is limited. 
 

 
Figure 6. Calibration method effect on EIT. Red lines are reference from 
calibration certificate. 

 
Figure 7. Calibration method effect on HIT. Red lines are reference from 
literature. 

5. Conclusions 

Given the characterisation capabilities of instrumented 
indentation test, the accuracy and precision of the results are 
core to guarantee reliable information. This work compared 
performances of different calibration recipes applied to 
standard iterative calibration methods for frame compliance 
and area shape function parameters. Results showed the lack of 
robustness and unsatisfactory dependence on calibration setup 
of accuracy and precision of both calibration and 
characterisation of current standard calibration methods. 
Improvement of the calibration may be achieved either by 
exploiting AFM, although with high related costs, or by the 
development of improved approaches. The authors are studying 
a single-step procedure that is expected to obtain advantages in 
terms of implementation and measurement uncertainty of both 
calibration and mechanical characterisation as compared to the 
state of the art. 
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Abstract 
In this study, a technique for predicting drill breakage in small-diameter drilling using acoustic emission (AE), which can detect small 
deformations and fractures of materials with high sensitivity, has been investigated. Small-diameter drilling of 1 mm under wet 
process was carried out until the drill broke. The number of AE events, which is the number of burst AE waves detected in a rotation 
period of a drill, was used as an index of abnormality. The number of AE events increased from 0 for a normal condition to 7 for a 
condition just before the drill breakage. When the sign of abnormality in the number of AE events was detected, severe adhesion 
and deposition of chips were observed on the flank and the rake face of the drill head. As the machining process continued with the 
drill in such condition, the accumulated chips peeled off together with the cutting edge of the drill, which led to the drill breakage. 
This phenomenon is the origin of the burst AE waves. Thus, prediction of drill breakage in small-diameter drilling is achieved by high-
sensitivity monitoring of the number of AE events. 
 
 
acoustic emission (AE), prediction, drill breakage, small diameter drilling, AE event 

1. Introduction 

In order to prevent sudden tool breakage during machining 
processes, it is essential to detect signs of abnormality. For low 
cutting force machining such as small-diameter drilling, it is 
difficult to detect the processing conditions with the 
conventional method of monitoring the spindle motor current 
because the abnormal signals observed in the spindle motor 
current are very small [1]. In this study, a high-sensitivity 
technique for predicting drill breakage in small-diameter drilling 
using acoustic emission (AE) [2, 3], which can detect small 
deformations and fractures of materials, has been investigated. 

2. Experimental methods  

Small-diameter drilling of 1 mm under wet process was carried 
out until the drill broke. The acoustic waves were measured with 
an AE sensor attached to the workpiece side, as shown in Fig. 1. 
The propagation path of AE waves and a block diagram of the 
measurement system are shown in Fig. 2. The cutting conditions 
and AE-signal measurement conditions are shown in Tables 
1 and 2, respectively. In the drilling process, the burst AE waves 
are generated when an anomaly occurs in the drill head. In this 
experiment, the number of AE events, which is the number of 
burst AE waves detected in a rotation period of a drill, was used 
as an index of abnormality. 

3. Results and discussion  

Time-series data of AE-signal waveforms and the number of 
AE events during drilling are shown in Fig. 3. The drill broke 
during processing of the 135th hole. All the holes were produced 
in the same workpiece and in a common geometric plane. As 
the maximum amplitude of the AE signal in Fig. 3(a) was almost 
constant in the states I and II, it would be difficult to 

 
 

Figure 1. Setup of drill, workpiece, and AE sensor. 
 
 
 

 
 

Figure 2. Block diagram of AE-signal acquisition. 
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detect signs of abnormality using a threshold for the AE-signal 
amplitude before reaching the state III, which is a condition just 
before the drill breakage. On the other hand, the change in the 
number of AE events in Fig. 3(b) were observed earlier than that 
in the maximum amplitude in Fig. 3(a). In Fig. 4, the number of 
AE events in the states I, II, and III are compared. In state I, the 
number of AE events was 0 in most rotation cycles for a normal 
condition. As the machining process continued, the number of 
AE events increased to 1‒3 and appeared repeatedly (state II). 
This repetition of the AE events was considered as a sign of 
abnormality. The drill broke after the number of AE events 
reached 5‒7 (state III). In the repeated test using the same type 
of drill, the drill broke after the number of AE events reached 5 
or more. Therefore, abnormality could be detected earlier than 

the amplitude of the AE signal by monitoring the change in the 
number of AE events. 

When the sign of abnormality in the number of AE events 
(state II in Fig. 4) was detected, severe adhesion and deposition 
of chips were observed on the flank and the rake face of the drill 
head, as shown in Fig. 5. When continuing the machining process 
with the drill in such condition, the accumulated chips peeled off 
together with the cutting edge of the drill, which lead to the drill 
breakage. This phenomenon is the origin of the burst AE waves. 
Thus, prediction of drill breakage in small-diameter drilling is 
achieved by monitoring the number of AE events with high 
sensitivity. 

4. Conclusions  

The prediction of drill breakage in small diameter drilling can 
be achieved by high-sensitivity monitoring of the number of AE 
events, which is the number of burst AE waves detected in a 
rotation period of a drill. Such AE waveforms are generated by 
the strong adhesion and deposition of chips observed on the tip 
of the drill. 
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Figure 3. Time-series data of AE-signal waveforms: (a) AE amplitude, (b) number of AE events. 
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Table 1. Cutting conditions. 

Workpiece 
material 

Austenitic stainless steel  
(EN: 1.4301(X5CrNi18-10), JIS: SUS304) 

Tool High-speed steel drill 

Drill diameter 1.0 mm 

Drilling depth 2.5 mm 

Rotation speed 4,800 min-1 

Feed rate 0.03 mm/rev 
 

Table 2. AE-signal measurement conditions. 

Bandwidth of AE sensor 0.1‒1.0 MHz (±10 dB) 

Amplification factor 20 dB 

Cutoff frequency of high-pass filter  20 kHz 

Sampling frequency 2.0 MHz 

  

 
 

Figure 4. Change in AE waveform and the number of AE events: 
      Typical examples of state I, II, and III in Figure 3. 
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Figure 5. Tool conditions: (a) new drill, (b) abnormal drill. 
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Abstract 
Our study aims to develop the miniaturization angle measurement device applied to a principle of the super high accurate angular 
measurement. 
A rotary table requires a rotational positioning with high accuracy, for example, processing a material on a rotary table like a 
machining center. It is necessary to measure the angle indicated by the rotary table due to control this positioning. The angle accuracy 
of the rotary table is generally determined by a rotary encoder installed on it. The rotary encoder is one of the angle measurement 
devices, and it is important to improve the performance of the rotary encoder for the rotational positioning with high accuracy. 
There are two methods to improve the angle accuracy of the rotary encoder. One method is the way to decrease the angle error 
directly using the high-performance parts constructing the rotary encoder. The other method is self-calibration to detect and correct 
the angle error by itself. These methods realize the angle accuracy 0.1 to 0.4 [arcsec] in the one rotation. However, it is limited to 
improve the angle accuracy using these methods.  
Therefore, we proposed the new principle which can realize the angle accuracy 0.01 [arcsec] without these methods, the super high 
accurate angular measurement principle, and developed the angle measurement device based on this new principle. However, on 
the theory of new principle, the device had the problem that its size grows up due to use the two rotary encoders. 
Therefore, we propose the principle of the super high accurate angular measurement to apply to the miniaturization angle 
measurement device installed the special scale disk in this paper. This scale is consisted of two-track scale lines of which the pitches 
are different. 
 
Keywords: Angle, Rotary Encoder, Measurement instrument,  Index table 

 

1. Introduction 

A rotary encoder can measure the full range of angles (0-360°) 
and is used for controlling the rotation position of a shaft. 
Therefore, it is important to measure the angle with high 
accuracy using the rotary encoder. In previous studies, the 
performance of the rotary encoder has been improved by two 
methods. One method is direct reduction of the angle error 
factors such as runout of the main shaft and the eccentricity 
between the center of the main shaft and the scale disk using 
the high-performance parts of the rotary encoder. The other 
method is self-calibration that detects and self-corrects the 
angle error. The angle accuracy of these methods has been 
achieved in 0.1 to 0.4 arecsecs [1,2]. 

An index table is one of the rotary tables incorporated with the 
rotary encoder and controls the static angle position of the 
rotary table, which is built into a machining tool like a machinig 
center. Its main function is to fix the angle position indicated by 
the rotary table. The National Institute of Advanced Industrial 
Science and Technology (NMIJ/AIST) in Japan has developed a 
high accurate angular measurement apparatus without the 
above two methods [3]. This apparatus is applied with an 
angular indexing principle using two rotary encoders and the 
circle closure characteristic of the angle error. Moreover, the 
angle accuracy of this apparatus expects to be less than 0.01 
arcsec [4]. However, this apparatus has a problem that its size 

increases because it uses two rotary encoders. Therefore, our 
study proposes a method to decrease the size of the apparatus. 

2. Apparatus 

2.1. The previous version 
Figure 1 shows the apparatus developed by AIST. This 

apparatus consists of the follows: a motor, two independent 
shafts (Index shaft and Motor shaft), two scale disks (Scale A and 
Scale B) with the same total scale lines and the sensor units to 
read two scale disks. 

 

 
 

Figure 1. the apparatus developed by AIST 
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Encoder B consists of Scale B and the sensor unit attached to 
the housing of the apparatus. While, Encoder A also consists of 
Scale A and the sensor unit attached to the index shaft which 
extends below the index table. As indicated in figure 1, the 
sensor units of Encoder A are indexed and rotate in synchrony 
with the indexing angle of the index table. Moreover, Encoder A 
outputs the angle signals triggered by Encoder B’s original signal. 

 
2.2. Proposal apparatus model 

Figure 2 shows the model of a miniaturization apparatus. The 
difference of two apparatuses is using a special scale disk as 
shown in figure 3 rather than two rotary encoders. The 
apparatus as shown in figure 2 also consists of the follows: a 
motor, two independent shafts, the special scale disk, and 
sensor units.  
 

 
 

Figure 2. The model of a miniaturization apparatus 
 

 
 

Figure 3. The special scale disk 

 
The special scale disk attached by the motor shaft has two-

tracks scale lines with the difference of the total scale line. 
Encoder A’ consists of the sensor unit attached to the index shaft 
and outputs angle signals detecting the inside scale lines in the 
special scale after Encoder B’ detects the own original signal. 
While, Encoder B’ also consists of the sensor unit attached to the 
housing parts of the apparatus and outputs angle signals 
detecting the outside scale lines in the scale. 

3. Principle and Experimental result 

The principle is explained by two methods. In this time, the 
total scale lines in inner scale is N and in outer scale is 2N. 
(1)  Taking the difference between the angle signal positions 

output by Encoder A’ and Encoder B’. 
(2)  Taking the average to the difference values in (1) over the 

N scale lines. 
In the method of (1), the difference is calculated by comparing 
the angle signals output by Encoder A’ with Encoder B’. Then, 
Encoder B’ outputs the angle signal being the frequency-divided 
to match the number of the angle signals output by Encoder A’ 

in one rotation. Moreover, the difference values include the 
angle error and an offset. This offset is a small indexing angle 
that is higher resolution than the Encoder A’. In the method of 
(2), the averaged value becomes the offset because the angle 
error in the difference values become zero by the circle closure 
property. In other words, we can remove the angle error. 
Therefore, these methods can calculate the small indexing 
angle. Additionally, counting the scale lines in Encoder B’ 
between the original signal outputs by Encoder A’ and Encoder 
B’, we can calculate the indexing angle with the Encoder A’s 
resolution. 

Figure 4. Experimental result 

 
The experiment was carried out as follows: the measurement 

range is from 0 to 6 [arcsec], its steps is 0.1 [arcsec], the total 
scale line 𝑁 is 9000. Moreover, the experiment was performed 
with a system in which the proposal apparatus without the index 
table was set on the previous apparatus. Figure 4 shows the 
experimental result. As indicated in figure 4, the horizontal axis 
is angle positions rotated by the index table and the vertical axis 
is the angle deviation between the measurement values of the 
proposal apparatus and previous apparatus. Additionally, the 
angle deviation is within 0.1 [arcsec]. As investigating the cause 
of the angle deviation within 0.1 [arcsec], the repeatability of the 
angle deviation is more than 0.1 [arcsec]. Therefore, the 
proposal apparatus is expected the angle accuracy less than 0.1 
[arcsec] to improve the repeatability. 

4. Conclusion 

The National Institute of Advanced Industrial Science and 
Technology (NMIJ/AIST) in Japan has developed the angular 
indexing apparatus to measure the indexing angle of the index 
table with high accuracy. The apparatus expects to exceed 0.01 
arcsec accuracy using two rotary encoders. However, the size of 
the apparatus is increasing. Therefore, we need to propose a 
method to decrease the size of the apparatus. 

In this paper, we propose the miniaturization apparatus using 
a special scale disk. The result of comparing between the 
proposal apparatus and the previous apparatus, the angle 
accuracy of the proposal apparatus is within 0.1 [arcsec]. 
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Abstract 
The gear wheel magnetic rotary encoder (GMR-Encoder) is used to control the rotation angle of the main spindle in lathes, grinding 
and milling machines because its price is low and its operation is stable even in dirty working environments such as water, oil and 
dust, also under shock and vibration.  
The principle of the GMR-Encoder is that a magnetoresistive (MR) sensor detects a change in magnetic flux density generated by the 
rotating gear teeth disturbing an external magnetic field. It is possible to achieve high resolution 223 by interpolating the  pitch 
between the teeth ten thousand times. 
We have been researching and  developing technology to make this GMR-Encoder an angle sensor capable of outputting highly 
accurate angular signals. As a result, by using SelfA (Self-calibratable angle device) principle devised by National Institute of Advanced 
Industrial Science and Technology (AIST), the angular accuracy of GMR-Encoder is able to reach ±2" or less. This angular accuracy is 
not only equivalent to an optical rotary encoder but is also an accurate performance. Furthermore, this GMR-Encoder not only 
outputs  angular  position  information,  but  also  adds  the  ability  to  detect  the  rotational  spindle  runout  of  1  μm.  Continuous 
observation of changes in spindle runout is useful as information necessary for failure prediction and life management of machine 
tools. 
In our presentation, we introduce the structure of a GMR-Encoder with high precision and runout detection function and explain the 
results of evaluation of its performance. 
 
Rotary encoder, Self-Calibration, Run out, Gear wheel, Magnetoresistive sensor, Angle   

 

1. Introduction 

In this configuration of Fig. 1, this MR sensor detects magnetic 
flux density generated in the gap between a bias magnet and a 
magnetized gear wheel. If the magnetized gear moves in parallel 
with the MR sensor surface, the magnetic flux density on the MR 
sensor changes. The angle detection method is that the MR 
sensor generates a one cycle sin or cosine voltage changing 
signal for each gear tooth rotation. It is possible to achieve high 
resolution 223 by interpolating the pitch between the teeth ten 
thousand times. In order to obtain a higher resolution angle 
division, MR sensor includes interpolator circuit that the 
electrical angle of a single gear tooth pitch is calculated by the 
arctangent of the Lissajous waveform of the sine and cosine 
voltages outputted from this MR sensor, and is divided to a high 
resolution digital signal. However, since the magnetic flux 
density is depended on the tip shape of the gear, non-uniformity  

 
Figure 1. Gear-type Magnetic Rotary Encoder 

of the pitch distance of the gear teeth and also non-uniformity 
of the gear tooth profile become angular error factors of the 
GMR-Encoder. 

In this paper, therefore, we introduce the GMR-Encoder which 
outputs the highly accurate angle signal by detecting the angular 
error inherent in the angle signal by the self-calibration method 
and performing self-correction.  

2. SelfA Rotary Encoder 

SelfA encoder [1,2] mechanism is very simple that several 
numbers of sensors are arranged around the gear at same angle 
interval as shown in Fig. 2. One arbitrary sensor is chosen as a 
main sensor. While rotating one round revolution, comparison 
measurement of the angle signal deviation δ (1,j),i between a main 
sensor output and another sensor output is carried out. Finally, 
we can obtain a calibration curve by calculate the mean value μi 
of all δi,j.  

 
𝛿( , ),  = 𝐴 , − 𝐴 ,     (1) 

𝜇  = ∑  𝛿( , ), =  𝐴 ,  −  ∑ 𝐴 ,  ,  (2) 
 
Where, i (i = 1, 2, . . . , z) represent a gear teeth number, j (j = 

1, 2, 3) is a sensor number. Aj,i is an angle error of i-th gear 
position detected by j-th sensor. the mean value μi represents 
the calibration curve of rotary encoder, however it does not 
include 3n-th order Fourier components. 

 

521



  

 

 
Figure 2. Configuration of SelfA type GMR-Encoder with three MR 
sensors. The MR sensor unit is installed on the XY piezo stage on top of 
the calibration apparatus. 
 
2.1. Experiment and Results for SelfA of GMR-Encoder 

We use the GMRE that has an involute tooth profiles, module 
M=0.4 and teeth number z=256, so that the gear diameter 
becomes 103 mm. The MR sensor TS5692 is manufactured by 
Tamagawa Seiki Co., Ltd. containing the MS-series 
semiconductor MR elements of Asahi Kasei Microdevices 
Corporation [4,5]. 

An experiment was carried out to compare between the 
angular error detected by self-calibration of the GMR-Encoder 
SelfA and the its angular error by the angle calibration apparatus 
shown in Fig. 2. The angular error of the GMR-Encoder before 
self-calibration obtained by the angle calibration apparatus is 
shown in Fig.3. The angular error corrected by the GMR-Encoder 
self-calibration is shown in Fig.4. The angular error of the GMR-
Encoder is substantially corrected by self-calibration and 
improved to an accuracy of about ± 2 seconds. As a result of 
frequency analysis, it can be understood that the component of 
the angular error is approximately the 256n components, which 
is due to the division error of the electrical interpolation signal. 

 
Figure 3. The angular error of the GMR-Encoder before self-calibration 
 

 
Figure 4. The angular error of the GMR-Encoder after self-calibration 

3. SelfA+ Rotary Encoder 

The angular error of the rotary encoder includes a rotational 
direction error caused by the graduation error of the encoder 
scale disc and the axial eccentricity of the scale disc, and 
translational direction error in the X-axis direction and the Y-axis 
direction caused by shaft runout. The principle of SelfA can 
detect this angular error. SelfA+ [3] is a principle that angular 
error can be divided into rotational direction error and 
translational direction error, and it is possible to quantitatively 
evaluate rotational axis runout. Generally, in order to detect 
runout of the rotating shaft, an external measuring instrument 
such as a capacitance sensor or a dial gauge is necessary. 
However, since the SelfA rotary encoder is installed in the device 
to control the rotation angle, it has an advantage that there is 
no spatial restriction like an external measuring instrument. 

  
Figure 5. Runout detected by GMRE by SelfA+ principle. Left shows the 
Exp.setup 1, and Right shows the Exp. Setup  
 

Fig. 5 shows the runout values detected by GMR-Encoder. The 
left and right figures in Fig. 5 show the runout values detected 
by the GMR-Encoder by SelfA+ analysis when a 2 μm diameter 
circular runout and a 2 μm square runout are generated 
respectively for three MR sensor heads using a XY piezo stage. 
The experimental system generates virtual shaft runout by 
vibrating the MR sensor unit. Therefore, the runout detected by 
the GMR-Encoder must take into account that in addition to the 
vibration generated by the piezo stage, an additional 0.03 µm 
vibration of the air bearing of the rotating shaft with gears is 
added. 

The difference between the shaft runout applied by the piezo 
stage and the shaft runout detected by the GMR-Encoder was 
less than 1 µm, indicating that the GMR-Encoder was capable of 
detecting the shaft runout with high accuracy. 

4. Conclusion      

GMR-Encoder using MR sensor was proved to be able to 
detect angular error of ±2" or less and shaft axis runout with 
accuracy of 1 µm or less by using the principle of SelfA and SelfA+. 
The ability of the GMR-Encoder to detect the shaft runout 
causing the failure of the equipment is expected to be useful for 
improving the efficiency of maintenance such as failure 
prediction. 
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Abstract 
In high-resolution X-ray Emission Spectroscopy (XES) crystal-based Wavelength-Dispersive Spectrometers (WDS) are applied to ex-
amine the elemental and chemical speciation of different compounds. Thereby, the so-called von Hamos geometry provides im-
proved detection efficiency when compared to flat crystal configurations due to sagittal focusing using cylindrically bent crystals. To 
maximize the detection efficiency, a full-cylinder optic equipped with a mosaic crystal can be applied.  
A novel calibratable von Hamos X-ray spectrometer based on one to two full-cylinder optics was developed at the PTB. To realize the 
full-cylinder geometry, Highly Annealed Pyrolytic Graphite (HAPG) was used. Not only does this mosaic crystal possess good bending 
properties, but it also shows highly integrated reflectivity while offering low mosaicity - ensuring high resolving power. The spectrom-
eter enables measurements on X-ray emission lines and radiation in an energy range from 2.4 keV (0.52 nm) up to 18 keV (0.07 nm). 
Using synchrotron radiation as a tunable excitation source, resonant inelastic X-ray scattering (RIXS) can be carried out with the 
spectrometer. The spectrometer combines high detection efficiency with medium to high energy resolution in a compact arrange-
ment. This aspect makes the instrument suitable for laboratory arrangements. The design and commissioning of the spectrometer 
are presented in this article. Also, a concept for the automated alignment procedure is discussed. 

 
Analysis, Automation, Calibration, Image, Measuring Instrument, Metrology, X-ray   

 

1. Introduction 

The demand for new nano energy and composite materials is 
growing rapidly in high performance applications such as for au-
tomotive or aerospace engineering. In order to link the material 
properties and performances to their physical and chemical 
composition, detailed non-destructive analysis is necessary. Ref-
erence-free X-ray fluorescence analysis enables the probing of 
the composition without the need for reference materials. 
These materials are often only available at a limited scale, since 
they need to be representative enough of the specimen under 
investigation [1, 2]. Hence, there is a need for reference-free 
methods, which refer to methods that are independent from any 
reference or calibration sample. Aside from using X-ray emission 
spectroscopy, chemical speciation can be realized by means of 
X-ray emission spectroscopy (XES) or resonant inelastic X-ray 
scattering (RIXS) [3, 4, 5]. The latter method can only be per-
formed with a tunable monochromatic X-ray source, such as syn-
chrotron radiation, which can cause radiation damage on the 
sample. To prevent this, new efficient detection systems are 
needed. 

For this purpose, a new wavelength-despersive spectrometer 
(WDS) was developed and taken into operation at the 
Physikalisch-Technische Bundesanstalt (PTB). To ensure efficient 
and reference-free XES or RIXS analysis, the following specifica-
tions must be met. The spectrometer should enable high- resolv-
ing and efficient detection for measurements on the chemical 
species of 3d transition metals, for example. For reference-free 
analysis, calibratable instrumentation is required. From a me-
chanical point of view, this can be realized through a rigid con-
struction of the spectrometer as well as by a high reproducibility 

and accuracy of the positioning system for all optical compo-
nents. A further requirement was the compactness and flexibil-
ity of the spectrometer. 

The following describes how the requirements of the spec-
trometer design were met. The characterization of the spec-
trometer is also discussed and a concept of an automated align-
ment procedure is introduced. 

2. Spectrometer design     

To realize a spectrometer with high energy resolution and high 
detection efficiency, full-cylinder optics in the von Hamos geom-
etry [6, 7], where incident X-ray radiation is dispersed by Braggs 
law, were used, (see Figure 1). For the position-resolved detec-
tion of the Bragg-reflected X-ray radiation, an X-ray charge cou-
pled device (CCD) camera is used. The dispersive element used 
for the optics is the highly-flexible crystal Highly Annealed Pyro-
lytic Graphite (HAPG), which is fixed by adhesion onto a Zero-
dur® substrate with a 100 mm inner diameter. 

 

 
Figure 1. Principle of the von Hamos geometry 

 
In Figure 2, the frontal part of the spectrometer, which can be 

fixed at an experimental chamber with a DN 150CF flange or 
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larger size, is shown. The spectrometer can integrate three op-
tics, whereby just two are used at the moment. To align the op-
tics, a 5-axis piezo manipulator is installed for each optic. A de-
tailed description of the piezo stages is given in [8]. Additionally, 
the CCD camera can be aligned by three linear piezo stages. In 
the von Hamos geometry, the distances between the X-ray radi-
ation source and the optic, as well as between the optic and the 
CCD detector, depend on the Bragg equation and increase for 
higher photon energies (shallower Bragg angles). The position-
ing system for the optical components allows for the detection 
of photon energies from 2.4 kev (λ=0.52 nm) to 18 keV (λ=0.07 
nm) in the first order of reflection, which correspond to the 
Bragg angles of 50.4° to 5.9°.  For energies above 10 keV (λ=0.12 
nm), a reduced reflectivity of the crystals and detection effi-
ciency of the CCD camera must be adjusted for. 

 

 
Figure 2. Front view of the von Hamos spectrometer 

 
For radiometrical calibration in each detection position on the 

energy axis, the detection efficiency as well as the spectrometer 
response must be known. Therefore, a precise positioning and 
alignment of the optics is necessary. To reduce the calibration 
effort, a rigid construction of the rail bed is necessary. Further 
information regarding the calibration can be found in [9]. Since 
the rail bed is cantilever-fixed onto the experimental chamber 
flange, some deformation of the structure must be expected. 
Therefore, finite element simulations were performed to create 
the optimal rail bed shape with reduced deformation. To enable 
high reproducibility and accuracy, all optical components move 
on the same 1200 mm long linear guide. The units holding the 
optical elements and the CCD camera can be positioned inde-
pendently from one another, which enables three different op-
eration modes. In the first operating mode, the optics used on 
the monitored energy range: the first one in the energy range 
from 2.4 keV (λ=0.52 nm) to 10 keV (λ=0.12 nm) and the second 
one for the higher energy range, up to 18 keV (λ=0.07 nm). In 
the second operating mode, the emission lines can be measured 
in the second reflection order of the crystal. A significant in-
crease of resolution could be achieved, but this is accompanied 
by a loss of intensity. The use of two optics for the double Bragg 
reflection represents the last mode of operation. Again, the res-
olution could be increased. At the same time, however, the in-
tensity of the detected signal is further reduced. 

To guarantee an optimal performance in each operation 
mode, the spectrometer was characterized after assembly. 

3. Characterization of the spectrometer 

The characterization of the spectrometer can be divided into 
two parts: the characterization of the dispersive optics and the 
characterization of the linear guide. 

Before the optics could be designed, comprehensive studies of 
the diffraction properties of the HAPG as well as the proper sub-
strate materials were performed, which are described in detail 
in [10]. Since the shape of the cylinder-substrate affects the res-
olution of the detected spectrum, the optics are inspected for 
flatness and roundness with a form gauge before coating them 
with the HAPG film. The roughness of the inside surface of the 
cylinder is measured. After coating, the reflection properties of 
the optics are analyzed with synchrotron radiation. 

Subsequently, the linear guide system is examined along the 
entire travel path with an autocollimator for angular error and 
straightness. The individual piezo motor axes are also examined.  
 
3.1. Characterization of the optics 

To investigate the diffraction properties of the HAPG optics, 
so-called rocking curves are measured in a separate experiment 
at different positions on the optics inner surface. To detect the 
rocking curve, the angle of incidence is varied in the vicinity of 
the energy-dependent Bragg angle and in each step the signal 
reflected by the HAPG crystal is detected by a photo diode. 

In Figure 3, the peak reflectivities along the cylinder axis, de-
termined from the rocking curves and averaged from several 
measurement points over the entire height of the optical cylin-
der in 0.5 mm increments, are shown. The measurements were 
carried out at the BAMline (BESSY II) using monochromated syn-
chrotron radiation of 8.046 keV (λ=0.154 nm) with a beam size 
of 1.5 mm x 2.8 mm. Based on this scan, the inhomogeneity of 
the cylinder is clearly visible. The maximum peak reflectivity of 
about 36 % can be found at motor position at -1.5 mm from the 
center of the cylinder height. To the right of the center, a drop 
by about 10 % towards a minimum in the the peak reflectivity is 
observed. At both edges of the optics, the peak reflectivity de-
creases significantly until it drops to zero in the left margin, indi-
cating that the adhesion of the HAPG layers to the edges de-
creases. 
 

 
Figure 3. Peak reflectivities along cylinder height in 0.5 mm increments 

 
Large deviations from the desired shape lead to spectral 

broadening. Therefore, measurements were performed with a 
form tester MMQ 400 from Mahr GmbH, Goettingen. The meas-
ured value is recorded in 0.02 ° step increments. The concen-
tricity of the inner surface of the cylinder is measured at five po-
sitions, at the positions -10 mm, -5 mm, 0 mm, +5 mm, +10 mm 
from the center. At the end, the total concentricity is deter-
mined. The radial concentricity tolerance is 5 µm to the axis of 
symmetry and the perpendicularity is 2 µm between the axis of 
symmetry and the side surface of the cylinder. To ensure good 
adhesion of the HAPG layer, the surface finish of the substrates 
must match the surface quality of optical material. Therefore, an 
arithmetic mean roughness value Ra of 4 nm for the optical sur-
face is required. This is achieved in a polishing process that fol-
lows machining.  

Furthermore, the surface quality of HAPG was tested with a 
light microscope and the layer thickness was estimated by 
means of a profilometer relative to the substrate surface.  
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In summary, the tests show that the HAPG material is inhomo-
geneous with regard to its optical properties, which in turn are 
dependent on the substrate quality. Nevertheless, HAPG crystals 
have several advantages over other mosaic crystals or ideal crys-
tals. They combine a high integral reflectivity with a high resolu-
tion capability. The layers can be easily bent to a radius as small 
as 50 mm without showing any degradation. The advantages in 
this application clearly outweigh the disadvantage of lateral in-
homogeneity. A spectral resolution of E/ΔE > 2700 could be 
measured with the presented spectrometer using two optics 
[12]. 

 
3.2. Characterization of the linear guide 

In order to keep the adjustment effort as low as possible, the 
deflection of the rail bed and the movement behaviour of the 
linear guide system was validated. In Figure 4 the rail bed in the 
frontal view is shown. Due to the cantilevered mount on the ex-
perimental chamber flange, manufacturing or assembly-related 
errors, straightness, and angular deviations of the guide rail are 
expected. All errors can cause a rotation of the crystals, so that 
the Bragg equation is not met properly. To estimate the system 
behaviour, the motion behaviour of the entire system was char-
acterized.  

 

 
Figure 4. Linear rail bed including the linear guide system and the piezo 
stages in a frontal view 

 
The motion behaviour of the individual axes of the multi-axis 

piezo positioning system is surveyed with an autocollimator. 
With an autocollimator both relevant motion errors (yaw and 
pitch error) can be detected. To ensure the reproducibility of the 
linear movement, several measuring cycles were repeated. Ac-
cording to X-ray diffraction experiments, the deviation of the 
yaw and pitch error should be less than ±0.04°.  
In Figure 5, pitch behaviour along the 1200 mm long linear guide 
is shown as an example. 

 
Figure 5. Pitch error of the 1200 mm long linear guide system 

 
A local minimum is observed in pitch behaviour at a motor po-

sition of about 620 mm, which then rises steeply, until reaching 
a maximum at about 780 mm. Thereafter, the course of the pitch 

behaviour drops back to a minimum at 870 mm. One possible 
reason for this is that the rail, on which all three carriages run, is 
not bolted to the rail bed at the location of the spectrometer 
flange in which the rail bed is suspended. This was not possible 
by design and may cause the rail to deform in this area, thereby 
affecting the straightness of the carriage movement. Also, une-
ven tightening of the screws (which are not unifom from the rail 
start or the middle of the rail) can cause tension on the rail. 

The great variation in the motion errors between 600 mm and 
900 mm cause a deviation of the optic from its optimal position. 
Therefore, an improvement of the linear guide system or a rea-
lignment of the optical components at different positions is nec-
essary. Based on the given assembly space, a reinforcement of 
the linear guide system was not possible. Due to the transporta-
bility of the spectrometer and the second translational degree 
of freedom (linear feedthrough) which runs parallel to the linear 
guide, too many unknown parameters are introduced. Thus, a 
compensation based on the characterization was also not possi-
ble and instead a first concept of an alignment procedure was 
developed. 

4. Alignment procedure 

Within the scope of this work, a concept for an automated ad-
justment procedure for alignment of the optical components, 
both HAPG optics and the CCD camera, has been developed. The 
focus was on ensuring that the procedure is as fast and reliable 
as possible. Therefore, the circular Bragg-reflected signal de-
tected by CCD is analyzed. 

The steps necessary for the development and use of the pro-
cedure are described below, where the concept of the auto-
mated alignment procedure is explained in greater detail. The 
algorithms to evaluate the criteria have been programmed using 
the Interactive Data Language (IDL), as it is especially suitable for 
the analysis and visualization of data. 
 
4.1. Raytracing simulations for the resolution analysis 

To develop an image evaluation procedure, possible devia-
tions from the ideal optic position were simulated in advance 
with a ray-tracing algorithm. Here, a Monte Carlo ray-tracing al-
gorithm, based on the work of Beckhoff [13] and extended by 
Anklamm [14], was used. From the results of the ray-tracing sim-
ulations the change of the circular Bragg signal and thereby the 
degradation of the spectral resolution could be validated de-
pending on the deviation from the ideal optic position. 

 

 
Figure 6. Schematic top-down view of the beam path using one optic for 
Bragg reflection 
 

On the one hand, the translational deviations in the x- and z-
direction were examined, as well as the rotatory deviations 
around the z- and x-axis, figure 6. At a distance of 9 mm behind 
the image focus plane of the copper Kα1 line, the copper Kα1,2 
lines were simulated. In order to be able to better assess the ef-
fect of the crystal misalignment and the change in the spectrum, 
the two spectral lines Kα1 and Kα2 have been simulated with 
equal transition probabilities. The number of simulated photons 
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incidenting to the crystal is 10 million and these simulated pho-
tons may be detected by the CCD camera. Simulated copper 
Kα1,2 lines with rotational deviations from optimal position (left) 
and without deviation (right) are shown in Figure 7. 
 

  
Figure 7. Simulated Cu Kα1,2 lines with rotational deviations from optimal 
position (left) and without deviation (right) 
 

To assess the change in the detected Bragg reflection as a func-
tion of the optic shift with respect to the source, the CCD image 
must be transformed into a X-ray emission spectrum. The CCD 
image is split from the center into radial channels. Each radial 
channel is defined by the distance from the center and each pixel 
equidistant from the center is assigned to the corresponding 
channel. Subsequently, all pixels of a radial channel are inte-
grated. 

To analyze the spectral resolution degradation due to misa-
lignment, translational and rotational displacements are simu-
lated and compared to the simulated spectra with no displace-
ment with respect to the ideal position. On the basis of the sim-
ulations, suitable criteria for the image evaluation are deter-
mined. 
 
4.2. Alignment procedure 

The alignment procedure is divided into different sections and 
consists of a main program and two subroutines. The main pro-
gram forms the framework for image processing. It stores the 
current motor positions and queries the user about all relevant 
parameters, such as energy of the spectral lines to be detected, 
number of dispersive elements used, etc. Based on these trans-
ferred start values, all components are moved to their target po-
sitions. Then the first subroutine for image acquisition is called 
and the adjustment of the HAPG optics starts, whereby both op-
tics have to be adjusted individually one after the other at their 
respective positions. At the beginning, the two translational axes 
of the HAPG optics are adjusted. A subroutine traverses a de-
fined scan area around the current value of the respective motor 
in a specified step size and triggers the CCD camera, which takes 
a picture after each motor step. After each motor scan, the sec-
ond subroutine is started. This subroutine is an image evaluation 
procedure that includes the three steps of image processing, im-
age analysis and image evaluation. The dark image is subtracted 
during image processing. Various properties of the spectra, such 
as spectrum intensity, the area between both peaks, full width at 
half maximum of both peaks, maximum value of the dominant 
peak and the difference of the maximum values of the integrated 
row or column profiles, are determined in the image analysis. A 
detailed description of the different criteria is explained in [11]. 
These criteria are compared with one another in the image eval-
uation routine in order to calculate an optimal position of the 
optics. In the last step of the image evaluation procedure, the 
results can also be visualized. Once the translatory axes have 
been varied and evaluated, the two rotary axes of the HAPG op-
tics are adjusted. All four motor axes are aligned iteratively. If 
the calculated optimal positions remain within the specified tol-
erance range, the loop is ended. Afterwards, the calculated po-
sitions are transferred to the motors and reconciled. When the 

adjustment for one dispersive element is completed, the proce-
dure for the second optic is repeated.  

Initial investigations have shown that the inhomogeneity of 
the real crystals may result in data misinterpretations during the 
alignment procedure. In the current state of the algorithm, the 
performed automated alignment is not satisfactory. On this 
point, future research aimed at implementing circular fitting 
procedures of the CCD data attaining robust alignment proce-
dures is necessary. 

5. Summary 

Within the frame of this work, a new calibratable wavelength-
dispersive spectrometer has been developed. Due to the von 
Hamos geometry the spectrometer is efficient, flexible and com-
pact in size. Different operation modes enable the optimal ex-
ploitation of the instrument.  

The characterization of the linear guide system has shown that 
the construction of the rail bed, which is cantilevered on a 
flange, does not meet all the desired requirements. This makes 
it necessary to realign the optics for various energy settings. An 
automated adjustment is advantageous and serves to speed up 
the process. For this purpose, a basic version of a procedure was 
created and described as a first successful approach to auto-
mated adjustment. 

The successfully performed XES experiments with synchrotron 
radiation on battery electrodes [11] create the framework for 
technology transfer. Due to its compactness, its high efficiency 
and its high resolving power, the developed spectrometer rep-
resents a detection system which, when operated with a labor-
atory radiation source and with minimal design changes, can be 
transformed into a tabletop device. An optimized adjustment al-
gorithm must be developed for commercial operation and relia-
ble calibration. It can be expected that this class of high-resolu-
tion X-ray spectrometers can be used successfully for ex-situ, in-
situ and operando investigations of energy materials. 
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Abstract   
 
This paper presents a noble approach for the efficient examination and classification of surface textures on medium- and large-sized 
mold products, such as used for automobiles, TVs, and refrigerators. Although there are many types of precise surface inspection 
and measurement methods, most are difficult to apply at industrial sites or by finishing robots due to problems such as speed, setup 
limitations, and robustness. An accurate and objective method of machined surface inspection has been needed. This study proposes 
techniques based on image processing that aims to automate surface inspection during an unmanned lapping process that is mainly 
employed to eliminate milling tool marks. First, both the distribution of the reflected light and the intensity of the captured near-
field contrast image generated right adjacent to the reflected specular, are used to determine the machined surface state as well as 
the presence of tool marks as the line light source scans clockwise or counter-clockwise. The most significant advantage of near-field 
contrast image, as compared with other vision techniques, is the capturing of highly sensitive contrast image data. It makes possible 
to distinguish the machined surface state by using the shape of the reflected light and the intensity of the image according to the 
tool mark, and the tool mark can also be detected. Second, the photometric stereo technique is adopted to detect surface scratches 
through the normal map that recovers the surface, which shows the entire surface at one time and can detect scratches. The 
proposed techniques show localized machined patterns and classify them with high accuracy through the statistical process.  
 
Keywords Unmanned Lapping, Reflection, Tool mark, Scratch, Image contrast, Image processing   

 

1. Introduction  

Inspection of defect objects requires an equal balance 
between the inspection cost and the production cost of the 
faulty object. Up to date, most surface inspection operations 
have been regarded as manned work, which requires a long 
process time and high cost. For that task is usually repetitive and 
labor intensive, and it might also involve exposure to radiation, 
high noise levels, metal dust and chemical environments, 
leading to health problems such as musculoskeletal and lung 
diseases.  

Conventionally, surface roughness and waviness are measured 
using a stylus, laser scanners, etc. However, these methods 
create limitations to the setup. Because of these problems, it is 
difficult to apply a stylus to real industrial sites or robotic 
finishing [1,2]. Therefore, robotic finishing for automation is 
highly necessary from the perspective of productivity, cost, time, 
and uniformity of surface quality. 

This study compares two major image-based surface 
techniques. First, machined surfaces are evaluated using tool 
mark detection and classification of the surface state based on 
the characteristics of the different reflected light according to 
the residual tool mark. The second proposed method is 
inspecting the entire machined surface at once and detecting 
scratches from the extracted normal map image based on a 
photometric stereo. The most significant advantage of near-field 
contrast image, as compared with other vision techniques, 
captures the highly sensitive contrast image data. By that highly 
sensitive image can detect the tiny sizes of scratches on the 
surface, the minimum size of scratch size recorded 8µm. But 
with other existing methods cannot identify the minimal size of 
scratches on the surface. And also, individual point light source  

 
lighting information can improve the reliability of inspection of 
specular surfaces.  
 
2. Methodologies of inspection  
 
2.1. Inspection based on reflection property [3,4] 
 
   After machining, multiple tool marks are created on the metal 
surface by machining tools performing milling and grinding. 
When point light source is used to illuminate the surface, 
reflected light is indicated by the yellow arrows in Fig. 1 and is 
called specular highlight.  
 

 
Fig. 1 Surface inspection using reflection property 

 
The reflected light can be expressed as Eq. (1) in relation to the 

tool mark and the normal vector of the surface. 
 

                                               𝑟ℎ̂ =  �̂� × �̂�                                                      (1) 
 
 

527

http://www.euspen.eu/


  

Where 

           𝑟ℎ̂: the specular highlight by tool mark 

            𝑠 ̂: the tool mark direction of surface 

            𝑛 ̂: the surface normal 

 
Eq. (2) is satisfied when the intensity is maximum. 
    

                                    𝑛′̂ ∙ (�̂� × �̂�) =  𝑛′̂ × 𝑟ℎ̂ = 0                          (2)        
where 

          𝑛′̂: the bisector between camera and light source 
 
Using the tool mark radius from a point P, the direction vector 
of the milling tool mark is given by Eq. (3). 

            �̂� =
1

𝑟
(

𝑃𝑥

(𝑟2 − 𝑃𝑥
2)1/2

0

) , 𝑃𝑥 ∈ [−𝑟 ⋯ 𝑟]                            (3) 

 
where 
          𝑟  : the radius of milling tool 
         𝑃  : a point on the milled surface 
         𝑃𝑥: the point depending on the x-coordinate 
 
The below equation is derived by substituting Eq. (3) for the 
maximum intensity condition. 
 

1

𝑟
�̂�′ ∙ {(

0
0
1

) × [

𝑃𝑥

(𝑟2 − 𝑃𝑥
2)

1
2

0

]} =⟺  
1

𝑟
[�̂�𝑥

′ (𝑟2 − 𝑃𝑥
2)

1
2 + �̂�𝑦

′ 𝑃𝑥] = 0    (4) 

 
From the reflection property and maximum intensity condition, 
the relationship between the milling tool radius and the 
reflected light is derived at 𝑃𝑥 on the surface, as shown in Eq. (5). 
When  the larger the diameter of the milling tool, the larger the 
𝑃𝑥. This reduces the range in which the reflected light occurs. 
 

𝑃𝑥 =
𝑟𝑛𝑥

′

(𝑛𝑦
′ + 𝑛𝑥

′ )
1/2

   𝑖𝑓 𝑛𝑥
′ ∙ 𝑛𝑦

′ < 0 

 

                         𝑃𝑥 = −
𝑟𝑛𝑥

′

(𝑛𝑦
′ + 𝑛𝑥

′ )
1
2

  𝑖𝑓 𝑛𝑥
′ ∙ 𝑛𝑦

′ > 0 

 
2.2. Inspection with photometric stereo [4] 

 

   Photometric technique is formally defined by the surface 

normal from the reflected light between the object and the light 

source and the observed intensities, as given by Eq. (6). 

 

                             𝐼 = 𝑘(𝐿 ∙ 𝑛)                                         (6) 

where 
         I: vector of observed intensities 
         L: normalized light directions 
         n: surface normal 
         k: albedo reflectivity 
 
The intensity and the position of the light source, surface normal 
vector is derived from Eq. (6) through Eq. (7) and (8). The surface 
normal is obtained through light modeling from images along 
the light source at different locations from Eq. (8). 
 
                                          𝐼 = 𝐿𝑇𝑘(𝐿 ∙ 𝑛)                                          (7) 

                                       (𝐿𝑇𝐿)−1𝐿𝑇𝐼 = 𝑘𝑛                                    (8) 

 

3. Design of the surface inspection system 

 

3.1. System overview 

 
   The system mainly includes a camera and an LED light source 
(Fig. 2b), and the inspection system is tested in a dark space to 
minimize the effects of external noises [5]. 
   As shown in Fig. 2, the camera is fixed vertically to the 
specimen, and 12 images are taken from 0° to 180° at intervals 
of 10° as the work piece rotates. The light source obtains the 
image when moving only in the horizontal direction while being 
fixed at 45° in the vertical direction. 
 

 
Fig. 2 Setup for surface inspection 

     
   For this inspection, four types of machined surfaces are 
prepared which have a size of 50 × 50 × 20 mm3.  The material 
is KP4M. Those surfaces were each machined by face mill, a 
turbo lap linear, a grinding machine, and a hand grinding. 
 
3.2. Results of surface inspection according to different 
property 
 
   The reflected light is perpendicular to the milling tool mark, as 
shown in Fig. 1. The white line in the image shown in Fig. 3 is a 
specular highlight or reflected light. In addition, the shape of the 
reflected light by lapping (Fig. 3b) and grinding(Fig.3c) is linear 
and wider than the reflected light from the milling tool mark 
since milling and grinding are performed manually. 
 

 
  

Fig. 3 Shape of reflected light by machined metal surface under 

60° & 120° of angles light:(a) milled by face mill 100mm; (b) 
lapped by #600; (c) grinded by plane grinder 
 
4.  Surface inspection algorithm 
 
4.1. Characterization of the machined surfaces 
 
   The image processing in MATLAB was adopted to verify the 
relationship between the intensities seen with the naked eye 
and those of the image. 
   The mean and standard deviation values can represent the 
intensity in image processing. Fig. 4 shows the mean and 
standard deviation of eight images outside this range. It is 
confirmed that the intensities of the individual surfaces are 
distinguished within the range of the histogram without being 
influenced by the reflected light.  
   As in the case of the four brown circle areas, surfaces made by 
milling, lapping, grinding and grinding with chatter can be 
distinguished by the intensity difference.  

  (5) 
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Fig. 4 Mean and standard deviation of gray scale corresponds 

to the intensity of the machined surface state 
 
4.2. Detection of Tool mark using specular highlight 
 
   Figure 5 shows the image processing procedure for tool mark 
detection using the reflection property method [6]. The use of 
the specular highlight is possible for determining the residual 
amount of tool mark for the surface inspection of each finishing 
step.  
 

 
Fig. 5 Image processing procedure for tool mark detection 

 
   Figure 6 shows that the tool mark around the reflected light is 
clearly visible, since the reflected light is the brightest part of the 
entire surface. 
 

 
Fig. 6 Tool mark detection results of machined metal surface 

under 60° & 120° of angle light:(a) milled by face mill 100mm; 
(b) lapped by #600; (c) grinded by plane grinder 
 
   By using this method, it is possible to detect the residual tool 
marks around the reflected light when scanning the entire image 
of 12 surfaces. But the detection of scratches is not clear except 
for the tool marks when the light is reflected. Only scratches 
deeper than the depth of the residual tool marks can be 
detected.  
 
4.3. Detection of Tool mark on the slope and curve surfaces 
 
   Using this method can inspect the slope and curve large 
surfaces with high accuracy. Within 16 seconds can check the 
32800𝑚𝑚2 area.  For examining the slop and curve surfaces 
camera sensor should be perpendicular to the midpoint of 
surface. 

    Figure 7 shows that a large amount of tool marks visible 
around the specular highlight. In the other existing methods 
using diffuse light, the scattered light cannot see this kind of a 
large number of tool marks on the surface.  
 

 
Fig. 7 Tool mark detection results of machined metal surface 

under 60° & 120° of angle light:(a1) lapped slope surface; (a2) 
lapped slope surface boundary result; (b1) grinded curve 
surface; (b2) grinded curve surface boundary result 
 
4.4. Surface inspection using photometric stereo      
 

   As shown on the left of Fig. 8, the normal map is obtained. This 
normal map does not recover the entire surface, and the left of 
Fig. 8 shows the surface information lost. If the normal map is 
acquired using the light source location where no reflected light 
is produced, a normal map can be obtained which can recover 
the whole surface, as shown on the right side of Fig. 8. 

 
Fig. 8 Normal map result according to presence (left) and 
absence (right) of reflected light 
 
   Table 1 indicates the result of the horizontal angle region 
where light occurs in and where non-reflected light occurs. That 
non-reflected light occurs region used for the photometric 
stereo.  The common range of no reflected light is -40°-0° (40°) 
and  140°-180° (40°). As a result, six light source locations were 
set at 0°, -20°, -40°, -140°, -160°, and 180° as the common angle- 
 
Table 1 The range where reflected light occurs or does not occur 

Milling D= 80mm D= 100mm D= 125mm Hand 
grinder 

Range of 
specular 
highlight 

10°~170° 
(160°) 

20°~160° 
(140°) 

30°~150° 
(120°) 

- 

Range of 
non-
specular 
highlight 

−60°~0° 
−120°~180° 

−70~10° 
−110°~170° 

−70~20° 
−110°~160° 

- 

Lapping 
/Grindin
g 

#600 #800 #1200 Plane 
grinder 

Range of 
specular 
highlight 

 40°~140°   
(100°) 

 60°~120°   
(60°) 

Range of 
non-
specular 
highlight 

 −40°~40° 
−140°~140° 

 −40°~40° 
−130°~130° 
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-for six minimum images that can be recovered, using the 
opposite direction of Fig. 2.   
    As can be seen in Fig. 9, the normal maps show the entire 
machined surfaces at once. But the middle region is relatively 
dark, because images near 90° and the opposite side are not 
considered in order to exclude specular highlight. In Fig. 9 
normal maps are acquired by inverting the z-direction of the 
original normal map and adopting it at 1.2 times the weight. 
 

 
Fig. 9 Normal map results: (a1-a2) milled surfaces; respectively 
diameters of 100 mm, 125 mm; (b1-b2) lapped surfaces; 
respectively grit size #600, #800; (c1-c2) grinded surfaces; 
respectively plane grinder, hand grinder 
 
4.5. Scratch detection in the machined surface 
 
   Tool mark detection was easy because the tool mark around 
reflected light was brightly captured. However, it was difficult to 
detect scratches because of the bright characteristics of the 
reflected light. Therefore, adopting a normal map technique, it 
reflects the entire surface. The procedure is similar to that of the 
process in Section 4.2. As illustrated in Fig. 5 The inverted image 
was used for scratch detection in the normal map of the original 
z-direction.    
    In Fig. 10, the dark yellow boxes show where scratches are 
detected, and the yellow ellipses show where the milling tool 
mark, which could not be removed with #600 hand lapping (Fig. 
10b), was detected. 
 

 
Fig. 10 Scratch detection results from normal maps: (a) milled 
surface, diameter 125 mm; (b) lapped surfaces, grit size #600; (c) 
grinded surfaces, plane grinder 
 
   In the case of milling tool marks (Fig. 10a), scratches and tool 
marks detected at the same time when the scratches were small 
or the depth was low. On the lapped surface (Fig. 10b), the tool 
mark and scratch can be detected simultaneously. The ground 
surface was difficult to detect except for deep scratches, but 
many tools mark detected. 
   The surfaces lapped and ground may include accidental 
handling scratches. This scratch is somewhat deeper and 
smoother than tool marks such as the tool mark. To solve this 
problem, the distinguishing between scratches caused by 
external factors and the device itself requires a robust detection 
algorithm. 
   Significant improvements were made using the proposed 
method. The non-detection rate of scratches was very small and 

the improved inspection is superior to that from a human 
operator. 
 
4.6. Tool marks counting using specular highlight and diffuse 
light on the milled surface 
 

 
Fig. 11 Tool marks detection results: (a, b) tool mark counts 
respectively relate specular highlight and diffuse light 
 
    Applied binarizing technique for two normal map images and 
got the milling tool marks/scratches count on the milled surface. 
Comparing numbers can see the highest number of tool marks 
detected by the specular highlight method. Because of specular 
highlight  can  illuminate  the  tiny  sizes  of  tool  marks  on  the 
surface. 
 
5. Conclusion 
 
   In  this  paper,  two  methods  are  proposed.  The  first  is  an 
inspection method that utilizes reflected light characteristics by 
a  tool  mark  on  a  machined  surface.  This  distinguishes  the 
machined surface state by using the shape of the reflected light 
and the intensity of the image according to the tool mark, and 
the tool mark can be also detected. The second is a normal map 
by the photometric stereo technique, which  shows the  entire 
surface at one time and can detect scratches much clear. 
   This method can be applied to automate detection of the state 
of  machined  metal  surfaces.  This  will  widen  the  inspection 
method for robotic machining system as well as for unmanned 
machining processes. 
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Abstract 
Hydrostatic guideways are widely applied as the vital functional unit in precision and ultra-precision machine tools owing to their low 
running friction, high stiffness, high motion accuracy, etc. Since the motion errors of hydrostatic guideways directly affect the 
accuracy of the machined parts, there have been many researches concerning the motion accuracy of hydrostatic guideways. 
However, it seems that the influence of oil film thickness (OFT) on motion errors in closed hydrostatic guideways has not been 
thoroughly studied yet. Different from those previous approaches, the quasi-static analysis model with less simplification is directly 
developed by incorporating the concept of pose in this paper, which is then employed to explore the effect of OFT on motion accuracy 
in the field of hydrostatic guideways. The typical closed hydrostatic guideway with four pads is still adopted as the sample here. The 
numerical results demonstrate that, OFT hardly affects the motion errors if the external force acting on the hydrostatic table is not 
considered, whereas the effect does occur if the external force is taken into account. Further, the mechanism of motion errors 
variation is attributed to the fluctuation of the difference between the average film thicknesses of the two adjacent pads, the greater 
the fluctuation, the larger the motion errors. 
 
Oil film thickness; Motion error; Hydrostatic guideway; Guide rail; Pose; Oil pad 

 

1. Introduction   

Hydrostatic guideways have been widely applied as the vital 
functional unit in precision and ultraprecision machine tools for 
their low running friction, high stiffness, high motion accuracy, 
superior vibration-resistance, virtually no wear, long service life, 
etc [1-5]. Due to that the motion errors of hydrostatic guideways 
affect the accuracy of the machined parts directly, quite a few 
researches related to the motion accuracy of hydrostatic 
guideways were carried out. However, it seems that the 
influence of oil film thickness (OFT) on motion errors in closed 
hydrostatic guideways has not been thoroughly studied yet.  

In this paper, the typical closed hydrostatic guideway with four 
pads is taken as the sample, which also is commonly used in 
other researches [5-7]. Besides, different from the previous 
approaches including the transfer function method (TFM) [8], 
the simplification of oil film as the linear spring element [5, 9] 
and finite element analysis (FEA) [10], the quasi-static analysis 
model with less simplification is directly developed by 
incorporating the concept of pose, which is then employed to 
explore the effect of OFT on motion accuracy in the field of 
hydrostatic guideways. Our research is expected to be inspiring 

to the designers, and some theoretical references for precision 
design of hydrostatic guideways  can be drawn.  

2. Quasi-static analysis model      

Figure 1 shows the typical closed hydrostatic guideway with 
four pads. The OFT proposed in our study does refer to the sum 
of h01 and h02, as seen in Figure 1 (a), it also can be considered 
as the designed total oil film clearance. Additionally, {A} is 
introduced as the reference coordinate system, and the distance 
between ideal rail 1 (2) and the plane oAxAyA is h0/2. Then, {B} is 
determined as the hydrostatic table coordinate system, as 
depicted in  Figure 1 (b). Figure 1 (c) exhibits the structure of  
every rectangular pad.  

As observed from Figure 1 (a), the linear motion error zA and 
angular motion error θ do exist because of the real guide rails 1 
and 2 with profile errors. They can be expressed as [5-6, 9] 
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Figure 1. Typical closed hydrostatic guideway with four pads (a) pose of hydrostatic table, (b) structure of hydrostatic table, and (c) rectangular pad  
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Where E1, E2, λ1, λ2, φ1, φ2 denote the profile error amplitude, 

wavelength and  phase of guide rails 1 and 2, respectively. The 
quasi-static analysis model then is developed based on the static 
equilibrium. Both the resultant force and resultant moment of 
the hydrostatic table must equal to zero wherever it moves [4-5, 
9]. As shown in Figure. 2, the force and the moment equilibrium 
equations are expressed as 
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Figure 2. Static equilibrium of hydrostatic table with four pads 

 
By solving the Eqs. (3) and (4), the two motion errors can be 

determined. Hence, the oil film reaction force Fi (i=1~4) needs to 
be obtained first, the expression of Fi is given as [11] 
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Here, Pri is the hydrostatic pressure in the recess. Aei is the 
effective bearing area of the rectangle pad, it can be written as 
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Note that, the progressive mengen (PM) flow controllers are 
adopted in the closed hydrostatic guideway shown in Figure 1. 
PM controller is the product of Hyprostatik Company in 
Germany and belongs to the membrane-type restrictor, which 
has been widely used as the key component in other precision 
machine tools [12-14]. Its structure and working principle can be 
easily found in [12, 15]. So Pri can be calculated by  
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where Q0 is the initial flow rate for Pr=0, Kr is named as flow ratio, 
Ps is the supply pressure. They are regarded as the three key 
characteristic parameters of PM controller. Besides, R(hai) is the 
flow resistance of the land and related to the average oil film 
thickness ha [4, 9]. R(hai) can be obtained as 
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Lastly, the calculation of hai is essential. As seen in Figure 1 (a), 
CASE 2 is chosen to determine the hai and it is given as 
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where i denotes the number of pad, and j denotes the number 
of point in one pad plane. Based on the example depicted in 
Figure 1, i ranges from 1 to 4 and j from 0 to 8. The descriptions 
of point q on the hydrostatic table in {A} and {B} are different 
and denoted by Aq and Bq, respectively. Aqij and Bqij are the 
coordinates of the jth point of the ith pad plane in {A} and {B}, 
respectively. Aland denotes the projected area of land in the 
plane oAxAyA, it is 
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Besides, pad 1 and pad 3 are in the same plane, and the 

corresponding mathematical equation can be denoted by Z13, so 

is Z24. Therefore, Z13 and Z24 can be expressed as 
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The relationship between the four oil film reaction forces and 
the two motion errors can be summarized as follow: Oil film 

reaction force Fi → Hydrostatic pressure in the recess Pri → Flow 

resistance of the land R (hai) → Average oil film thickness hai → 

Motion position of the hydrostatic table and the motion errors 
(xA, zA, θ). Up to now, the establishment of the quasi-static 
analysis model has been completed.  

3. Results and discussion   

Three case studies are selected to investigate the effect of OFT 
on motion errors for closed hydrostatic guideway with four pads. 
The simulation condition has been listed in Table 1.  

 
Table 1 Simulation condition of the typical closed hydrostatic guideway 
with four pads 

Parameter 
Hydrostatic table [6] Rail 1 

l L H E1 

Value 60.5 mm 125 mm 320 mm 4 μm 

Parameter 
Pad [6] 

M m W w 

Value 60.5 mm 15 mm 50 mm 15 mm 

Parameter 
PM controller Rail 1 

Q0 Kr Ps λ1 

Value 1×10-7 m3/s 1.4 5 MPa 280 mm 

Parameter 
Rail 2 Rail 1 

E2 λ2 φ2 φ1 

Value 2 μm 140 mm 0.6π 0 

Parameter 
Stroke 
(mm) 

Hydrostatic oil dynamic viscosity [6] 

η 

Value 125 ~ 700 0.065 Pa·s 

 
3.1. Case study one 

Case study one means that both the external force F0 and its 
arm e shown in Figure 2 are set as zero. As can be observed in 
Figure 3 (a) and (b), the influence of OFT on the two motion 
errors are not significant at all, and the PV values of the two 
motion errors are also unchanged with the variation of OFT, as 
depicted in Figure 3 (c). However, it can be seen that the angular 
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and liner motion errors fluctuate periodically with the moving of 
hydrostatic table along the positive direction of xA axis. Here, the 
horizontal axis named travel appears in Figures 3, 4 and 5, and it 
is just the xA axis seen in Figure 1.  

 
(a) angular motion error 

 
(b) linear motion error 

 
(c) PV values of the two motion errors 

Figure 3. Influence of OFT on motion accuracy in case study one 
 
3.2. Case study two 

Case study two refers to that the external force F0 is set as 
1500 N, but its arm e is still zero. Figure 4 shows the influence of 
OFT on motion accuracy in case study two. As seen in Figure 4 
(a), with the increase of OFT, the peaks of the angular motion 
error curve move along the negative direction of xA axis, but the 
valleys move inversely. In Figure 4 (b), the peaks and valleys of 
these linear motion error curves are correspondent to each 
other, whereas the curve moves down with the growth of OFT, 
in other words, the hydrostatic table shown in Figure 1 (a) gets 
closer to the guide rail 1 along the positive direction of F0. The 
two motion errors still fluctuate periodically. Additionally, the 
PV values of the two motion errors do rise with the increase of 
OFT, as depicted in Figure 4 (c), and they two change similarly.  

 

(a) angular motion error 

 
(b) linear motion error 

 
(c) PV values of the two motion errors 

Figure 4. Influence of OFT on motion accuracy in case study two 
 

3.3. Case study three 
Case study three implies 1500 N of F0 and 12.10 mm (0.2*l) of 

e. The two motion errors change periodically with the moving of 
hydrostatic table, as shown in Figure 5 (a) and (b). Moreover, 
with the increase of OFT, the peaks of the angular motion error 
curve move along the negative direction of xA axis, but the 
valleys move inversely, which is similar to the phenomenon 
exhibited in Figure 4 (a), but the difference also is noticeable, the 
angular motion error curve moves up. The information 
presented from Figure 5 (b) and (c) is similar to that from Figure 
4 (b) and (c). Accordingly, the arm e can affect the variation of 
the angular motion error significantly by comparing to case 
study two. 

 

 
(a) angular motion error 

 
(b) linear motion error 
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(c) PV values of the two motion errors 

Figure 5. Influence of OFT on motion accuracy in case study three 
 

3.4. Discussion 
The numerical results shown in Figures 3, 4 and 5 suggest that, 

OFT hardly affects the motion errors if the external force acting 
on the hydrostatic table is not considered, whereas the effect 
does occur if the external force is taken into account. The 
mechanisms affecting motion accuracy are given further. It can 
be known that the motion errors were linked to the oil film 
reaction forces on the pads [5, 10]. However, as illustrated in the 
last part of Section 2, the oil film reaction force is related to ha 
tightly.     

 
(a) Case study one 

 
(b) Case study two 

 
(c) Case study three 

Figure 6. Variation of ρ with the change of OFT 
 
In case study one, F0 is not considered, so it is F1=F2 and F3=F4 

that always holds, and there will always be ha1=ha2 and ha3=ha4. 
Then, the difference between the average film thicknesses of 
two adjacent pads (such as pad 2 and 4 shown in Fig. 1) is named 
as ρ, which is mathematically expressed as ρ=ha2-ha4. It may be 
naturally inferred that, the greater the fluctuation of ρ, the 

larger the motion errors. Just as shown in Figure 6 (a), no matter 
how the OFT changes, ρ and its PV value are unaffected, which 
can interpret the phenomena shown in Figure 3. Does the 
explanation still work to the case studies two and three? As 
depicted in Figure 6 (b) and (c), the PV value of ρ rises with the 
increase of OFT, which corresponds to the results shown in 
Figure 4 (c) and Figure 5 (c), respectively. So the variation of the 
motion errors can almost be figured out now. The research work 
[16] also is suggested to be referred due to the similarity with 
this study, but the themes are different with each other. 

4. Conclusions   

The influence of oil film thickness on motion errors for closed 
hydrostatic guideway with four pads does exist, but the effect 
can be ignored if the external force is not taken in account. 
Besides, the parameter ρ (=ha2-ha4) is found to interpret the 
mechanisms of the motion errors. 
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Abstract 
The recent development of low-cost accelerometers, driven by the Industrial Internet of Things (IIoT) revolution, provides an 
opportunity for their application in precision manufacturing. Sensor data is oft of highest consideration in any precision machining 
process. While traditionally high cost vibration sensors have been employed for vibration measurements in industrial manufacturing 
scenarios, the aspects related to the measurement uncertainty affecting the accuracy of low-cost vibration sensors have not been 
explored and requires performance evaluation. This research focuses on the characterization of measurements from low cost tri-
axial accelerometers in terms of identifying the parameters that induce uncertainties in measured data. 
Static and dynamic calibration was conducted on a calibration test bench using a range of frequencies while establishing traceability 
according to the ISO 16063 and the IEEE-STD-1293-2018 standards. Moreover, comparison tests were performed by installing the 
sensors on machine tools for reliability evaluation in terms of digital transmission of recorded data. Both tests would further establish 
the relationship between the base line errors originating from the sensors and their influence on the data obtained during the 
dynamic performance profile of the machine tools. The outcomes of this research will foresee the viability offered by such low-cost 
sensors in metrological applications enabling Industry 4.0. 
 
Keywords: Precision Manufacturing, Measuring Instruments, Performance Evaluation, Uncertainty, Accelerometers, Calibration  

 

1. Introduction   

Vibration monitoring is one of the key areas of interest in 
precision manufacturing setups [1] to ensure high level of 
engineering confidence in manufactured products [2]. 
Traditionally, high accuracy vibration sensors, such as Integrated 
Electronics Piezo-Electric (IEPE) accelerometers, have been 
employed in industrial manufacturing scenarios [1]. However 
recent growth of accelerometers based on Micro Electro-
Mechanical Systems (MEMS) technology [3] provide an exciting 
opportunity for their application as a low-cost alternative in 
precision manufacturing. The growth of MEMS has been driven 
by the Industrial Internet of Things (IIoT) revolution [4, 5] which 
leads the evolution of sensors to smart sensors in manufacturing 
[6] and intelligent machining processes [7]. MEMS sensors are 
already in wide usage in vibration sensing applications of large 
structures e.g. wind turbines, oil rigs, bridges and smart cities of 
the future [8]. However, metrology aspects related to the 
accuracy, uncertainty, repeatability and traceability of such 
MEMS sensors [1] in precision manufacturing have not been 
explored, so they require performance evaluation to identify 
parameters which induce sensor uncertainties. [9]. This research 
focuses on the characterization of measurements from low cost 
tri-axial accelerometers in terms of of accuracy, uncertainty, 
repeatability and traceability. Static and dynamic calibration of 
MEMS sensors was conducted on a calibration test bench using 
a range of frequencies, while establishing traceability according 
to the ISO 16063 [10, 11] and IEEE-STD-1293-2018 [12] 
standards. The work also encompasses reliability evaluation of 
sensors in aspects pertaining to digital transmission of recorded 
data [13] in context of Industry 4.0 [5]. The outcomes of this 
research is an example application of applying a metrological 
approach when selecting sensors in Industry 4.0 application [14]. 

2. Methodology      

The performance evaluation and characterization tests for low 
cost accelerometers were conducted by establishing traceability 
according to the ISO 16063-21 [11] and ISO 16063-11 [10] 
standards. These standards define procedures for calibration of 
vibration sensors by comparing their results to a reference 
transducer [15] and laser interferometry [16]. These methods 
are suitable for traditional vibration sensors, so were adapted 
for the MEMS sensors using IEEE-STD-1293-2018 [12]. 

A series of static and dynamic calibration tests were 
performed based on the aforementioned standards. The static 
tests were performed for baseline performance and noise 
characterization of sensors in a vibration-isolated and 
temperature-controlled environment. The dynamic tests were 
performed using sine sweep testing [16] in a frequency range of 
5 Hz to 1 kHz. The frequency range was selected to cover most 
structural resonance frequencies for the majority of machine 
tools in industry. This range would also cover frequencies of 
interest for most rotary components on a machine tool, such as 
bearing rotational speeds, ball-pass and ball-spin frequencies, 
excluding high-speed spindles. Each test was conducted for a 
duration of 20 seconds. To ensure repeatability according to 
industry practise, each set of readings was repeated five times. 

 
2.1. Experimental Setup   

An industrial grade tri-axial digital MEMS sensor 
(ADXL355) [17] was selected as a low cost vibration sensor for 
this investigation. While there are a great many MEMS 
alternatives at even lower cost, this provided high resolution 
(18 bit) on chip ADC to give the required sensitivity that may be 
expected from traditional accelerometers while also providing 
the digital communication option (I2C/SPI) for convenient data 
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acquisition. A single axis IEPE accelerometer (PCB 353B03) [18] 
was employed as a reference transducer in the experiment. A 
Renishaw XL-80 [19] laser interferometer was used as traceable 
reference in acceleration measurement mode. The sensors were 
mounted on a 10 mm aluminium plate and secured using bolts, 
while the sensor cables were secured using adhesive clamps.  
Finite Elements Analysis (FEA) of the plate was carried out 
before testing to ensure the Centre of Gravity is in line with the 
mounting position and uniform vibration pickup. The MEMS 
sensor was housed in a specially designed, 3-D printed case (PLA) 
and FEA was carried out for the housing to ensure accurate 
vibration pick-up for the selected frequency range. The first 
vibration mode of the housing was found to be 7 kHz, only when 
simply supported where the fixings are at either end as seen in 
Figure 1. During FEA, a void underneath the housing was created 
to exaggerate poor contact, this may be due to non-flat surfaces. 
In Figure 1 (Right) the section view highlighting the compression 
of the MEMS device between lid and base has also been 
presented. The results of both FEA simulations showed that the 
plate and housing had sufficient uniformity and transmissivity 
that both sensors would experience the excitation signal and 
that neither would have the signal attenuated at their point of 
location. 

Temperature was monitored during the experiment using 
digital temperature sensors (Maxim DS18B20) , whereby 
recording sensor and environmental temperature variations. 
The configuration of the setup can be seen in Figure 2.  

All three measuring systems (MEMS, laser and IEPE 
accelerometer) had separate Data Acquisition Systems (DAQs) 
which were recorded to a single computer to aid 
synchronisation. The data from the MEMS sensor was recorded 
and transmitted at a baud rate 7×105 bits/sec through a 
Raspberry Pi 3 Model B+ processor wirelessly to a PC through 
implementation of I2C serial protocol. Laser measurements 
were recorded using Renishaw’s QuickViewXL via USB interface 
to the PC. The data from the IEPE accelerometer was acquired 
using an National Instruments DAQ. The tests were synchronised 
across DAQs to ensure correct timing information for recorded 
data. The nominal range of the MEMS sensor was set to be ±2 g 
(where g=9.81 m/s2) to ensure high sensitivity operation, while 
the IEPE sensor was used in its nominal operating range of  

±500 g. The sampling rate was set to be 2 kHz across all sensor 
acquisition systems to ensure comparability of results in the 
analysis phase of the experiment and to ensure fulfilment of 
nyquist criterion for dynamic test frequencies in current 
application. 
 
2.2. Static Test      

Static tests were conducted to characterize the noise and 
baseline parameters of the MEMS sensor in comparison to the 
chosen transfer standard (laser interferometer) and reference 
transducer (IEPE). The test was conducted in a temperature-
controlled environment of ±1 °C on a vibration-isolated and 
stable granite CMM bed. This was done to ensure surrounding 
vibrations and background noise be minimized to accurately 
measure the vibration pick-up from sensors.The setup was 
allowed to stabilize after installation for a duration of 24 hrs to 
minimize the effect of environmental and self-heating effect on 
sensors, which may cause sensitivity drift. For example, nominal 
sensitivity of 10 mV/g of the IEPE based sensor in the experiment 
could vary up to ±1 % due to variation of temperature in 
operating range of -54 °C to +121 °C [18], while the MEMS 
vibration sensor’s output can vary 0.15 mg/°C or ±0.01 %/°C 
[17]. To ensure accurate laser measurements and minimizing the 
drift caused by the refractive index of air, the air gap between 
the reflector and laser was minimized to <20 mm. The cabling of 
the setup was also secured using adhesive clamps such that it 
would not induce or transmit unwanted vibrations to the 
experiment. The configuration of static tests can be seen in 
Figure 3. 

 

 
Figure 3. Static Test Configuration 

 

2.3. Dynamic Tests  
The dynamic calibration setup was created to perform 

dynamic tests using sine sweep testing, as seen in Figure 4. The 
setup consist of the aluminium plate used in the static tests 
mounted securely on an electrodynamic shaker system (TIRA 
500). In this experiment, the sensors were excited in only one 
axis of movement, namely the Z-Axis, as a proof of concept. The 
input to the shaker is from a signal generator via an amplifier 
and only the frequency of generated waveform is modified, 
whilst keeping amplifier power constant. The power output 
from amplifier was set at 20 mW. The power settings were 
chosen to prevent overloads in sensing, especially in the case of 
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Figure 2. Experimental Setup  
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the MEMS sensor. The sixteen frequencies on which the sine 
sweep testing was conducted are given in the first column of 
Table 2. The sampling rate set in the experiment followed the 
Nyquist criterion to ensure good spectral analysis at later stage 
of the experiment. For each frequency, the test was conducted 
5 times for repeatability, therefore in total 80 readings of 20 secs 
duration each were recorded by the sensors. 

3. Data Analysis      

A baseline noise and uncertainty analysis was carried out for 
all the tests. In addition, spectral analysis was carried out for all 
dynamically recorded data to compare amplitude and frequency 
response of each sensor with nominally generated sinusoidal 
waveforms. For the reliability evaluation in terms of digital 
transmission of recorded data of the MEMS sensor, the assumed 
sampling rate and achieved sampling was also examined to 
characterize the latency and accuracy of recorded and 
transmitted data. The results from baseline measurements and 
uncertainty evaluation based on the GUM guidelines [20] for 
static tests are tabulated in Table 1, which can be expanded for 
uncertainty values in the future, it also shows promising results 
for noise floor analysis as MEMS based sensor outperforms 
other sensors with good noise rejection. However, it must be 
noted standard deviation values can be affected by drift of 
sensors due operation over time while, these results are based 
on test duration of 20 secs only. Further investigation in future 
is required to investigate long term effects of noise, drift and 
temperature in case of MEMS sensor measurements for 
industrial applications. The results from the spectral analysis of 
the dynamic tests are tabulated in Table 2. The spectral analysis 
was conducted by computing the N-point (N=1024) Fast Fourier 
Transform (FFT) of the recorded data in MATLAB. The sampling 
rates of MEMS sensor for transmission reliability evaluation and 
digita latency computation are presented in Table 3. 
 

Table 1 Uncertainty Evaluation of Sensors for Static Tests (g = 9.81m/s2) 

Sensor Mean (g ) Standard Deviation S.D (g) 

Laser XL-80 0.0003 0.0111 

IEPE PCB353B03 0.01535 0.0037 

MEMS ADXL355 -7.6751E-16 0.0005 

 
Table 2 Spectral Analysis using FFT of Sensors 

Experiment 
Frequency 

(Hz) 

Generated 
Frequency 

(Hz) 

Laser 
XL-80 
(Hz) 

IEPE 
PCB 
353 
(Hz) 

MEMS 
ADXL355 

(Hz) 

0 0 259.8 0 0 

5 5.02 257.8 4 5.674 

10 10.20 9.766 10 10.58 

25 25.06 25.39 26 25.2 

50 50.59 50.78 50 50.22 

75 75.37 74.22 76 75.09 

100 100.3 99.61 100 100.1 

200 200.3 199.2 198 200.2 

300 299.6 302.7 302 300.8 

400 400.8 400.4 402 400.7 

500 501.2 500 500 329.3 

600 601.3 599.6 600 237.5 

700 701 699.2 700 129.03 

800 802.1 800.8 800 24.16 

900 900.9 902.3 904 74.52 

1000 1000 998 1000 159.8 

 
Table 3 Sampling Rate for MEMS ADXL355  

Experiment 
Frequency 

(Hz) 

Maximum Rate 
(Hz) 

Average 
Rate 
(Hz) 

Minimum 
Rate  
(Hz) 

0 896.22 822.90 59.15 

5 908.25 830.41 130.1932 

10 913.20 833.31 75.36 

25 910.81 832.40 128.29 

50 909.83 829.45 130.62 

75 900.06 818.48 90.88 

100 894.49 819.94 123.80 

200 905.71 830.08 128.53 

300 902.58 825.81 35.75 

400 904.33 827.18 82.84 

500 905.89 828.66 41.28 

600 920.00 835.60 38.38 

700 910.81 832.60 130.44 

800 903.36 824.08 129.77 

900 909.03 829.40 88.20 

1000 923.45 843.90 92.54 

4. Results and Discussion      

Based on the data analysis the results relating to spectral 
analysis of MEMS sensor data in comparison to IEPE and Laser 
sensors are visualized and discussed in this section. Moreover, 
based on the sampling rate offered by MEMS sensor the results 
and aspects affecting reliability evaluation in terms of digital 
transmission of recorded data are also presented. 

 
4.1. Spectral Analysis  

For comparibility of MEMS frequency response with the 
results from IEPE and Laser sensors, they are presented on a 
single FFT plot for frequencies of 300 Hz and 700 Hz respectively. 
The frequencies have been chosen from Table 2 to depict an 
accurate sensor response i.e. 300 Hz and the response of MEMS 
when subject to aliasing due to sampling rate limitations. The 
FFT plots are presented in Figure 5 and Figure 6. 

Figure 5. FFT of Vibration Data from Sensors @ 300Hz 
 

Considering Figure 5 and data from Table 2, it can be visualized 
that on X-axis that the frequency of generated sine waveform 
i.e. 299.6 Hz is more accurately sensed by MEMS sensor as 
compared to IEPE and Laser sensors i.e. 302.7 Hz and 302 Hz. 
However, while considering the magnitude of FFT on Y-axis of 
figure MEMS records a value of 0.2962 g in comparison of other 
sensors which record 0.36376 g and 0.35168 g. The discrepancy 
in magnitude results can be attributable to high sensing mode of 
MEMS sensor i.e. ±2 g (where g=9.81 m/s2) and noise filtering 
implemented as part of internal MEMS design. It is to be noted 
that peak values in FFT are strongly affected by sampling 
frequency of instruments. The variation in frequency can also be 
partially attributable to mechanical aspects of shaker accurately 
recorded by Laser sensor as it is the primary source of 
traceability, although frequency sensed by MEMS is close to 
original generated signal but can be misleading. Considering 
Figure 6, Table 2 and Table 3, it can be seen MEMS records 
erroneous data due aliasing errors, therefore it depicts an in-
correct frequency of 129.63 Hz in comparison to 700 Hz and 
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699.2 Hz. The results highlight that a data loss occurs in recorded 
signal due to the overlapping of signal frequencies as Nyquist 
criterion is not fulfilled in the test condition. 

Figure 6. FFT of Vibration Data from Sensors @ 700Hz  
 

4.2. Sampling Rate 
Sampling rate or frequency of MEMS sensor data acquisition 

system emerges as an important aspect to consider while taking  
sensor measurements. The sampling rate is fixed at 2kHz in case 
of IEPE and Laser sensors while, in the current setup the 
sampling rate for MEMS is found to be variable based on the 
overhead due to data processing and transmission on current 
DAQ. The sampling rate for300 Hz test is visualized in Figure 7  

Figure 7. Sampling Rate of MEMS Sensor @ 300Hz  
 

Considering Table 3 and Figure 7 the sampling rate of MEMS 
sensor system varies from 35.75 Hz to 902.58 Hz. The sources of 
these variations lead to data loss, attributable to I2C 
communication and DAQ processing errors. However, the FFT 
was computed based on mean sampling rate i.e. 825.81 Hz, 
found most suitable for accurate results. Considering all tests an 
average rate of 829 Hz was calculated, therefore MEMS sensor  
would sense frequencies below 414 Hz accurately in the current 
DAQ-sensor setup. It was found that performance of MEMS 
sensor is typically affected by acquisition system in a significant 
way. The issue was overcome in future implementations of the 
sensor DAQ setup by reducing cable length to less than 0.5 m 
and implementation of multi-core processing on Raspberry Pi 
3B+ for improved I2C serial communication for reduced latency 
in data transmission, this lead to achieving a sampling rate of 
2000 Hz or 2 kHz, however it is a work in progress and requires 
further investigation for optimization on machinery with high 
energy systems such as drive motors. 

5. Conclusions      

This work focuses on performance evaluation of low cost 
MEMS sensors for use in precision engineering applications. The 
characterization of MEMS sensor was done through performing 
static and dynamic traceability tests in accordance to the 
ISO 16063 and the IEEE-STD-1293-2018 standards. The MEMS 
sensor setup was able to to accurately provide measurements 
for low magnitude vibrations in frequencies up to 400 Hz with 

good noise rejection,while comparison testing on machine tool 
was aided by measurements from Laser and IEPE sensors. The 
current setup has limitations due to sampling rate which leads 
to uncertainty in digital transmission of recorded data. Future 
work requires further exploration of aspects affecting 
uncertainty for MEMS sensors. MEMS sensors provide exciting 
opportunities in application areas of Industry 4.0 and evolution 
to smart sensors due to their low-power, low-cost and ultra low 
noise aspects, while digital aspect in data sensing and processing 
are still to be overcome. Improved results can lead to building 
self-calibration setup in sensor-nets while employing MEMS 
sensors on machine tools as a viable low-cost and reliable option 
for servitization, condition monitoring, smart machining 
purposes. 
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When a rotating grinding wheel bursts during grinding operation, abrasive fragments are scattered. Grinding wheel safety guard is 
one of the most important safety mechanisms for grinding machines that protect machine tool operators from the scattered abrasive 
fragments. The guard thickness is specified by ISO16089, however, the collision phenomenon of brittle material such as an abrasive 
product has not been clarified yet. In the previous study, the authors have conducted collision experiments using an abrasive 
projectile. In the case of using a cylindrical abrasive projectile, regardless of the material both projectile and guard, the effect of 
safety improvement by increasing the guard sheet thickness is proportional to the square of the thickness.  However, it has not been 
clarified whether the same is true when the tip shape of a projectile is different e.g., conical shape with high penetration. In this 
study, the authors conducted collision experiments of the conical abrasive projectile against the rolled steel sheet guard with four 
types of thickness. The result revealed the effect of guard thickness on impact resistance is affected by the mechanical properties of 
a projectile in the case of collision of a conical projectile. When the thickness of the rolled steel sheet guard is 4.0mm or less, the 
effect of guard thickness for collision safety is approximately the square of the thickness. 
 

Key words: grinding machine, wheel guard, abrasive products, collision energy, guard thickness, conical projectile   

 

1. Introduction  

A grinding wheel safety guard is one of the safety mechanism 
that is defined by the ISO standard for grinding machines [1]. 
Guards hold scattered abrasive fragments in the work zone 
when a high-speed rotating grinding wheel bursts. Therefore, a 
guard needs to have appropriate impact resistance for the safety 
of a machine tool operator. 

The impact resistance of the grinding wheel guard is affected 
by the thickness. In the case of expected translational energy of 
the abrasive fragment is high, such as high-speed grinding, the 
grinding wheel guard should be thicker.  In the guard thickness 
specification of the ISO 16089, which is the standard of a 
machine tools safety for stationary grinding machines, the 
impact resistance of a guard is calculated by the 2.7th power of a 
guard thickness and multiplying a factor for each guard material. 
In the author’s previous study, the impact resistance in the 
collision of a cylindrical abrasive projectile is proportional to the 
square of the guard thickness and a multiplication factor for 
each guard material and abrasive product[2]. From these 
calculations, under the same experimental conditions, the effect 
of guard thickness on impact resistance does not appear to be 
affected by mechanical properties of guard and projectile. This 
is, however, is not examined in detail.  

In the author’s other previous study, the impact resistance in 
the collision of a conical abrasive projectile made of a white 
alumina abrasive product WA46H8V having 68 MPa compressive 
strength σm is approximately the 4th power of the guard 
thickness[3]. However, it has not clear the relation between a 
guard thickness and the impact resistance is affected or not by 
the compressive strength of a conical abrasive projectile. 

In this study, the authors conducted collision experiments of a 
more hardened conical abrasive projectile against the rolled 
steel sheet guard with four types of thickness and investigated 
the safety performance of guards. 

2. Tested materials      

The white alumina abrasive product WA46O8V was selected 
for the material of the test projectile. Table 1 shows the  relevant 
mechanical properties of this abrasive product. The density of 
WA46O8V is 2400 kg/m3. This density is the same as ISO 16089's 
reference abrasive product of a guard thickness standard. The 
compressive strength of WA46O8V tested by Split - Hopkinson 
pressure bar method is 171 MPa under strain rate 250 s-1. 

The hot rolled steel sheet SS400 was selected for the test 
guard material. SS400 is a material commonly used as a guard in 
Japan and classified as the same guard material group as cold 
rolled steel sheet DC01 in the ISO 16089. Table 2 shows the 
relevant mechanical properties of SS400. These properties meet 
the requirements of guard material in ISO 16089. 

3. Collision experiment      

3.1. Experimental equipment   
Figure 1 shows a schematic picture of the developed collision 

experimental equipment. An abrasive projectile collides roughly 
vertically to the center of the SS400 sheet. The thicknesses of 

 
Table 2  Mechanical properties of guard material 

 

 Tensile strength Yield stress Elongation 

SS400(Hot rolled steel) 479 MPa 314 MPa 0.39 

ISO standard [1] >340 MPa >215 MPa >0.17 
 

 
Table 1  Mechanical properties of abrasive product 

 

 Density Compressive  strength 

WA46O8V 2400 kg/m3 171 MPa 

WA46H8V [3] 2100 kg/m3 68 MPa 

ISO standard [1] 2400 kg/m3 - 
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the SS400 sheet were 2.3, 3.2, 4.0 and 4.5 mm. The outer 
dimension of the test guard including a fixed area was 750 mm 
× 750 mm, and the exposed area dimension was 450 mm × 450 
mm. The dimension of the exposed area was based on the safety 
evaluation criteria given in ISO 16089.  

Figure 2 shows the conical abrasive projectile used for the 
collision experiments. The size of the projectile was ⌀ 90 mm × 
220 mm. The conical angle was 90 degrees. The mass of the 
projectile was 2.8 kg. 
   
3.2. Experimental evaluation criteria 

Deformation patterns of the SS400 sheet after the collision 
experiment can be classified into three patterns, plastic 

deformation (○), crack generation without penetration (△), 

and penetration (× ). The minimum impact energy under 

pattern (△) is defined as "minimum cracking energy Epmin." In 
this study, the minimum cracking energy is the evaluation 
criterion of experimental results. 

4. Experimental result      

Figure 3 shows the relationship between the collision energy 
of the conical abrasive projectile made of WA46O8V (σm = 171 
MPa) and the SS400 sheet thickness. The curve of the minimum 
cracking energy Epmin was calculated by the least-square method 

using the minimum impact energy under pattern (△) of 2.3, 3.2 
and 4.0mm thickness. As a result, Epmin can be obtained by Eq.1. 

 

𝐸pmin = 230.3 ∙ 𝑡1.75 (1) 

 
where t is thickness of the SS400 sheet (mm).  

In the previous study, Epmin of the conical abrasive projectile 
made of WA46H8V(σm=68 MPa) could be obtained by Eq.2 
under the same guards thickness and calculation method as 
Eq.1[3].  

 

𝐸pmin = 48.98 ∙ 𝑡4.28 (2) 

 
According to Eq.1 and Eq.2, the effect of guard thickness on 
minimum cracking energy is affected by projectile compressive 
strength. The effect of guard thickness in Eq.1 is approximately 
the square of the thickness. This value is almost equal to using 
cylindrical projectiles[2]. 

However, Eq.1 is incompatible with the results of 4.5 mm 
thickness. Figure 4 shows the fracture shape of the collided 

projectile. When the guard plate thickness was less than or equal 
to 4.0mm and the only plastic deformation occurred, the 
damage is only caused the top of a conical. This suggests that the 
crack of the guard is caused before the conical surface contacts. 
On the other hand, in the case of the impact energy is higher 
than Eq.1 at 4.5 mm thickness, the projectile is damaged not 
only on the top but also on the conical surface. This suggests that 
the crack of the guard 4.5 mm thickness or more is caused after 
the conical surface contacts. Therefore, the collision mechanism 
differs between 4.0 and 4.5 mm, and the safety improvement by 
increasing the guard thickness becomes more effective.  

5. Conclusions      

The following conclusions were obtained under the collision 
experiments using a 90 degrees conical abrasive projectile on 
SS400 sheet. 
(1)  The effect of safety improvement by increasing the guard 

sheet thickness is relatively small with a harder abrasive 
projectile. 

(2) The minimum cracking energy is proportional to the 
approximately square of the guard thickness. 

(3)  The collision mechanism is different for guard thickness of 
4.5mm or more, and the safety improvement by increasing 
the guard thickness becomes more effective. 

Acknowledgements      

This research was supported by Mazak Foundation. 
 
References  

[1]   ISO 16089, 2015 69 
[2] Yui A, Sato M, Yamada H, Kitajima T and Ogasawara N 2016 Proc. of 

16th International Conference & Exhibition of the euspen 
Nottingham,A7.31  

[3] Fukui T, Kitajima T, and Yui A 2018 Proc. of 31st Abrasive Technology 
Conference Kanazawa, A24 

 

   
(a) t = 3.2 mm(1074 J)                      (b) t = 4.5 mm(4009 J) 

Figure 4 The fracture shape of the collided projectile under pattern(○) 
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Figure 3 Effect of guard thickness on the minimum cracking energy 
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Abstract 
Faced with many turned parts on a lathe, the profile inspection usually relies on coordinate measuring machine, which is an off-line 
method and may introduce repositioning or reclamping errors. Then, an accurate and efficient on-machine measuring method of 
integrating a laser displacement sensor on a numerical control lathe has been proposed, which can inspect the profile of the 
workpiece without taking it off from the machine tool system. Based on the measuring process, a deviation model is constructed 
after analysis of the error sources. To improve the accuracy of the measurement, the deviations are identified by several other 
related inspection methods, which are employed to compensate the measured values. Subsequently, an additional experimental 
test is conducted to verify the effectiveness of the proposed methodology. Results have shown that the positive and negative 
deviations in the static measurement are +4.4 μm and -2.7 μm, respectively. Then, to improve the measurement efficiency, the 
dynamic process is adopted, in which the workpiece rotates at the optimized parameters. Although the measuring deviations 
enlarge to +6.3 μm and -3.1 μm partially, the time consumption is reduced to 10% to that of the static mode. The confidence 
interval analysis implies that the probability of 95% of the authentic values will fall into the calculated intervals. 
Keywords: laser on-machine measurement, measuring process, error compensation, measurement accuracy, numerical control lathe. 

  

1.  Introduction 

Intelligent manufacturing is a general concept that covers a 
range of digitalization, networkization and intelligentization 
technologies in the manufacturing industry [1], then as an 
advanced and efficient measurement technology, the on-
machine measurement has attracted a lot of attention. 
Nowadays, on-machine measuring technology with a laser 
displacement sensor has started being utilized in the 
dimensional measurement of components [2-4], which has the 
advantages of high speed and accuracy. Compared with the 
mechanical probe, the laser displacement sensor is considered 
as a better choice for the lathe, which is more convenient for 
assembly and more efficient in measurement. Many 
researchers have established the volumetric errors model 
based on the homogeneous transformation matrix and rigid 
body dynamics [5-9]. And the laser on-machine measurement 
system have been presented for surface metrology and process 
monitoring to improve the machining accuracy and efficiency 
[10-11]. 

This paper attempts to propose a laser on-machine 
measuring methodology with high accuracy and efficiency 
integrated on the NC lathe, through the model construction, 
error identification and compensation. Firstly, the fundamental 
measuring process using the laser displacement sensor is 
introduced. Then, various sources of deviation found in the 
measurement results are analyzed, with the measuring errors 
identified and compensated. Some measurement results and 
related discussion are also provided. 

2. Details of measurement conduction    

Parts of rotary structure on the NC lathe can be measured by 
the laser displacement sensor, with the parts clamped by the 
chuck and the sensor installed in the turret. Then the 
measuring program is transferred to drive the transition of the 

sensor, realizing the collection of the parts profile information, 
as shown in Figure 1(a). 

 
Figure 1. (a) The schematic of laser on-machine measurement on the 

NC lathe (b) Measuring process of rotary structural part. 

The instantaneous radius at different position can be 
measured and calculated by revolving the parts, with the 
section characteristic of the circle, as shown in Figure 1(b).  

3. Identification and compensation of measurement errors    

3.1. Sensor position errors 
The position deviations can be adjusted by the calibration 

function in the calibration process, with which the measured 
values are compensated and revised before measuring. 
3.2. Kinematic motion errors of the lathe 

Errors of the lathe have an obvious influence on the 
measuring accuracy, such as δx(θ), εy(θ) and δx(z), which 
should be recognized and compensated for the measurements 
to obtain the precise radius according to ISO 230-2:2014. The 
redial run-outs reach a maximum of 43 μm with the 
repeatability of 2 μm, and the straightness in the X direction is 
approximately 2.2 μm. 
3.3. Alignment deviation of the part 

Additionally, the random clamping error of the workpiece 
exists certainly, which is difficult to be compensated by the 
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effective theoretical expression. Hence, the compensated and 
registered point cloud is imported into the self-developed 
software, and then the deviations are analyzed through the 
comparison with the model which is measured by the 
coordinate measuring machine, thus reducing the 
measurement randomness. 

4. Results and discussion  

A cylinder was adopted to verify the effectiveness of the 
proposed methodology, five positions of which were measured 
by the coordinate measuring machine of TESA micro hite 3D 
and the laser sensor of LK-G80 respectively. The cylinder was 
ground with the tolerance of 9 μm according to ISO-1101-2017 
and the reference value can be obtained with the uncertainty 
of 3 μm. In the static measuring process, the deviations before 
compensation are -0.0322 mm ～ +0.0416 mm. Then after the 
compensation, the deviations reduce to -0.0133 mm ～ +0.0199 
mm. Later the fitting alignment and registration are conducted, 
resulting in the further reduction of the deviations, which range 
from -0.0027 mm to +0.0044 mm. After the error identification, 
compensation and registration, the measurement accuracy has 
been significantly improved, greatly exceeding the precision of 
the NC lathe itself.  

When faced with large-scale uncomplicated parts, the 
efficiency requirements are difficult to appease, resulting in the 
consideration of the dynamic measurement. The amplitudes at 
different rotary speeds are respectively Amax = +0.0229 mm, 
Amin = -0.0337 mm, Bmax = +0.0201 mm，Bmin = -0.0191 mm, 
Cmax = +0.0171 mm, Cmin = -0.012 mm, the absolute values of 
which gradually decrease. The higher the rotary speed of the 
chuck, the more similar the radial run-out is to the sinusoidal 
function, with the amplitude decreasing.  

In summary, the accuracy and efficiency of the laser on-
machine measurement are respectively analyzed in detail, with 
the recommended parameters range provided (S ≥ 360 r/min, F 
≤ 1200 mm/min). In terms of measurement efficiency, the time 
consumption of static mode is 10 min, while that of dynamic 
mode is 1 min. To evaluate the measurement certainty, five 
positions are distributed uniformly on the standard cylinder, 
where the radius are measured and calculated, as shown in 
Figure 2. 

 
Figure 2. Measured and calculated radius at different positions of the 

workpiece. 

The radius deviations of the static and dynamic 
measurements are differentially -0.003 mm ～ +0.004 mm and -
0.004 mm ～ +0.007 mm, which are similar to the error analysis 
of the software. Additionally, the measurement system can 
detect other collisionless features by transforming one-
dimensional distance to three-dimensional points cloud based 
on algorithm, which is calibrated through the self-configured 
process. 

To analyze the reliability of the measured values, which are 
submit to the normal distribution X～N (μ, 2), the confidence 

interval is calculated. On account of the specimen, the interval 
[θ1, θ2], which makes P{θ1 ≤ θ ≤ θ2}=1-α, is achieved from the 
given confidence level. 

2 2

,X z X z
n n

 

  
  

   
When the confidence level is set as α = 0.95, the z0.025 = 1.96 

and n = 5 are obtained through the look-up table. Then due to 
the standard deviations of the static and dynamic are 
respectively 0.005 and 0.0062, the confidence intervals are 
calculated partly as [14.9962, 15.005] and [14.9968, 15.0076], 
implying that the probability of 95% of the authentic values will 
fall into the confidence intervals, that is, the reliability of the 
measurements is certain. 

5. Conclusion  

A laser on-machine measuring methodology on the NC lathe 
is proposed, which aims at improving the accuracy and 
efficiency by the error identification and compensation. Firstly, 
the deviation model of laser on-machine measurement is 
constructed and simplified, with the errors recognized by 
means of related detection methods, and then three-
dimensional coordinates of the measuring points are calculated 
based on the measuring process. After error compensation and 
registration, the positive and negative deviations in the static 
mode are +4.4 μm and -2.7 μm, with high accuracy and slightly 
insufficient efficiency. However, in the dynamic measurement, 
when the feed rate is invariant, the deviations decrease with 
the rise of the rotary speed, as the tendency slows down. Then, 
the deviations are less affected by the feed rate as the rotary 
speed is definite, which grow larger until the parameters of S = 
360 r/min, F = 5 mm/r. At S = 360 r/min and F = 120 mm/min, 
the deviation appears least, with the values of +6.3 μm and -3.1 
μm differentially. Additionally, the time consumption of the 
dynamic mode is 10% to the static mode. Thus, in the process 
of laser on-machine measurement, if the workpiece is 
complicated or the demand of measuring accuracy is strict, the 
static mode is employed, while the dynamic mode is 
considered to be a preferred choice as the simple part or the 
high efficiency, with the parameters recommended as S ≥ 360 
r/min and F ≤ 1200 mm/min, for reference only. Furthermore, 
the confidence interval analysis implies that the probability of 
95% of the authentic values will fall into the calculated 
intervals. 
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Abstract       
 
Machine tools is a resilient system which response to the dynamic cutting forces in the form of vibrations during a typical cutting 
operation. Presently, machine tool design is limited to the development of the optimum design for individual components such as 
base, column, milling head, etc. Sometimes, analysis tools such as static/dynamic characteristics and topology optimization are 
used shaping up the final designs of these components. However, it is commonly observed that the component designed based on 
individual dynamic analysis change its frequency of vibration, stiffness and, damping as it becomes part of a machine tool assembly. 
Therefore, in present work, a vertical machining center has been chosen for the development of design-for-assembly considering 
dynamics of assembled machine components instead of individual ones. The methodology consists of an experimental analysis of 
tooltip Frequency Response Function (FRF) of a prototype machine. It is followed by experimental modal analysis. Successively, the 
sensitive FRF frequencies which directly affect the machining quality are correlated to the corresponding modal shapes of the 
assembled components. The finite element (FE) based topology optimization then carried out for the selected components to 
modify the dynamic characteristics of the complete machine. Further, the joint dynamics were optimized in the form of boundary 
conditions for the mating surfaces of selected components towards the development of assembly guidelines. The components then 
manufactured and assembled based on the design and assembly guidelines to achieve a dynamically superior topology optimized 
machine tool system. 
 
Keywords: machine tool, design-for-assembly, dynamics, modal analysis, FE analysis, FRF, topology optimization 
 

 

1. Introduction 

A set of standards ISO 14955 has issued by International 
Organization for Standardization (ISO) to guide machine tool 
designers to design high-efficient machine tools (ISO 14955-1, 
2017). The stiffness of machine components were given utmost 
importance designing the machine tool system. A traditional 
theory of machine design has been developed based on static 
performance analysis of the machine components. However, 
the vibrations associated due to the dynamic cutting attracted 
researchers to analyze its dynamic characteristics. The design 
and development of machine structures based on static 
analysis proves inadequate. The optimum balance between the 
mass and the stiffness of the component along with the 
stiffness of the joints between various machine components 
decide the dynamic behaviour of a typical machine tool. 
Therefore, the progressive trend in machine tool design seems 
to be transited from the static analysis towards the mass-
stifness based dynamic analysis and thereby optimising the 
topology and shape of the machine tool components. The 
recent advancements in the FEA tools made it possible to 
design the machine tools considering the periodic cutting loads 
and their effect on the natural vibrational frequencies of the 
machine components. Therefore, the present machine design 
approach consists of designing individual machine tool 
components considering their dynamic response to the 
periodic cutting loads by minimising the mass and enhancing 
the structural stiffness. 

 The recent studies show a significant numbers of research 
focused on the design of machine tools based on its dynamic 

response rather depending only on its static structural 
behaviour [1-9]. Li et. al. [10] were one of the most recent 
groups to develop a dynamics based structure optimization 
approach for lightweight moving parts of the hobbing machine. 
An interesting biologically inspired topology optimization 
methodology was proposed by Li et. al. [11] where the column 
ribs were optimized to about 20% improvement in the 
dynamics of a grinding machine.  

The present research methodology involves a combination of 
experimental and predictive methods to enhance the dynamic 
performance of a typical machine tool. The experimental 
analysis of tool-tip frequency response function (FRF) was 
performed to define the significant natural frequencies of 
vibrations along with their associated amplitudes and damping 
factors. An FEA model was developed to predict the natural 
frequencies of vibrations and verified with the experimental 
tooltip FRF results. Further, the  experimental modal analysis of 
the complete machine structure resulted into the physical 
manifestation of the mode shapes associated with the 
dominating natural frequencies obtained earlier. It helped 
define the machine tool component in need of the design 
modification. Finally, the topology optimization technique has 
been used for achieving the improved stiffness-mass ratio of 
the target component and thereby enhancing the performance 
quality of a complete machine tool system.  

The rest of the paper is organized as follows: Section-2 
discusses the experimental and predictive techniques such as 
tool-tip FRF, modal analysis and FE based frequency analysis  to 
define the dynamic characteristics of a machine tool. Section-3 
represents the design optimization of spindle head structure as 
a function of natural frequencies of structural vibration. The 
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design analysis of the modified spindle head structure is 
represented in terms of its static and dynamic characteristics in 
Section-4. Finally, the Section-5 incorporates the concluding 
remarks and the future scope of the research.             

2. Dynamic analysis of the existing machine tool      

2.1. Tool-tip Frequency Response Function (FRF)  
A Bharat Fritz Werner India Ltd. BMV-45 series vertical 

machining center (VMC) has been selected for performance 
analysis subjected to its demand in Indian machine tool market. 
This machine targets the Indian die and mold industries for its 
application. An impact test has been performed with a 16 mm 
diameter 4 fluted coated carbide flat end mill cutter having 35 
mm tool overhang as shown in Figure 1a inset. The 
experimentally obtained tool-tip FRF plot represents a 
combined dynamic behaviour of a machine with all  its 
components and joints. Figure 1a represents a frequency v/s 
compliance plot as a result of an impact test performed at the 
tooltip. Frequency response of the machine tool is represented 
in the form of linear or logarithmic plots of transfer function 
(m/N) against natural frequency (Hz). A sharp peak is observed 
at 142 Hz which is dominating in X-X direction. The peaks 
within the range of 0-500 Hz were considered significant based 
on their direct contribution to the machining operation. 
However, the other peaks were neglected based on their 
relatively lower magnitudes of compliance. Further, a 3D model 
of spindle head was subjected to the FE analysis using COMSOL 
software. The details of input boundry conditions to the 
analysis are presented in Table 1. A dynamic analysis was run 
for the frequencies over the range of 0-500 Hz using frequency 
analysis. The results were plotted in the form of total 
displacement v/s frequency as shown in Fig. 1b. The predicted 
frequencies found matching with the experimental FRF peaks.             
 

 
Figure 1. a. Experimental tool-tip FRF plot with weaker frequency mode 
at 142 Hz; inset: a photograph of tapping test at tool –tip, b. Predicted 
FRF at spindle head surface using dynamic analysis using COMSOL  

 
Table 1 Details of boundry conditions to analyze spindle head 
 

Specification Value 

Spindle motor weight (Kg) 45 

Declamp assembly weight (Kg) 30 

Spindle weight (Kg) 40 

Maximum cutting forces at tool tip 
considering machining of HRC 48 
workpiece material (N) 

Fx = 540 

Fy = 480 

Fz = 25 

 
2.2. Modal analysis of VMC 

In order to know the dynamic behaviour of machine at 142 
Hz which was detected as the weakest natural vibrational 
frequency, a modal analysis test was performed. A certain 
reference point on VMC base was excited by impact hammer 
having force transducer. The vibration spectrum in Cartesian 
coordinate system was measured by positioning tri-axial 
accelerometers at around 250 various locations on the entire-  

 
 

Figure 2. a. Accelerometer positioning for Modal analysis of VMC, b. A 
spindle head swing in X-X direction associated with 140 Hz 

 
machine tool surface, see Figure 2a. The analysis of 3D model 
of a machine tool helped define the mode shapes and the 
associated machine tool components. A dominating mode 
shape at 140 Hz is recorded and found to be associated with 
the swing of the spindle head in X-X direction in Figure 2b. It 
nearly matches with the 142 Hz frequency obtained at tool-tip 
FRF (Figure 1a). 

The tool tip FRF and the modal analysis of the existing 
machine resulted into the problem definition. The weakest 
modal frequency which was observed during the experimental 
and FE analysis was found to be associated to the swing of the 
spindle head in X-X direction. Most of the other modal shapes 
were found less significant and were neglected as design 
inputs. A combination of FRF feedback and modal analysis 
along with other design tools such as topology optimization 
and design applicability was used to modify the existing spindle 
head.     

3. Design of spindle head      

The tool-tip FRF and the modal analysis of VMC has defined 
the need of modification in the design of spindle head. 
Furthermore, it is observed that the weakeness of the spindle 
head in X-direction is resulted into the swing mode of vibration. 
Furthermore, it is observed that the swing starts from the mid-
portion of the spindle head keeping the spindle head-column 
joint unaffected. This confirms the source of the mode as 
spindle head structure rather than the joint between the 
spindle head and the column. Nevertheless, the spindle head is 
found stiffer in Y-direction in absence of any vibrational mode 
observed in experimental modal analysis. Therefore, “stiffness 
enhacement in X-direction” is set as an objective for the design 
of spindle head. The enhanced stiffness-mass ratio of the 
component has also been set as a second goal towards cost-
effectiveness. A topology optimization technique has been 
used to maintain desired stiffness-mass ratio. A spindle head 
structure without assembled components is shown in Figure 
3a. A set of boundary conditions imitating the practical loads 
and pressures was applied to the 3D CAD model of a grey cast 
iron (G4) made spindle head. A frequency based FEA simulation 
for modal analysis is designed and run. The FEA results show a 
proximity with the practical mode shapes of the spindle head 
structure. Similar to the experimental observations, a swing 
mode in X-direction was observed at 140 Hz which ensures the 
confidence level of the FEA model.    

 
3.1. FRF based design modification of spindle head      
The definitive objective towards strengthening the spindle 
head in X-direction leads to the design modification of the- 
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Figure 3. a. Existing 3D model of a spindle head, b. Version-1: modified 
spindle head design based on experimental and predicted FRF feedback  

       
spindle head. A set of design guidelines were used while 
incorporating the design modifications in the spindle head 
structure considering its applicability.  

 

 The present two step design is transformed into a single 
continuous structure from LM guide pads to the spindle 
mounting.  

 The structural symmetry is maintained along X-axis. 

 All ribs were designed with varying thicknesses i.e. thicker 
at the fixed joint near LM guideways and thinner towards 
the hanging part near the spindle mounting ring. 

 A pair of ribs with varying thickness is provided both sides 
from the fixed to the hanging point of the spindle head 
structure to restrict X-directional swing.  
 

 A version-1 modification is depicted in Figure 3b where the 
X-directional ribs were provided. The version-1 was then 
simulated for FEA based modal analysis and thereby the  
purpose of introducing the ribs was justified. As a result, the 
amplitude of X-directional swing was reduced, however, except 
the first modal frequency (swing along X-axis) all other 
frequencies have got shifted to relatively lower frequencies as 
compared to the analysis of the existing spindle head.  

   
3.2. Topology optimization of spindle head 

The design guidelines have enhanced the stifness of the 
spindle head structure, however, the higher natural 
frequencies found to be lowered due to addition in the existing 
weight of the structure. The material addition only for the sake 
of improvement of the static stiffness might not prove as a 
right strategy for a spindle head subjected to the dynamic 
cutting loads. In this situation, the weight addition might cause 
the poor dynamic performance of the spindle head. Moreover, 
the assembled components such as, counter balance cylinder, 
encoder mounting, spindle motor, etc. exert direct weight on 
the spindle head further worsening its performance. Therefore, 
it is necessary to design the spindle head with lightweight and 
stiffer structure. This ultimately will help shift the structural 
modes of vibrations towards higher frequencies thereby, 
improving the structure dynamics and ultimately, the 
machining quality.  

The version-1 after following the design guidelines 
mentioned in the previous sub-section has been analyzed for 
its topology optimization. A principle of minimum strain energy 
was followed while optimizing the structure for its mass and 
stiffness using optimization module in the FE analysis. An 
optimized version-2 is shown in Figure 4a and 4b where the 
FEA suggests the regions with the necessity for removal of 
material.  

A final version of spindle head structure was designed based 
on the suggestion from the topology optimization analysis. A 
few design modifications were introduced to accommodate the 
assembly requirements on the spindle head structure. The final 
version which is shown in Figure 5a is a combination of the- 

 
 

Figure 4. Version-2: Topology optimized spindle head structure 

a. Front and b. Back view   
 

 
 

Figure 5. Version 3: A final modified spindle head a. 3D model 

and b. 3D model with the boundry conditions due to assembly   
 
stiffness-mass  optimization  and  the  design-for-assembly 
approach.   
Figure  5b  represents  the  boundry  conditions  on  the  spindle 
head  structure.  The  corresponding  weights  and  forces  of  the 
assembly components were applied at the tool-tip A, encoder 
mouting bracket B, spindle motor mounting surface C and the 
LM pads butting surface D (see, Figure 5b). 

4. Analysis and comparison of modified spindle head   

A summary of static and dynamic characteristics of the 
existing, design guidelines based version-1, and topology 
optimization plus design-for-assembly based version-3 is 
presented in Table 2. An improvement in the dynamic 
characterstics was observed after following the design 
guidelines discussed earlier. Furthermore, a gradual trend of 
improved static and dynamic characteristics was observed 
sequencially from existing to version-3 design models. Figure 6 
represents dynamic displacement plots as a function of modal 
frequencies for all the versions of the spindle head design. A 
clear distinction between the dynamics of existing structural 
design and the improved modified design was observed.      
 
Table 2 Predicted dynamic characteristics of spindle head structures 
 

Design 
version 

Weight 
(Kg) 

Static 
disp. (µm) 

Freq. 
(Hz) 

Dynamic 
disp. (µm) 

Existing 160 12 

149 95  

214 315  

318 100  

V-1 185 9 

168 55  

237  180 

360 70  

V-3 175 5 

267 12 

310  160 

475  60 

a. b. a. b.

a. b.

A

B
C

D
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Figure 6. A comparison among the spindle head designs a. Existing, b. Version-1 and, c. Version-3  

As compared to the existing spindle head design, the FRF 
oriented version-2 indicates the shifting of all the natural 
frequencies towards the higher side. However, the total 
dynamic displacement seems to be increased at all the 
frequencies which is not acceptable as a stable machining point 
of view. Nevertheless, the final version V-3, which is a product 
of topology optimization, shows higher frequencies at lower 
dynamic displacements. Therefore, the final design version of 
spindle head confirms a significantly improved design 
considering all three aspects such as, FRF feedback, modal 
analysis, design guidelines, topology optimization and the 
design-for-assembly.    

5. Conclusion      

The paper presents a reverse methodology where the 
existing machines can undergo the series of experimental and 
predictive design analyses to achieve the enhanced operational 
quality. A tool-tip FRF of an existing machine setup was 
obtained using a practical tap test. Further, the FE model has 
been developed and analyzed to validate with the experimental 
results. All the first three modal frequencies obtained using FE 
model show a good match with the experimentally obtained 
FRF results. This has confirmed the authenticity of the 
predictive FE model. Further, the experimental modal analysis 
test revealed the source of the vibrations in terms of swing of 
the spindle head in X-X direction. This helped decide the 
modification of the spindle head design. Nevertheless, the 
topology optimization analysis was used for further 
improvement in the stiffness to mass ratio. A final version was 
designed incorporating the assembly aspects of the spindle 
head. A significant improvement with 60% (12µm to 5µm) in 
static displacement, 80% (149Hz to 267Hz)  in the first modal 
frequency and 90% (95µm to 12µm) in the dynamic 
displacement was observed in the modified version of the 
spindle head structure as compared to the existing one.  

The author aims to develop a comprehensive design 
guideline for the machine tool designers and manufacturers 

incorporating  the  experimental  and  FEA  aspects  towards 
enhancing  the  dynamic  performance  of  the  existing  machine 
tools.  It  can  also  be  used  for  predicting  the  dynamics  of  new 
products and thereby designing the new machines from scratch 
as the FEA results matches well with the experimental tool-tip 
FRF. Furthermore, the  introduction of predictive  stability lobe 
diagram in the present design methodology has been planned. 
This  ultimately  will  help  designers  look  ahead  into  the 
performance of the machine tool even at its design stage.           
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Abstract 
The influence between fixture and part accuracy in ultra-precision grinding of thin-walled parts was researched in this paper. Two 
different types of thin-walled parts (Diameter/length = 1:20 and 20:1) were analysed. Firstly, based on the theory of small 
displacement torque (SDT), the influence on the machining accuracy of thin-wall fixtures and parts was deduced theoretically. A set 
of theoretical models for accuracy prediction are established. It can be found that the error value is very large during the first grinding. 
At the same time, within a certain grinding time, the error becomes smaller and smaller. The first maximum error is 0.066 mm and 
the fourth maximum error is 0.008 mm. After that, an ultra-precision machining experiment was carried out to verify the generality 
of the method. The results show that the final test accuracy deviation is within the range of 2% under two different machining 
processes. 
        
ultra-precision machining; Thin-walled parts;  fixture 
 
 

1. Introduction  

The application of high-speed and ultra-high-speed ultra-
precision machining is becoming more and more important in 
industrial production. The machining accuracy of machine 
tools is one of the important factors that determine the 
accuracy of parts [1-2]. At the same time, in parts 
manufacturing, thin-wall parts processing is the difficulty and 
focus in the processing field. For the manufacture of thin-
walled parts, many researchers and workers have designed 
the corresponding tools and fixtures to avoid or reduce the 
deformation and precision influence in the processes. Many 
authors have also made other related researches on methods 
to reduce workpiece errors. For example, Huan et al [3] 
proposed a method of graphic display and evaluation. The 
display and evaluation software module of CNC non-circular 
grinder controller is developed and integrated into CNC non-
circular grinder controller. Fu et al [4] proposed a geometric 
error compensation method for numerical control machine 
tools based on workpiece model correction and numerical 
solution of equations. However, most precise machine tools 
have errors, plus repeated errors such as tooling and fixture 
errors and parts manufacturing. The error of the final 
manufactured parts will be even greater. However, the error 
between the fixture and the part and the error affecting the 
final machining accuracy of the part can be controlled. 
Therefore, the focus of this paper is to obtain the 
measurement accuracy and measurement error at different 
times through the actual thin-walled parts processing test for 
theorization. A theoretical model is formed based on the 
errors of tooling and fixture and machined parts in the 
process of thin-wall ultra-precision machining.   

 

2. Accuracy Analysis of Tooling and Fixture for Thin-walled 

Parts 

The analysis of the theoretical model is mainly based on the 
actual processing of thin-walled parts 

(diameter/length=20:1). The entity is first machined by a thin-

walled part as shown in Figure 1. 
 

 
 
Figure 1. Physical drawing of thin-wall parts 

 
Actual experiments and on-site phased precision tests of 

machined parts are carried out. The grinding processes 
repeated four times, and tested three times after each circle. 
The test method is to use dial gauge to test the straight run-
out of the outer circle and the straight run-out of the end face. 
At the same time, the full runout of the outer circle and the 
full runout of the end face are tested. Both the 0-1 and 1-2 
have grinding depth 0.1 mm,  for 2-3 and 3-4 are 0.3 mm and 

Tooling fixture 

Thin-walled parts B-axis 

Motorized spindle 
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0.7 mm, respectively. The four times accuracy test curves are 
shown in Figure 2.  

 

 
 
Figure 2. Accuracy curves of four different test  

 
As shown in Figure 2, the accuracy error of the three tests 

after the first grinding test is the largest. The test accuracy 
after the second, third and fourth grinding is basically the 
same. It can be analysed that there are many reasons for the 
large error of the first precision, but the most important 
factor is that the precision of the tooling fixture and the 
matching precision of the tooling fixture and the processed 
parts have the greatest influence [5]. Therefore, this part 
should be analysed theoretically. 

3.Mapping relation of SDT theoretical model 

The thin-walled parts, tooling fixtures and thin-walled test 
pieces will be separately extracted for analysis. The assembly 
simplification is shown in Figure 3. 
 

 
 
Figure 3. Simplified diagram of fixture matching with thin-wall parts 

 
As shown in figure 3, the crimson part is the mating surface. 

It can be seen that the matching part has roundness matching 
and plane matching, the tooling fixture is the reference part, 
and the workpiece is the assembled part. Therefore, 
theoretical modelling and analysis are proposed for this kind 
of matching accuracy working condition.  

Assume that the two planes are A and B respectively. The 
error variation matrix of the joint surface from plane to plane 
can be expressed as follow, 
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               （1） 

In Eq.1, αAB, βAB and δAB represent the error components 
of the plane rotating about the x, y, z axis relative to the plane 
A, respectively. uAB, vAB and wAB represent the error 
components of plane B in translation along the x, y, z axis 
relative to plane A, respectively. According to the error 
formation process, Eq.3 can be expressed as follow,  

' ' ' 'AB AA A B B BM M M M                  （2） 

Where MAA’, MA’B’ and MB’B represents the error variation 
matrix from the ideal reference assembly plane A to the 
actual reference assembly plane A’ and the error variation 
matrix from the actual reference assembly plane  A’ to the 

actual assembly plane B’ respectively, and the error variation 

matrix from the actual assembly plane B’ to the ideal 
assembly plane B.  

Similarly, the variation of error components of each part of 
the cylindrical joint surface is as follow,  

iL i iU

iL i iU

iL i i iU

u u u

u u z u

  



 


 
    

   11',1'2 ', 2 '2i     （3） 

In Eq.3, 11’, 1’2’ and 2’2 corresponding to i respectively 
represents from the ideal axis to the actual axis, the actual 
axis of the axis to the actual axis of the hole, and the actual 
axis of the hole to the ideal axis. βiu and βiL are that upper limit 
value and the low limit value of the variation interval of the 
error component β

 
of the part i respectively;  uiU and uiL are 

the upper limit value and the lower limit value of the variation 
interval of the error component u of the i part respectively, -
l/2≤Z≤l/2. The error of the cylinder joint surface is, 

12 11' 1'2 ' 2 '2

12 11' 1'2 ' 2 '2

=

u u u u

    


  
               （4） 

Combining Eq.3 and 4, the variation interval of each error 
component of the cylindrical joint surface can be obtained, 
and the error variation matrix of the cylindrical joint surface 
is as follow, 
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            （5） 

Where, β12 and u12 can be solved according to Eq.5, and α12 
and v12 can be solved through the relationship with β12  and 
u12 or a solution process similar to β12 and u12.  

 Combining the plane error variation matrix and the 
cylinder error variation matrix, the derivation is as follow,  

  12 ' ' ' ' 12AB AA A B B BF x
M M M M M M M       （6） 

In Eq.6, MF(x) corresponds to the total error variation matrix 
function of the combination of the plane error variation 
matrix and the cylindrical error variation matrix. 
Simultaneously, considering both the weight of plane error 
variation matrix MAB and cylindrical error variation matrix  
M12 are 1. This is the representation of the false weight listed 
for the plane error variation matrix and the cylindrical error 
variation matrix. In this way, the total weight values of the 
two errors can be finally obtained. The purpose of analysing 
the total weight value is to obtain whether the error of the 
machined parts based on this clamping method meet the 
actual requirement, and to find out which of the two errors 

Parallel 
mating 
surface 

Vertical 
mating 
surface 
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will have greater influence, and to obtain the trend of error 
range at the same time. 

In order to explain the advantages of this theoretical 
model, the data previously processed and measured are 
analysed. The SDT theoretical operation is carried out, and 
the results are as follow, 

 1

1 0 0.066 0.084

0 1 0.063 0.084

0.066 0.063 1 0

0 0 0 1

F
M

 
 


 
 
 
 

 

 4

1 0 0.008 0.002
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0.008 0.006 1 0

0 0 0 1
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M

 
 


 
 
 
 

         （7） 

In Eq.7, the error values measured for the first grinding and 
the third grinding are very large, and the error will become 
smaller and smaller when grinding tests are carried out 
continuously. The first maximum error is 0.066 mm, and the 
fourth maximum error is only 0.008 mm. It shows that there 
is an adaptive process in the matching accuracy between the 
tooling fixture and the machined parts during the continuous 
machining process. In the same way, another thin-walled part 

(length/diameter=20:1) is verified and tested by a precision 

three-coordinate measuring instrument with accuracy 
0.3+L/1000μm (L is the measurement length, mm). Another 
part processing is shown in Figure 4. The test results are 
shown in Table 1 and the test data are shown in Figure 5. 
 

 

 
Figure 4. Machining Site of Motorized Spindle part 
1 Workpiece C axis; 2 Cylindrical grinding wheel; 3 ruby probe; 4 Axis 
B; 5 30 ° end face grinding wheel; 6 tailstock; 7 Motorized spindle 
part; 8 tooling fixture 

 
Table 1. Test results of part (length/diameter=20:1) 

Test Items Error/mm Test Items Error/mm 

Internal bore 
surface 1 

0.0201 Internal bore 
surface 2 

0.0158 

Inner bore 
surface 1 

0.0195 Inner bore 
surface 2 

0.0116 

Inner bore 
surface 1 

0.0056 Inner bore 
surface 2 

0.0055 

 

 
 
Figure 5. The test data of part (length/diameter=20:1) 

 
According to Figure 1, Figure 4, Eq.7 and Table 1, a 

comprehensive analysis is carried out. The test parts in 
Figures 1 and 4 is fixtured through surface bonding and 
coaxial rotation. Both Eq.7 and Table 1 show that the data 
measured by CIR (11), CIR (12) and CIR (13) are the error 
values of the 3 times excircle measurement at the B end of 
the workpiece, and the data measured by CIR (16), CIR (17) 
and CIR (18) are the error values of the 3 times excircle 
measurement at the A end of the workpiece. The precision 
range after data discovery and processing ranges from large 
to small. The main reason is that the fixture and workpiece 
will have an adaptive process through continuous grinding. 
This adaptive process is mainly manifested in the fact that 
with the grinding of the workpiece, the faint change between 
the workpiece and the fixture, the fixture and the machine 
tool becomes smaller and smaller. Then, through the 
comprehensive analysis of the two test errors, the final test 
accuracy error is about 2%. This shows that the accuracy 
model reflected by the two test conclusions can basically 
predict the machining accuracy of tooling and fixture. 

4.Conclusion 

Through the actual ultra-precision machining of thin-
walled parts, it can be found that the accuracy of tooling and 
fixture will affect the machining quality of the whole part 
during the machining processes. In order to explain this 
phenomenon, we derive the plane error variation model and 
the cylinder error variation model based on the small 
displacement torsor (SDT) theory, and make theoretical 
analysis by combining the error variation matrices of the two 
models. The analysis process is mainly under two different 
machining dimensions, different machining feed and 
different machining clamping methods, and the final test 
accuracy deviation is within 2%. It’s shown that it is feasible 
to analyse the weight ratio of plane error variation and 
cylindricity error variation, thus researching the machining 
accuracy of the whole thin-walled part. Mastering this kind of 
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aspect can be combined with the actual theoretical analysis 
to find out what kind of accuracy has the greatest impact. 
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Abstract 
The Physikalisch-Technische Bundesanstalt (PTB) operates its own laboratory at the Berlin Electron Storage Ring for Synchrotron 
Radiation (BESSY II) for the analysis of surfaces, solids, liquids, nano-layers and structures with respect to physical and chemical 
properties. An ultra-high vacuum measuring station is being used for reference-free X-ray spectrometry (XRS), which allows for a 
quantitative elemental analysis of different samples. This instrument can also be used for X-ray fluorescence (XRF) analysis with high 
spatial resolution in the nanometer range. However, different kind of perturbations in the vicinity of the measuring station can 
deteriorate the spatial resolution. 
 
The presented work involves a frequency and amplitude-dependent analysis of the impact of vibrations on the spatial resolution of 
the nanometer X-ray fluorescence analysis (nm-XRF) setup of the PTB. The vibrations originating internal or external to the 
experimental setup were recorded by an acceleration sensor and the sources of vibration have been identified. Two complementary 
experiments were performed: two different nm-XRF instruments were characterized at the same site of the PTB PGM beamline at 
BESSY II and in addition, one of the nm-XRF instruments was characterized at the PETRA III P04 beamline. 
 
Based on this new knowledge, constructional changes are foreseen to improve the experimental station of the PTB for future 
quantitative elemental analysis at the nanoscale. 
 
Keywords: Finite element method (FEM), Metrology, Vibration, Analysis 

 
1. Introduction 

Element concentrations and chemical binding states can be 
investigated with high spatial resolution down to the nanoscale 
by using synchrotron radiation based scanning X-ray 
spectroscopy. The nanometer X-ray fluorescence analysis (nm-
XRF) is one of the upcoming tools for a further development in 
relevant application fields such as life science and energy 
storage to enable experiments with high spatial resolution. The 
adaptation of traceable methodologies is important to quantify 
the elements in samples relevant for nanoelectronics and 
pharmaceuticals. PTB’s vibration reduced nm-XRF setup can be 
used for transmission and fluorescence measurements. The 
fundamental idea of PTB’s novel nm-XRF setup is to reduce 
independent vibrations by mounting everything on a single 
platform. The compact-setup can used in any experimental 
chamber at the sample holder position. The aim was to optimize 
the spatial resolution, which is currently at 100 nm[1]. 

2. Setup of the nm-XRF 

The synchrotron radiation (SR) is diffracted in different orders 
by the zone plate (ZP). The first diffraction order is selected by 
the order sorting aperture (OSA). A silicon drift detector (SDD) is 
detecting the element-specific fluorescence radiation and a 
photodiode the transmitted radiation. 

The experimental setup consists of an 8-axis piezomanipulator 
for the optics (ZP and OSA) and the transmission sample as well 
as a 4-axis piezomanipulator for the fluorescence samples. Both 
are attached to a mounting plate with a transfer system, which  

 

is installed in an ultra-high vacuum chamber of the PTB [2]. The 
8-axis manipulator contains two translatory axes for the ZP and 
three translatory axes each for the order OSA and the 
transmission sample. Every piezo stage of the manipulators has 
a resolution of 1 nm and is encoder controlled. 

 

 
Figure 1. The nm-XRF setup installed in the UHV-chamber of the PTB[1,2] 
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3. Internal and external vibrations 

To analyse the frequencies of the PTB experimental chamber, 
an accelerometer of PCB Synotech (PCB 356M132) was installed. 
The critical vibrations in x, y and z directions were determined 
with the fast Fourier transform (FFT) in python (black lines in 
Figure 2), which are the speeds of the turbopumps (820  Hz & 
1000  Hz), the associated inlet pressure pumps (25  Hz & 50  Hz) 
and the vibrations in the ground. 

Then the vibration was reduced by changing the vacuum pump 
system to a combination of non-evaporable getter and ion pump 
(NEXTorr2000 [3]) (red lines in Figure 2). 

 

 
Figure 2. Frequency spectrum of PTB’s chamber 

 
With a second nm-XRF instrument [4], the vibrations at the 

PETRA III P04 beamline at DESY and at the PTB PGM beamline at 
BESSY II could be compared. In summary the ground vibrations 
at DESY are lower than at BESSY II, but are in general negligibly 
small compared to the internal perturbations. Any vibration in 
the vicinity of the chamber affects the measurement, which 
changes the FFT slightly, but not the critical vibrations. 

 
3.1. Critical vibration analysis of the nm-XRF setup      

To identify the characteristic frequencies (red lines in 
Figure 3), the nm-XRF setup was simulated with a simplified 
manipulator of the fluorescence samples in ANSYS which was 
validated by experimental modal analysis. The nm-XRF setup 
was mounted in a frame and placed on a foam mat. The 
acceleration sensor was installed on a holder of the transmission 
sample and a force excitation was performed with an impact 
hammer. The black lines in Figure 3 are the Frequency Response 
Function (FRF) of 10 measurements. 

 
Figure 3. Simulated (red) eigenfrequencies and measured (black) FRF of 
the nm-XRF instrument in x-axis 

The measured eigenfrequencies mostly correspond to the 
simulation. Unknown frequencies were also identified, which 
are probably caused by the 4-axis manipulator of the 
fluorescence samples, which is replaced in the simulation by a 
simple L-profile to reduce the calculation time. 

 
3.2. Influence of the vibrations on the high spatial resolution      

Three knife edge scans with the transmission sample were 
performed to determine the actual spatial resolution [5]. The 
first measurement was made with the turbopumps in operation 
and the second when they were turning off. The last scan was 
only performed by using the new vacuum system based upon a 
NEXTorr-pump. 
 
Table 1 Spatial resolution by the different vacuum systems 
 

Vaccum system Spatial resolution / nm 

Turbopumps 207 

Turbopumps turning off 409 

NEXTorr-pump 150 
 

The spatial resolution was improved by using the NEXTorr 
pump. 

4. Constructional changes of the nm-XRF setup      

The ANSYS simulation shows different vibrations (natural 
frequencies and amplitudes) for the three spatial directions. This 
disproves the basic idea of the nm-XRF setup, because the OSA, 
ZP and samples vibrate differently to each other [1]. 

Based on this new knowledge a rectangular setup with a new 
positioning design of piezo stages was constructed with less 
eigenfrequencies and better damping of the external vibrations. 
The first ANSYS simulations confirm this hypothesis. 

5. Summary and outlook 

First of all, the UHV chamber of PTB was examined with regard 
to the vibrations. Next, the natural frequencies were 
determined by an ANSYS simulation of the nm-XRF setup. The 
eigenfrequencies were validated by experimental modal 
analysis. Subsequently, the nm-XRF setup was reconstructed, 
which was also investigated in ANSYS. The results show lower 
vibrations compared to the former design. 

The new vacuum system reduces external vibrations and thus 
improves the spatial resolution 

 
For better ANSYS simulations of the former setup, the 

complete 4-axis manipulator of the fluorescence samples must 
be imported to determine all natural frequencies. Next, a 
validation of the new designed nm-XRF setup with the 
experimental modal analysis has to be carried out and finally the 
new spatial resolution of the updated design has to be 
determined. 

 
It is not possible to dampen the nm-XRF setup separately from 

the chamber of the PTB, but the vibrations of the ground can be 
reduced with suitable vibration isolation techniques. The 
characteristic frequencies of the chamber should be identified, 
because the eigenfrequencies affect the nm-XRF setup. 
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Abstract 
Recently, Unmanned Aerial Vehicles (UAVs) have been developed which can fly by using remote control and automatic 
operation technology and can also take pictures. The number of users are increasing rapidly for hobbies and businesses. 
However, when these UAVs are flapped by the wind, they may lose stability and fall, or lose control. As a solution to this 
problem, the development of a dragonfly micro projectile which imitates the shape and flight method of the wing of a 
dragonfly, which is capable of various movements such as rapid acceleration, rapid turning, and hovering, has been 
advanced. However, the dragonfly micro projectile is currently under development, as it cannot fly continuously because 
its posture becomes unstable after takeoff and it falls. For this reason, it is necessary to control the posture of the dragonfly 
micro projectile in order to maintain its posture during the flight. Therefore, in this study, a pressure sensor mounted on 
the wing surface has been developed for the purpose of controlling the posture of a dragonfly micro projectile. As a 
material of the pressure sensitive part of the sensor, the use of the piezoelectric polymer compound in which the creation 
of the flexible sensor is possible by the thin film processing using the spin coat method was proposed. In this research, P 
(VDF-TrFE), which exhibits particularly strong piezoelectricity has been used. The response of the sensor was confirmed 
by measuring the electromotive force of 2.5mV when pressure of 0.01kPa is applied to the fabricated 100nm nanosheet 
sensor using a bulge tester. 
 
 
Biomimetics, Pressure Sensor, P(VDF-TrFE), nano-sheet, Spin Coating   

 

1. Introduction 

In recent years, unmanned aircrafts capable of flying and 
photography by remote control and automatic piloting have 
been developed, and users who are interested in using this 
technology for hobbies and businesses are rapidly increasing [1]. 
However, there is a possibility that these UAVs may become 
uncontrollable or unstable on being flapped by the wind [2]. If the 
above-mentioned issue can be solved, it will be possible to 
perform various exercises such as sudden acceleration, sudden 
turning, hovering, etc [3]. The development of ultra-small 
projectiles that imitate the shape and flying method of dragonfly 
wing has been advanced [4]. Figure 1 shows a model of a 
dragonfly type ultra-small projectile. 

However, the dragonfly type ultra-small flying object becomes 
unstable in posture after takeoff and falls, so continuous flight is 
impossible. Therefore, it is necessary to keep posture well 
controlled while flying [3]. So, in this study, to control the posture, 
installing a pressure sensor on the wing surface of a dragonfly 
type aircraft is suggested. We carried out measurement of the 
pressure distribution on the wing surface and made the flapping 
motion according to the necessary conditions obtained from the 
pressure distribution. In the previous study [4], a lead zirconate 
titanate (PZT) pressure sensor was developed for the pressure 
sensitive part assumed to be mounted on the actual dragonfly 
wing. However, the developed pressure sensor is large with 
respect to the wing and it is difficult to attach it to the wing 
because its size and weight impede the flight. Therefore, it is 
necessary to develop a pressure sensor for measuring the 

microscopic pressure distribution without hindering fluttering 
even if a pressure sensor is mounted. Therefore, in this report, 
we propose a pressure sensor using P (VDF - TrFE) (Vinylidene 
fluoride trifluoride ethylene). P (VDF - TrFE) [5] which is capable 
of creating a flexible sensor as a material of a pressure sensor 
mounted on a micro projectile and exhibits particularly high 
piezoelectricity among polymer compounds is applied to a 
nanosheet. We use the created P(VDF-TrFE) nanosheet for the 
pressure sensitive part of the sensor and Ag for the electrode to 
create the sensor. Finally, we measure the sensor created by the 
bulge method and check the electromotive force when pressure 
is applied to the nanosheet type pressure sensor with different 
film thickness. 

 

 
Figure 1. Dragonfly-type microminiature flight vehicle [3] 

 

2. Pressure Sensor Fabrication      

2.1. Nanosheet preparation 
In this section, we will create a nanosheet-type pressure 

sensor. The shape of the pressure sensor is 20 mm x 20 mm 
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square. PDMS with excellent flexibility was used for the 
mounting surface of the pressure sensor. First, a lower electrode 
Ag is deposited on a PDMS substrate using an ECR sputtering 
method capable of forming a high-purity film. Next, a P (VDF-
TrFE) nanosheet as a pressure-sensitive material is deposited on 
the lower electrode Ag by spin coating. The concentration of P 
(VDF-TrFE) and the film thickness for each concentration are 
shown in Table 1. After the film formation, the P (VDF-TrFE) 
nanosheets were heat-treated using a dry oven in order to 
promote the crystal structure of the P (VDF-TrFE) nanosheets. 
The heat treatment condition at this time is 130 ° C. for 1 hour. 
Finally, Ag is formed as an upper electrode on P (VDF-TrFE) 
under the same conditions as the lower electrode by the ECR 
sputtering method. 
 

Table 1 Spin coating Condition 

 P(VDF-TrFE) 

Condcentration [mg/ml] 80,40,20 

Film thickness [nm] 924,189,91 

 
2.2. Polarization treatment     

Polarization processing of the created nanosheet type 
pressure sensor was performed. In carrying out the polarization 
treatment, a high voltage power supply was connected to the Cu 
block as the upper electrode and the Cu plate as the lower 
electrode, and the polarization treatment was performed under 
the condition of an applied electric field of 450 [V / μm][6] for 10 
minutes. 

3. Results & Discussion  

Pressure was applied to the created nanosheet type pressure 
sensor using a bulge tester and the output voltage was 
measured using a nanovoltmeter. Part of the P(VDF-TrFE) 
nanosheet which is the pressure sensing part of the sensor 
mentioned in section 2 was removed by C3H6O (Acetone) to 
expose a part of the lower electrode, and Ag paste Copper wire 
was attached. After that, a nanovoltmeter was connected. 
Pressure was applied using a bulge tester and the electromotive 
force at that time was confirmed using a nanovoltmeter. The 
results are shown in Figure 2. As a result of applying pressure to 
the nanosheet type pressure sensor with different film thickness 
of the pressure sensing part, it was confirmed that the output 
voltage increases proportionally with any film thickness as the 
pressure increases. In addition, it was confirmed that the output 
voltage decreased as the film thickness of the pressure sensitive 
part increased.  
 

 
Figure 2. Piezoelectric Effect 

 
 

In this section, the pressure sensor created in this study is 
evaluated when mounted on a dragonfly wing, using Beaufort 
scale [7] for wind force. The wind pressure for each level was 
determined by the following equation: 

 
Wind Pressure[kg/m2] =0.05[kg/m3] × (Wind Velocity[m/s])2[8] 
 
When this equation was used, the minimum wind speed for 

each level was substituted for the wind speed. Wind pressure 
and a wing area of 704.7mm2[9] are used to guide pressure on 
the wings of the dragonfly. Finally, [kgf/m2] was converted to 
kPa, and the pressure after mounting the pressure sensor on the 
wing of dragonfly was obtained. The results obtained are shown 
in Table 2. In the Beaufort scale table, wind stages 3, 4, and 5 are 
named as gentle breeze, moderate breeze, and fresh breeze, 
respectively. In the gentle breeze, leaves and small twigs show 
the state of continuous movement. Moderate breeze indicates 
the state in which twigs move. Finally, fresh breeze is a wave on 
the surface of ponds and ponds[7].From the above results, it was 
confirmed that the electromotive force could be measured even 
against the minute pressure by the wind stages 3, 4 and 5 when 
the pressure sensor made in this study was mounted on the wing 
of dragonfly. 
 

Table 2 Wings Pressure 

Wind power Wind speed 

[m/s] 

Wind pressure 

[kgf/m2] 

kPa 

Gentle Breeze 3.4 0.58 0.004 

Moderate 

Breeze 

5.5 1.51 0.01 

Fresh Breeze 8 3.2 0.022 

4. Conclusion      

After the creation of nanosheet-type pressure sensors using P 
(VDF-TrFE), the following findings were obtained. 
When pressure was applied to a nanosheet-type pressure sensor 
using P (VDF-TrFE), it was confirmed that the applied pressure 
and the output voltage increased proportionally for all film 
thickness. 
The equivalent electromotive force was confirmed at any film 
thickness when pressure was applied to the nanosheet-type 
pressure sensor using P (VDF-TrFE). 
When the pressure sensor was mounted on a dragonfly wing, it 
was confirmed that the electromotive force could be measured 
by the distortion of the wing and that the wing could be 
controlled. 
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Abstract  
 

Due to its numerous possible applications, optical spectroscopy has become a cross-sectional technology experiencing a steady 
growth in various disciplines. This trend is accompanied by the desire to develop more efficient and yet more compact devices. 
Especially, the integration of spectrometers into decentralized point-of-care applications is a driving force behind the miniaturization. 
In addition to the lack of compactness, high purchase prices inhibit a final entry into the market. In order to solve this problem, a 
compact Raman spectrometer for the analysis of chemical substances is presented. Although Raman spectroscopy is considered a 
rather complex technology, it offers the possibility of fast, non-destructive analyses of small concentrations. For the realization of a 
miniaturized low-cost spectrometer, highly efficient components were used allowing a miniaturization and correction of aberrations 
due to optical folding and curved surface structures. The main optical components of the system are a curved diffraction grating 
(grating period ≤1 µm) and a toroidal mirror enabling a precise imaging on the detector. The optical components were manufactured 
using a modified ultra-precision machine (LT-ULTRA MMC 1100). In addition, special light traps were implemented in order to reduce 
the scattered light. The system performance was analysed using a laser with an excitation wavelength of 785 nm (analysis range: 780 
to 1050 nm). Since the developed system is to serve as a prototype for the detection and analysis of chemical drugs, γ-Butyrolactone 
of different concentrations was used for the laboratory measurements. The system was able to detect concentrations up to 5.6 %. 
Regarding this, an automated evaluation algorithm using fast Fourier transformation was implemented. In order to prospectively 
access further application areas and to meet the need of low prices, improvements are made with regard to replication methods.  
 
Miniaturized spectrometer, Raman spectroscopy, micro optics, chemical analysis       
   

1. Introduction 

As part of the optical analysis, optical spectroscopy is a cross-
sectional technology that is experiencing a steady growth in 
various markets such as energy technology, environmental 
analysis or medical technology. In this course, Raman 
spectroscopy is commonly used e.g. to provide information 
about chemical bonds or biological tissues [1]. Raman scattering 
is based on the interaction of an electromagnetic wave of a laser 
beam and a molecule, whereby changes in the polarizability of 
the electron lead to an inelastic scattering of the incident beam 
[2]. Since each molecule has a unique chemical structure, 
substances can be identified from the characteristic spectral 
patterns ("fingerprinting"). Moreover, the amount of a 
substance in a sample can be determined quantitatively or semi-
quantitatively [3]. Samples can be analysed in a variety of 
physical states, e.g. as solids, liquids or vapours [1].  

Raman spectroscopy offers the advantage of a broad 
information content and short evaluation times compared to 
conventional methods for the identification of chemical or 
biological substances [4]. For example, it is possible to rapidly 
detect dangerous drugs such as γ-Hydroxybutyrate (GHB), also 
known as "liquid ecstasy", and to determine the concentration. 
In order to avoid the unintentional consumption of that sort of 
drugs in liquids, special devices are required giving fast and 
reliable warnings [5]. Compact Raman spectrometers could help 
to solve such use cases. The need for miniaturization is 
accompanied by the trend towards price constraints. To meet 

these requirements, cost-effective and flexible manufacturing 
methods are required that meet the high-quality requirements 
of optical analysis [6-7]. Ultra-precision diamond machining is 
one approach for the production of master structures such as 
curved diffraction gratings. These must be replicated in order to 
provide cost-effective end products. However, optics produced 
in this way can cause scattered light effects and grating ghosts, 
which must be avoided. This paper presents an exemplary 
prototype for the investigation of chemical substances using a 
compact Raman spectrometer. In addition, possible methods for 
reducing the costs of hand-held devices are shown. 

2. Development of the compact Raman spectrometer 

2.1. Spectrometer setup 
The developed spectrometer consists of both commercially 

available components and specially manufactured optical 
components (see Figure 1). A light source (Thorlabs) with an 
excitation wavelength of 785 nm and an analysis range of 
780 nm to 1050 nm, a Raman probe (StellarNet Inc.), a STM32 
microcontroller (STMicroelectronics) as well as a TCD1304DG 
CCD line image sensor (Toshiba) were purchased. Moreover, the 
self-produced light trap and housing were anodized and 
coloured in order to increase the light absorption. The Rayleigh 
scattering was eliminated by a long pass filter and only the Stoke 
scattering (Raman lines) was detected. 
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Figure 1: Specially developed prototye of the compact Raman 
spectrometer. 

2.2. Manufacturing of the optical components  
The dispersive spectrometer built consists of a spherical 

optical grating and an imaging element in order to realize the 
imaging. By using curved diffraction optics, which combine 
imaging and dispersion properties, it is possible to realize more 
compact optical designs with a reduced interfacial number [7].  

The optical components were manufactured by ultra-precision 
manufacturing. The grating and a toroidal mirror were 
manufactured with a modified ultra-precision milling machine 
(LT-ULTRA MMC 1100). The extension of the machine by a tilting 
and rotating module adds two additional rotation axes and 
enables the targeted adjustment and adaptation of the blaze 
angle to the shape of the surface. A defined chip formation at 
low forces is decisive for the production of the grating in order 
to achieve optimum surface quality in addition to high 
dimensional accuracy [6]. It was possible to set the grating 
period to ≤1 µm. The diffraction efficiency was reached to >95 % 
of physical limits. The structures were generated by the use of 
specially shaped monocrystalline diamond tools that must be 
free of break-outs or unevenness in the nanometre scale 
regarding their cutting edges. 

3. Experimental results 

In order to evaluate the functionality and accuracy of the 
spectrometer, a krypton (KR) calibration source was initially 
used. The measurements were performed with a conventional 
spectrometer as well as with the prototype. The results of the 
calibration for both systems are shown in Figure 2. These were 
compared to the expected spectrum of the krypton source. 
Additionally, the comparison of the two signals with the 
expected KR spectrum shows no false-light phenomena. 

 
Figure 2: Comparison of the spectra gained from the KR calibration 

source.  

Furthermore, various chemical substances such as ketamine, 
1,5-pentanediol and γ-Butyrolactone (GBL), which were 
dissolved in water or in alcohol (ethanol) beforehand, could be 
identified. GBL was used for the analyses due to its high 
structural similarity to GHB. Figure 3 shows the spectrum of a 
GBL-water solution with a concentration of cGBL = 564 mg/ml, 
measured with a commercial spectrometer (Thorlabs) and with 
the prototype. It becomes clearly apparent that the signature 
peaks of GBL are similar for both spectrometers, allowing an 

identification of the substance with high accuracy. Algorithms 
were written in Matlab and Python to create an automated data 
evaluation. Part of the algorithms was to integrate the data for 
10 s, to then use a fast Fourier transformation to immediately 
decompose the Raman signals into their frequency components 
and, consequently, to identify them correctly. By this, 
concentrations of GBL up to 5.6 % could reliably be detected.  

 
Figure 3: Raman spectrum of γ-Butyrolactone (564 mg/ml) in water 
measured with a Thorlabs spectrometer (OSA)  and the prototype.  

4. Conclusion and outlook  

Ultra-precision machining makes it possible to produce optical 
elements like curved gratings for the use in miniaturized Raman 
spectrometers that are free of false-light phenomena. The 
developed prototype represents the first step towards a hand-
held system tailored to detect compromising substances in 
beverages. The experiments carried out show a high degree of 
accuracy in matching the respective substances.  

However, there is still a need to improve the chemometric 
models and to set up a specific database in order to be able to 
detect a larger variability of substances at even lower 
concentrations. In the course of further development, 
maintaining laser safety will strongly be forced. A further aspect 
is the development of a low-loss replication process to replace 
the manufacturing of high-priced precision optics with 
inexpensive replicates. First successful tests using a UV- 
nanoimprint lithography (UV-NIL) process have already been 
carried out. By this, entering the consumer market of modern 
spectroscopy will prospectively be possible, enabling many 
people to protect themselves against the consumption of 
harmful substances. Moreover, the setup can easily be adapted 
to analyse different substances in other applications. 
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Abstract 
Highest precision devices are used to measure, manipulate and structure objects with a resolution down to the nanometre range. 
Manufacturing processes in particular are creating the demand for a highly reproducible tool changing system. The design needs to 
be free of overconstraints, vacuum compatible and long-term stable. Especially the demand for vacuum compatibility represents a 
challenge due to friction conditions, which affect the reproducibility. The tool centre point needs to be located very precisely at a 
defined position in the device. In case of a Cartesian device layout, the position is represented by the virtual intersection of the three 
linear measuring axes. Manufacturing and assembly tolerances require the adjustment of the tool centre point. Because of the limited 
space, the adjustment needs to be integrated into the changing system. The usage of various tools requires an individual adjustment 
at the side of the tool. For this purpose, new arrangements of kinematic couplings are investigated. Neither analytical nor numerical 
models are suficient to proof the fulfilment of the requirements. Therefore, a setup was developed to measure the reproducibility in 
five DOF. The metrological properties of the measuring setup were proven by means of a three-dimensional vector-based uncertainty 
analysis. By using this measuring setup, different arrangements of the coupling points, the influence of the geometry and the material 
of the coupling members as well as the influence of the adjustment on the reproducibility and long-term stability are investigated 
with nanometre uncertainty. 
 
 
Keywords: kinematic couplings, adjustable kinematic couplings, tool changing interfaces, high-precision measuring, nanofabrication 

 

1. Introduction 

The further development of nanofabrication machines 
requires enhancements of the reproducibility of tool-changing 
systems under vacuum conditions. Due to the positioning 
uncertainty of the machines of about 30 nm, the reproducibility 
of the tool centre point must be of the same order of magnitude. 
Currently used kinematic couplings suffer by friction and thus do 
not meet these requirements [1, 2]. 

This work deals with the investigation of highly reproducible 
kinematic couplings for an application in vacuum with relatively 
low loads. A functional extension of the kinematic coupling by 
an adjustment is considered. Based on a developed 
measurement setup with a measurement uncertainty in the 
nanometre range, the achievable reproducibility can be verified. 

2. Measuring setup for the investigation of the reproducibility 

A reliable calculation of the targeted reproducibility of the 
position is neither possible with numerical nor analytical 
methods. This is due to the fact that the reproducibility in the 
desired range is mainly influenced by friction and stick-slip 
effects of an random character, which is even enhanced by the 
vacuum environment. Influences on the reproducibility due to 
changing loads are not considered here. Therefore, a 
measurement setup was developed, which allows the 
reproducibility to be measured in the required five DOF. 
Rotations around the tool axis are negligible for the tools used 
in the nanofabrication machine. 

2.1. Measuring concept 
In order to develop a measurement concept, 21 potential 

measurement devices were systematically listed, compared and 
a pre-selection was made. Based on this pre-selection, a number 
of 13 technical principles out of up to two measurement devices 
were created and evaluated. The solution based on five single-
electrode capacitive sensors showed the best technical 
conformity. These sensors enable absolute measurements with 
a resolution of 0.5 nm, short closed metrological loops and a 
minimal installation space. Three z-sensors are used to measure 
the position in z-direction and the rotations around the x- and y-
axis. Two further sensors are used to measure the position in x- 
and y-direction. All sensors are operated in static and integrating 
measurement mode. The measuring setup is arranged in the 
way that the coupling is only loaded by the weight force. After 
the measurement is completed, the two coupling halves are 
separated and reconnected by a lifting device. This device has 
no contact with the moving coupling part during the 
measurement. After connecting the two coupling halves, a 
sufficient settling time is waited for before the next 
measurement is started. 
 
2.2 Measurement uncertainty analysis 

A three-dimensional, vector-based measurement uncertainty 
analysis was performed to qualify the selected principle as a 
sound foundation for the following design [3]. For this purpose, 
two closed vector courses were created in which each influence 
is modelled as a single vector. The vector xA (see formula 1) 
corresponds to the minimum and vector xB (equivalent to xA) to 
the maximum expected reproducibility of 5 µm and 10 µrad. The 
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measurement uncertainty of the setup is equivalent to the 
uncertainty of the difference between the two vector contours 
(see formula 2). 

�⃗�𝐴 =  �⃗�𝑀𝑂 + �⃗�𝑠 + �⃗�𝐾𝐴𝑃 +  �⃗�𝐴𝑏𝑏𝑒 + �⃗�𝑐𝑜𝑠 + ∑ �⃗�𝐹𝑅𝑖
𝑛
𝑖=1   (1) 

𝑢(�⃗�𝑀𝑒𝑠𝑠) =  𝑢(�⃗�𝐴 − �⃗�𝐵)    (2) 

Considered influences are thermal strains of the moving 
coupling half (xMO), the frame components (xFR) and the sensors 
(xs), the measurement uncertainty of the sensors (xKAP), first and 
second order Abbe errors (xAbbe) and cosine errors (xcos). As a 
result an expanded measurement uncertainty according to the 
“Guide to the expression of uncertainty in measurement” (GUM) 
of approximately 9 nm in every coordinate direction and 5.3 
nrad for roatiations can be attained. Therefore, the environment 
of the measurement setup must provide a temperature 
stabilization of ± 0.05 K because thermal influences predominate 
the translational measurement uncertainty. A further 
prerequisite is an initual precise measurement of the position of 
the sensors with an uncertainty of 1 µm. This could be done with 
a coordinate measurement machine. Thus, measurement 
uncertainties caused by position and angle deviations of the 
sensors can be corrected mathematically. 
 
2.3. Design of the measuring setup 

To minimize thermal and disturbing mechanical effects, all five 
sensors are fixed on a monolithic frame made of Zerodur® (8) as 
shown in figure 1. This material is characterized by a thermal 
expansion of (0 ± 0.1 × 10-6) /K and a Young's modulus of 90,3 
GPa that is comparatively high for glass ceramics [4]. The 
cylindrical sensors (3, 6) are mounted in v-grooves for a defined 
and reproducible position. Due to the working distance of the 
sensors of 50 µm, an adjustment performed by means of a feeler 
gauge is needed. The sensors are fixed by a small but sufficient 
clamping force. The top plate is also made of Zerodur® (7) and 
separately grounded capacitor plates are attached (5) as 
required measuring surface for the sensors. The kinematic 
couplings are integrated into the measuring setup in form of 
interchangeable inserts (1). This allows the variation of 
materials, shapes, and dimensions. Due to these variations, 
spacer elements (2) are necessary to keep the measuring surface 
(5) of the x and y sensors (6) in the same z-position.  

 

 
 

Figure 1. measuring setup: (1) interchangable inserts; (2) spacer 
elements; (3) z-sensor in v-groove; (4) preparation for alternative 
arrangements; (5) capacitor measuring plate; (6) x-, y-sensor in v-groove; 
(7) top plate; (8) metrological frame 

 
A lifting device is needed for repeated automated 

measurement. During the lifting process, neither a translational 
nor a rotational guide deviation should lead to a collision with 
the sensors. For this purpose, a double membrane spring guide 
(3) is used (see figure 2). The guide is characterized by very small 
guidance deviations and a high stiffness against tilting due to the 
double spring design. The connection to the top plate of the 
coupling (5, 6) during the lifting process is made by three ball-
plane contacts. It is detachable by a rotation around the z-axis 
(4) for assembly and disassembly of the lifting device. In 

addition, the guiding axis must be adjusted in two independent 
angular motions relatively to the coupling axis (2). The upper 
adjustment table is connected to the frame (not shown). The 
actuation of the lifting device is done by use of a voice coil, which 
is placed at the largest possible distance from the measuring 
points connected by a flexible element to minimize impacts due 
to overconstraints (1). All components of the lifting device are 
designed for use in vacuum. 

 

 
 

Figure 2. lift of device based on a diaphragm spring guide for an 
automated measurement in vacuum 

3. Design of the kinematic coupling  

The kinematic couplings themselves are initially designed as 
Kelvin or Maxwell clamps. An additional position for sensor and 
coupling element was designed to investigate the arrangement 
of the coupling points at the tips of a rectangular triangle (see 
(4) in figure 1). This arrangement is promising for the intended 
extension of the kinematic coupling by an adjustment. Due to 
the small space available, this has to be integrated directly into 
the kinematic coupling and an independent adjustment of 
individual DOF is required. 

4. Conclusion 

In summary, kinematic couplings show good suitability for use 
as tool changing interfaces in nanofabrication machines. The 
achievable reproducibility can be proven under vacuum 
conditions by a developed, standalone measurement setup. A 
detailed measurement uncertainty analysis was performed to 
prove a nanometre uncertainty. The kinematic coupling is 
implemented using interchanchable inserts, which enables 
investigations on materials, shapes and dimensions. 
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Abstract 
Thermal errors of machine tools are the main contributor to geometrical inaccuracies of machined workpieces. Successful reduction 
in thermal errors has been realized through thermal error compensation techniques in the past few decades. The effectiveness of 
thermal error models directly determines the compensation results. However, most of the current thermal error models are empirical 
and highly rely on the collected data under specific working conditions, neglecting the insight into the underlying mechanisms that 
result in thermal deformations. On the contrary, the transfer function based correction method lead to promising results as was 
shown in past studies. Furthermore, machine tools manufacturers frequently offer the same type of the machine tool equipped with 
different spindle units. Consequently, it leads to different thermal behaviour depending on the specific spindle unit mounted in the 
machine tool. The research presented in this paper shows a dynamic approach for thermal error compensation of 5-axis CNC milling 
centres considering different spindle units. Experimentally obtained thermal errors at the TCP from milling centres with 3 different 
mounted spindle units were mutually compared, showing a significant variation in thermal errors in the Z direction depending on the 
specific spindle unit. System identification theory is applied to build the dynamic thermal error model for a single spindle unit based 
on calibration experiment. An industrial applicability of compensation models essentially depends on duration of calibration 
experiments and modelling effort to identify compensation model parameters. Therefore, the developed transfer function model is 
modified from the calibration effort point of view via multiplying original compensation model by a constant. Subsequently, model 
is applied on tests with other spindle units. Model performance evaluation through spindle spectra tests shows that up to 74% 
reduction in thermal errors in Z direction of milling centre equipped with 3 different spindle units was achieved after compensation. 
 
Machine tool, Thermal error, Compensation, Spindle unit, Accuracy, System identification theory, Transfer function, 5-axis milling centre 

 

1. Introduction 

Thermal error is one of the primary factors affecting the 
machining accuracy of machine tools [1]. The spindle is the core 
component of CNC machine tools. Of all the heat sources that 
lead to thermal distortions, the spindle is an important 
contributor to total thermal errors due to the large amount of 
heat from its high-speed revolutions and quick response 
inducing thermal errors at the TCP. As such, studies on thermal 
deformations of the spindle are indispensable to reduction of 
total thermal errors [2]. 

There are various design solutions for the main spindle of a 
machine tool (belt-driven spindle units, direct coupling and 
motorized spindle units). However, the overwhelming majority 
of machine tools are equipped with motorized spindles (also 
called electrospindles) nowadays [3]. Furthermore, general 
trends in the machining industry are characterized by increasing 
globalization of the sector with standardization of components 
and systems. For that reason, motorized spindles are often 
available as cartridge or block units, which makes it possible to 
equip machine tools with different spindle units without 
excessive structural modifications of the machine tools. Thus, 
machine tool manufacturers have the opportunity to fulfil 
various customers’ requirements. 

An experimental research on a 5-axis CNC milling centres 
equipped with 3 different spindle units was carried out [4]. 

Experimentally obtained thermal errors at the TCP from milling 
centres with 3 different mounted spindle units were mutually 
compared, showing a significant variation in thermal errors in 
the Z direction depending on the specific spindle unit [4]. 

Furthermore, a thermal error compensation model of a 5-axis 
CNC milling centre thermal errors based on transfer functions is 
presented in [5]. The compensation model was calibrated using 
experimental data from tests with only one motorized spindle 
unit (herein referred to as SP1). The developed compensation 
model was applied to complex spindle speed spectra tests 
obtained from machine tools equipped with different spindle 
units. The approximation quality of the compensation model 
calibrated using experimental data from tests with only one 
motorized spindle unit deteriorates if the model is applied on 
different spindle units, see [4]. The research presented in this 
paper is focused on improving approximation quality of the 
existing compensation model for different spindle units using 
minimal additional modelling effort or calibration experiments. 

2. Experimental setup 

All of the experiments were performed on a gantry-type 5-axis 
milling centres with a rotary table (diameter 630 mm,  no turning 
operations) with 3 different motorized milling spindles from the 
Kessler Group (for spindle specification see Table 1). Tests for 
thermal distortion caused by rotating spindles were carried out 
according to the ISO230-3 [6] (without machining). The 
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machining centres were equipped with several temperature 
probes (Pt100, Class A, 3850 ppm/K) placed as close as possible 
to the thermal sinks and sources. 

 
Table 1. Specification of tested milling spindles (SP1, SP2 and SP3) 
 

n. Spindle model 
(Kessler) 

Max. 
speed 
[rpm] 

Power 
[kW] 
S6-40% 

Torque 
[Nm] 
S6-40% 

SP1 DMS 112.56.8.FOS 10,000 26 340 

SP2 DMS 100.46.4.FHS 18,000 35 120 

SP3 DMS 100.46-666.393 12,000 48 200 

 
A test mandrel was clamped into the spindle. A measurement 

setup with five displacement measurement devices was fixed 
onto the table of the machining centres (Fig. 1). Eddy current 
sensors were employed for noncontact sensing of displacements 
at the TCP in the directions X, Y and Z (sensor type: PR6423, 
produced by Emerson). 

 

 
 

Figure 1. Experimental setup per ISO 230-3 (left) and its implementation 
in a 5-axis CNC milling centre (right) 

 
A programmable automation controller cRIO 9024 (National 

Instruments) with LabVIEW software was used for data 
acquisition (the sampling rate was 1 sec). Recently, nearly every 
spindle is equipped with sensors to monitor the bearing 
temperature This bearing temperatures and other NC data such 
as effective power, electric current, torque, feed rate, etc. were 
also logged using Profibus DP communication between the 
machine controller and the PAC. Different test with constant 
spindle speed and spindle speed spectra tests has been designed 
to verify the validity of the compensation model for each of the 
spindle according to the Table 1 (see chapter 4). 

3. Compensation model for thermal errors 

System identification theory is applied to build the dynamic 
thermal error model for a one spindle unit (SP1) based on 
calibration experiment [5]. The transfer function reflects the 
nature of heat transfer principles. Thus, the calibration of 
empirical parameters is simple, the model is in addition more 
reliable with untested inputs and it can even be used reliably to 
extrapolate data, since it forces the data to conform to the same 
mathematical form as the real process. The applicability and 
robustness of the software compensation based on transfer 
functions were verified on 3 different machine tool structures 
in [7]. Generally, a discrete transfer function is used to describe 
the link between the excitation and the response  

 

𝑦(𝑡) = 휀. 𝑢(𝑡) + 𝑒(𝑡),       (1) 
 

𝑦(𝑡) =
𝑎𝑛𝑧−𝑛+⋯+𝑎1𝑧−1+𝑎0𝑧0

𝑏𝑚𝑧−𝑚+⋯+𝑏1𝑧−1+𝑏0𝑧0
𝑢(𝑡);  𝑤ℎ𝑒𝑟𝑒 𝑚 > 𝑛,    (2) 

 

where u(t) in equations (1) and (2) is the transfer function input 
vector in the time domain, y(t) is the output vector in the time 
domain, ε represents the transfer function in the time domain, 
e(t) is the disturbance value, an are weight factors of the transfer 
function input and bm are weight factors of the transfer function 
output. 

The difference form of the transfer function in the time 
domain is defined as 
 

𝑦(𝑘) =
𝑢(𝑘−𝑛)𝑎𝑛+⋯+𝑢(𝑘−1)𝑎1+𝑢(𝑘)𝑎0−𝑦(𝑘−𝑚)𝑏𝑚−⋯−𝑦(𝑘−1)𝑏1

𝑏0
,(3) 

 

where k-n (k-m) means the n-multiple (m-multiple) delay in the 
sampling frequency. Linear parametric models of ARX 
(autoregressive with external input) or OE (output error) 
identifying structures are used. The advanced compensation 
model based on transfer functions in [5] predicts thermally 
induced displacements at the TCP in the Z direction caused by 
spindle rotation and varying ambient temperature. Thus, the 
model consists of 2 transfer functions 
 

𝛿𝑍 = Δ𝑇𝑏𝑒𝑎𝑟𝑖𝑛𝑔. 휀1 + Δ𝑇𝑎𝑚𝑏. 휀2,      (4) 
 

where Δ𝑇𝑏𝑒𝑎𝑟𝑖𝑛𝑔 is the spindle bearing temperature difference, 

Δ𝑇𝑎𝑚𝑏 is the ambient temperature difference, ɛ1 represents the 
transfer function approximating thermal errors due to spindle 
rotation and ɛ2 represents the transfer function approximating 
thermal errors due to changes in ambient temperature obtained 
from an environmental temperature variation error test (ETVE 
test) according to [6]. Coefficients of identified transfer 
functions ɛ1 and ɛ2 are introduced in [4]. The residual error of 
approximation is expressed by residue [μm], which represents 
the fictive thermal displacements at the TCP in the Z direction 
(thermal errors) obtained after implementing the compensation 
algorithm into the machine tool control system 
 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 = 𝛿𝑍−𝐸𝑋𝑃 − 𝛿𝑍−SIM, (5) 

 
where the 𝛿𝑍−𝐸𝑋𝑃 value represents the measured output 
(thermal displacement in the Z direction) and 𝛿𝑍−𝑆𝐼𝑀 is the 
simulated/predicted thermal displacement obtained by applying 
the transfer function model (4). Herein, an approximation 
quality of the identified models is also expressed by the fit value 
(normalized Root Mean Squared Error expressed as a 
percentage, see [8]). 

As mentioned above, the approximation quality of the 
compensation model calibrated using experimental data from 
tests with only one motorized spindle unit (SP1) deteriorates if 
the model is applied on different spindle units (SP2 and SP3). 
Therefore, the original dynamic TF model (4) is modified using 
multiplying spindle rotation part of the model by a constant g 
(gain) to improve approximation quality of the existing 
compensation model 
 

𝛿𝑍 = 𝑔. (Δ𝑇𝑏𝑒𝑎𝑟𝑖𝑛𝑔. 휀1) + Δ𝑇𝑎𝑚𝑏. 휀2.      (6) 
 

Thus, the thermal error compensation model for different 
spindle units do not requires neither additional calibration 
experiments nor high additional modelling effort. 
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4. Results 

Figure 2 depicts the bearing temperature and ambient 
temperature behaviour over time during verification test 
(spindle speed spectrum) with spindle unit SP1. The grey curve 
plotted on Figure 2 represent variable spindle speed. 
 

 
 
Figure 2. Spindle speed spectrum, ambient and spindle bearing 
temperatures during first spindle unit (SP1) verification test. 
 

 
Figure 3. Measured, simulated and residual thermally induced 
displacements in the Z direction of 5-axis CNC milling centre equipped 
with first spindle unit (SP1) during verification test 
 

 
 

Figure 4. Spindle speed spectrum, ambient and spindle bearing 
temperatures during second spindle unit (SP2) verification test 

 

 
 

Figure 5. Measured, simulated and residual thermally induced 
displacements in the Z direction of 5-axis CNC milling centre equipped 
with second spindle unit (SP2) during verification test 
 

Figure 3 depicts the measured (solid black curve) and 
predicted (dashed black curve) thermal displacements of the 5-
axis CNC milling centre equipped with spindle unit SP1 obtained 
from the transfer function model (4) for the same verification 
test (spindle speed spectrum, see Figure 2). As the 
compensation model was calibrated based on experimental data 
with the spindle unit SP1, gain g is equal to 1. The thick solid 
black curve corresponds to the residual error (residue) of 
compensation model based on transfer function. 

Analogically, Figure 4 and Figure 6 shows the bearing 
temperature, ambient temperature behaviour over time and 
variable spindle speed during test with spindle unit SP2 and SP3. 
Thermally induced displacements, its prediction by 
compensation model (6) and residual error expressed by residue 
for verification test with spindle unit SP2 is depicted in Figure 5. 
Similar graph for verification test with spindle unit SP3 is shown 
in Figure 7. Constant g in (6) is equal to 1.75 for verification test 
with SP2 and g = 1.25 for verification test with spindle unit SP3. 
 

 
 

Figure 6. Spindle speed spectrum, ambient and spindle bearing 
temperatures during third spindle unit (SP3) verification test 

 
Table 2 summarizes constant g (gain) and approximation 

quality of the transfer function model per (6) expressed by the 
fit value for 3 spindle speed spectra tests with different spindle 
units. It can be observed that constant g increases with a higher 
value of the maximum allowed spindle speed (by comparing 
Table 1 and Table 2). 
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Figure 7. Measured, simulated and residual thermally induced 
displacements in the Z direction of 5-axis CNC milling centre equipped 
with third spindle unit (SP3) during verification test 

 
Table 2. Gain and approximation quality of the transfer function model 
(5) expressed by the fit value and residue for 3 different spindle units 
 

Verification test 
(spindle speed 
spectrum) 

g 
[-] 

fit 
eq. (6) 

[%] 

residue 
[μm] 

eq. (6) eq. (4) 

SP1 1 74 (-5;14) (-5;14) 

SP2 1.75 60 (-14;20) (0;43) 

SP3 1.25 66 (-6;8) (-1;23) 

 
The calculated residue (5) of developed models according to 

(4) and (6) are also summarised in Table 2. 

5. Conclusions 

Experiments on gantry-type 5-axis CNC milling centres of the 
same type equipped with 3 different spindle units were carried 
out. System identification theory was applied to build the 
dynamic thermal error model based on calibration experiment 
on milling centre equipped with motorized spindle unit 
(SP1), see equation (4). 

Spindle spectrum tests with milling centre with spindle unit 
SP1 was employed to verify developed thermal error 
compensation model ability to reduce thermally induced errors 
at the TCP (in Z direction). A thermal errors reduction of 74% 
(expressed by the fit value) in Z direction of milling centre 
equipped with spindle units SP1 was achieved after 
compensation based on transfer function (see Figure 3). 

Thereafter, the developed dynamic compensation model was 
applied to spindle speed spectra tests obtained from machine 
tools equipped with other spindle units (SP2 and SP3). However, 
the approximation quality of the compensation model 
calibrated using experimental data from tests with only one 
motorized spindle unit (SP1) deteriorates if the model is applied 
on milling centres equipped with other spindle units (SP2, SP3), 
see dash-dotted lines in Figure 5 and Figure 7 (calculated using 
model (4)) or previously published results in [4]. 

Therefore, the further research was focused on improving 
approximation quality of the existing compensation model for 
different spindle units. Generally, an industrial applicability of 
compensation models essentially depends on duration of 
calibration experiments and modelling effort to identify 
compensation model parameters. Hence, the developed model 
based on transfer function (4) is modified from the calibration 
effort point of view via simple multiplying indigenous 
compensation model by a constant g, see equation (6). Thus, the 

thermal error compensation model for different spindle units do 
not requires neither additional calibration experiments nor high 
additional modelling effort. 

The prediction of modified compensation model is in good 
agreement with measured thermally induced displacements at 
the TCP as shown in Figure 5 for verification test with spindle 
unit SP2. Similarly, good agreement is accomplished for 
verification test (spindle speed spectrum) with spindle unit SP3 
(see Figure 7). Thermal errors reduction (expressed by the fit 
value) was 60% in Z direction during the verification test (spindle 
speed spectrum) with spindle unit SP2 (see Table 2). A thermal 
errors reduction of 66% was achieved in case of verification test 
with spindle unit SP3. The minimisation of thermal errors is also 
evident by comparison of calculated residue of model (6) and 
former model (4) for spindle unit SP2 and SP3, see Table 2. 
Reduction of thermal errors (the approximation quality 
expressed by fit value) using modified compensation model 
slightly deteriorates if the model is applied on different spindle 
units (a reduction of 14% in case of spindle unit SP2, 8% in case 
of spindle unit SP3, see Table 2). Nevertheless, it can be 
concluded that successful reduction in thermal errors in Z 
direction of gantry-type 5-axis CNC milling centres has been 
realized through simple thermal error compensation model 
modification (multiplying spindle rotation part of the model by 
a constant g, see equation (6)). 

Moreover, this approach enables rapid modification of the 
compensation model based on transfer functions using minimal 
additional modelling effort and without necessity of performing 
additional calibration experiments with machine tools equipped 
with other spindle units. A better approximation quality of the 
compensation model based on transfer function could be 
attained by developing independent thermal errors 
compensation models for each spindle units. However, it 
requires to carry out calibration tests with each spindle unit 
mounted in the gantry-type 5-axis CNC milling centre, which is 
time-consuming process. This is an issue for future research to 
explore. 

The paper presents experiments which were carried under 
load-free rotation of the main spindle, save for the cutting 
process. The results in [5] showed that the thermal errors 
prediction of such compensation models (calibrated using non- 
contact test setup, see Figure 1) deteriorates in real cutting 
applications. However, the prediction accuracy of the proposed 
model (6) under real conditions (milling) can be improved using 
superposition principle (e.g. including tool elongation due to the 
impact of the cutting process as was shown in [5]). 
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Abstract 

 
CERN long shutdowns allow maintenance and improvement of the CERN accelerator complex. During this period, part of the 
equipment is partially dismantled, fixed or replaced. Therefore, the liquid helium stored in the superconductive magnets needs to be 
extracted, warmed-up and stored outside the accelerator complex, ready to be re-injected once the maintenance operations are 
completed. The big calorimeters used for this process must sustain for a long period of heavy stresses caused by the high-temperature 
variations inside them. To detect possible breaks on the calorimeters system, which may cause helium leaks and possibly lose the 
entire helium reserve, an automatic image-based system has been integrated to constantly monitor the status of the calorimeters 
and report any anomaly to the operators, capable to analyse and stop the warm-up process by closing the appropriate valves. 

The system uses three change detection methods in parallel, one pixel colour-based change detection, one optical flow-based 
detection and anomaly detection neural network. The pixel colour-based change detection is fast and allows the immediate response 
of the algorithm. The optical flow-based detection is slower and allows extracting the direction of the change, as the leaking helium 
will move mainly towards the ceiling. 

The system runs at 10 Hz using 4K frames allowing the detection of minimal changes thanks to the high-resolution. It includes a 
web-interface for visualization and configuration from the control rooms, an alarm system and email and SMS notifications. Results 
of the system during the LHC LS2 Warm-Up process are presented in this paper.   

  
 

1. Introduction 

CERN, the European Organization for Nuclear Research, 
hosts the biggest particle accelerator complex in the world. 
Among the numerous accelerators, experiments and 
facilities, the Large Hadron Collider (LHC) rises with its 
unprecedented energy and dimensions. In order to ensure 
this high energy, 1232 superconductive dipole magnets are 
used to bend the particles trajectory and keeping them inside 
the 27 km circumference of the LHC [1]. 

Superconductive magnets are particular magnets working 
at extremely low temperature. In the case of LHC’s dipole 
magnets, they are kept at a temperature of around 2 K using 
large quantities of liquid helium [2]. A cryogenic cooling 
circuit is deployed all over the LHC to maintain the dipole 
magnets in their superconducting state. 

Due to the complexity of the LHC, a two years shutdown is 
planned after certain years of operation to ensure 
appropriate maintenance and improve its components. This 
period is referred as Long Shutdown (LS). During this period, 
the liquid helium stored in the LHC cryogenic cooling circuit is 
extracted and brought back to ambient temperature to 
increase the safety of the LHC facilities and to allow the 
maintenance of all its components. 

The LHC warm-up is realized through five heating systems 
positioned underground along the facility, which bring the 
liquid helium from 2K to ambient temperature. During this 
operation, the heaters are subject to high mechanical stress 
due to the wide range of temperatures in which they operate. 
A mechanical failure causing a helium leak might cause the 
loss of the entire reserve, creating at first a safety hazard and 
financial loss as well. 

Circuit valves are used to stop the flow inside the heaters in 
case of leak. The heating procedure is constantly monitored 
manually by an operator at each point. However, certain parts 
of the system lack sensors, making the monitoring 
challenging. 

In this paper an automatic image-based leak detection 
system employed during the LHC LS2 Warm-Up process is 
presented. The system makes use of UHD surveillance 
cameras to detect the leak and report it to the operator as 
soon as possible. 

The system runs in parallel on all the five heating points and 
the operator can interact with it through a web-interface for 
visualization and configuration. 

2. The proposed system 

The proposed system employs five UHD surveillance 
cameras. Surveillance cameras provide high availability and 
usually provide Ethernet connection, making them suitable 
for remote installation in inaccessible places, like 
underground facilities. The cameras’ viewing angle is directly 
pointed to the heating system and wide-angle 120° lenses 
were chosen to ensure a complete coverage of the system. 
The chosen cameras provided 4K@15fps coloured streams, 
allowing the leak detection system to have enough details. 

After the cameras installation, the automatic leak detection 
system was created and deployed. The system is based on the 
CERNTAURO robotic framework [3], which already provides 
various functionalities including accessing video streams, 
image processing [4], analysis and communication [5]. The 
system was deployed onto two cloud-based virtual machines, 
through the CERN OpenStack cloud service, to ensure higher 
availability and redundancy of the system. One of the main 
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challenges during the creation of the detection system was its 
validation. In fact, it was not possible to recreate a leak 
condition in each facility to validate that the system was 
correctly detecting them. 

For this reason, the automatic detection system is divided 
in three parts: an image-based difference detection, an 
optical flow detection and a machine learning recognition. 
The three systems run in parallel ensuring redundancy of the 
detection. 

The image-based difference detection is used to provide 
fast response of the system. Every frame is compared with a 
reference frame and a difference threshold is pre-defined to 
trigger the detection alarm. As image difference is a fast 
computational operation, this allows the system to be very 
responsive to changes. However, any change in the 
environment such as a light change or a person passing by, 
would cause the alarm to be triggered. In fact, the area 
surrounding the heaters is not closed to the workers for the 
entire heating process but just for a short period of time 
which is considered the most critical in terms of leak hazard.  

Due to this lack of accuracy of the image-based difference, 
a detection based on the optical flow algorithm [6] is added. 
This operation is slower than the image difference process, 
but allows to computation of the direction of the change. 
During a leak,  the helium tends to move towards the ceiling 
before filling the entire room, as it is lighter than air. 
Therefore, the optical flow detection is used to compute the 
direction of the image changes and verify if they are going 
towards the ceiling. If the direction satisfies a pre-defined 
threshold, the alarm is triggered. 

Finally, a machine learning-based anomaly detection is used 
to detect anomalies in the video stream. Due to the lack of 
experimental data, it was not possible to train a neural 
network to recognize a helium leak. This would have required 
a dataset of helium leaks, which was not available and it was 
not convenient to be created in a laboratory. An anomaly 
detection convolutional neural network was created and was 
thus, trained with images collected from the installed 
cameras before the start-up of the heating operation, feeding 
the neural network with images of what is considered normal 
conditions.  In this way, only few anomalies were necessary 
to train the neural network and validate the system. The 
detection by the neural network is much slower than the 
other two algorithms but allows a third level of redundancy 
of the system. 

 
 

3. Operation 
 

The system was deployed and operational for more than 4 
months. During the operation period, there was no helium 
leak and the warm-up proceeded without any interruption. 
The automatic detection system sent a small amount of false 
positives, mainly related to objects that were left in the area 
or continuous light changes in the environment. The use of 
the CERNTAURO framework allowed the system to be 
completely stable for the entire operation period with little 
programming effort, thanks to its continuous improvements 
during robotic operations performed at CERN. 
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Figure 1: The LHC helium heaters seen from the installed 
surveillance cameras 

 
Figure 2: A simulated helium leak in the LHC during a safety test 

 
Figure 3: The web interface for interacting with the detection 

system 
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Abstract 
Additive manufacturing (AM) of metal powder by electron beam fusion offers significant advantages compared with traditional 
subtractive manufacturing techniques as well as certain advantages of production rate and post processing, over laser SLM 
systems.  EBM AM technologies have continued to develop over recent years in particular for medical implants and aerospace 
parts, and new vendors of such AM machines are developing more advanced systems with additional in process metrology. In spite 
of the clear advantages, E beam AM suffers from limitations which need to be addressed before wider take up of the technology is 
achieved.  

During the powder delivery process, which occurs many thousands of times during a part build, there is potential for defects in the 
powder delivery process.  Such defects take the form of score trenches running perpendicular to the powder delivery direction, 
vibration ripples parallel to the delivery direction, excessive powder delivery due to damage to the powder rake and lack of powder 
due to under dosing problems. Like-wise during the layer build process it is important to monitor out of plane defects on parts such 
as thermal swelling. In-plane information regarding the boundary of the melted powder and unmelted powder are equally important 
to monitor in plane geometry.  

This paper describes the development and deployment of a newly patented, in-process metrology system on a recently launched 
commercial EBM AM machine. The inspection system, which is fully integrated into the AM machine control system, is based on 
single camera, phase measurement profilometry. A temporal synchronisation technique is employed for data capture and using 
automatic machine triggering an acquisition time of 2 seconds per measurement is achieved. A novel calibration method based on a 
surface fitting algorithm is deployed to reduce the influence of phase error and random noise. The paper gives examples of the system 
being deployed on the build of typical parts and shows examples of powder delivery assessment and post build layer measurement 
and describes the integration of the metrology system with the AM machine control systems. 
 
Electron beam, phase measurement profilometry, surface metrology, powder bed, out of plane error.  

       

1. Introduction    

The development and implementation of in-process, layer 
wise surface metrology technique has for some time been  a 
research goal in AM1. A range of  inspection systems have been 
embeded in AM tool for monitoring, such as infrared thermal 
inspection, photogrammetry and profilometry2. As well as  layer 
wise part geometry, the powder delivery process, there is 
potential for defect generation which take the form of score 
trenches running perpendicular to the powder delivery 
direction, vibration ripples parallel to the delivery direction, 
excessive powder delivery due to damage to the powder rake 
and lack of powder due to under dosing problems. This paper 
describes the development and deployment of a newly 
patented, in-process metrology system which is based on single 
camera system using phase measurement profilometry. The 
metrology system is  now deployed recently launched 
commercial E-Beam AM machine.  

This paper  gives a brief introduction to  the embeded fringe 
projection inspection system hosted in the AM machine and 
outlines the measurement principle. A novel system calibration 

method is introduced and examples of real measurements of the 
powder bed and part are demonstrated. 

2. Methods       

2.1. Inspection system for AM    

 
Figure 1. A conceptual set up of the detection system 

The newly development commercial EBM machine comprises 
an electron beam melting source, powder delivery system, a 
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powder bed transfer system and the fringe projection inspection 
set up, as shown in Figure 1. The inspection system is fixed on 
top of the machine outside of the vacuum chamber and the 
powder bed is “viewed” through leaded glass windows. The 
fringe projection system consists of a CCD (charge-coupled 
device) camera and a DLP (digital light processing) projector. 
During the manufacturing process as shown in Figure 2, after 
process parameters are set, a layer of powder is dispensed from 
a powder hopper. Then the fringe projection system inspects the 
powder bed to assess if the surface is defect free enough to 
proceed with the process. If the results are deemed “good”, the 
system will carry on with the build, namely powder fusion. 
Otherwise, the power delivery will be repeated until the surface 
is smooth enough or the there is operator intervention. 
Following a layer of powder fusion, the fringe projection system 
will inspect the printed part to detect planar and out of plane 
error. If no problems are detected or the problem can be 
resolved the build will carry on, if a problem is detected (i.e. the 
part build deviation is beyond a given threshold) then the build 
is halted. This whole process is repeated throughout the build 
cycle until the build is complete. Between powder delivery and 
melting, there are 4 to 5 seconds preparation time, the fringe 
projection system make use of this interlude to inspect the 
powder bed and so will not increase the total build time. The 
fringe projection system can achieve in-process out-of-plane 
defects inspection, such as rake damage, delamination, swelling, 
porosity, lack of powder etc. 

  

 
Figure 2. A flow chart of build process 

 
2.2. Measurement principle      

In order to obtain shape information, the geometric 
relationship of the DLP projector and the CCD camera should be 
determined. The sinusoidal fringe patterns are projected onto 
the test surface where, the fringe patterns are deformed due to 
surface perturbations, and the deformed fringes are captured by 
the camera. Phase information is computed from the captured 
deformed fringe patterns. After system calibration, 3D shape 
data can be obtained using the phase information.  

A reference surface M is set as a datum plane to establish a 
reference coordinate system. The relationship between the 
absolute phase map and depth data can be established in the 
reference coordinate system as follows: 

  (1) 

where an, an-1, a2, a1 are sets of coefficients containing the 
system parameters, Z is the height value relative to reference 
plane M. Δφ is the absolute unwrapped phase difference 
between the measured surface and the reference surface M. 
Therefore, the height values across the surface can be calculated 
with the phase information and system coefficients. 

To obtain height values by using Equation 1, it is essential to 
analyze phase values accurately. In this paper, a phase shifting 
algorithm and an optimum frequency selection algorithm are 
used to obtain absolute phase information3. In the present case 
a wrapped phase can be represented by the following equation:  

    

   (2) 

Where Ii is the captured fringe pattern intensity, δi  is phase 
shifting steps. After calculating the wrapped phase, the absolute 
phase data can be obtained by a temporal phase unwrapping 
method (optimum frequency selection algorithm). Sets of 
sequential sinusoidal fringe patterns are projected onto test 
surface and the number of fringes are defined by the following 
equation :  

 𝑁𝑓𝑖 = 𝑁𝑓0 − (𝑁𝑓0)
(𝑖−1)

(𝑚−1) , 𝑖 = 1,2, . . . , 𝑚 − 1  (3) 

Where Nf0 is the maximum number of fringes, Nfi is the 
number of fringes in the ith fringe set, and m is the number of 
fringe sets used. In this paper, the maximum number of fringes 
is 100, and m=3, therefore Nf1=99 and Nf2=90. 

3. System calibration       

In order to obtain an accurate 3D shape, a significant step for 
an optical system is to find the spatial relationship between the 
camera and the projector, known as 3D calibration, this 
effectively determines the measurement accuracy4. A white 
ceramic diffuse plate with certified concentric circles markings 
was employed as a calibration board during the system 
calibration. In this paper, based on a polynomial calibration 
technique, a novel surface fitting calibration method is reported 
to reduce random noise and eliminate the calibration induced 
“circle mark” effect.  

The sets of sinusoldal fringes are projected onto the 
calibration board. Due to the presence of the black circle rings 
on the calibration board the rings absorb part of the light , the 
captured fringe patterns have low fringe contrast on the circle 
area, which results in phase error and measurement error, as 
demonstrated in Figure 3. 
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Figure 3. The impact of calibration board black circle rings on captured 

phase data 

 A novel calibration approach based on a curve fitting 
algorithm was applied to solve this problem. The noisy points 
were removed by calculating the modulation of the fringe 
patterns. The outliers crossing the circle ring area are then 
removed. The unwrapped phase map is calculated from the rest 
of the wrapped phase data by using the optimum 3-frequency 
selection algorithm5,6. 

In order to fill in the invalid points, a quintic polynomial fitting 
equation was investigated to match the unwrapped phase data 
as follows:   

𝐹𝑖𝑡𝑡𝑖𝑛𝑔𝑃ℎ𝑎𝑠𝑒 = 𝑃0 + 𝑃1𝑥 + 𝑃2𝑦 + 𝑃3𝑥2 + 𝑃4𝑥𝑦 + 𝑃5𝑦2 +
𝑃6𝑥3 + 𝑃7𝑥2𝑦 + 𝑃8𝑥𝑦2 + 𝑃9𝑦3 + 𝑃10𝑥4 + 𝑃11𝑥3𝑦 +

𝑃12𝑥2𝑦2 + 𝑃13𝑥𝑦3 + 𝑃14𝑦4 + 𝑃15𝑥5 + 𝑃16𝑥4𝑦 + 𝑃17𝑥3𝑦2 +
𝑃18𝑥2𝑦3 + 𝑃19𝑥𝑦4 + 𝑃20𝑦5  (9) 

where x and y are the pixels positions, Pn is the coefficients of 
the fitting equation. Because the calibration board is a flat white 
ceramic plate, the unwrapped phase map of the calibration 
board is ideally a plane. A relatively high order fitting (quantic 
polynomial fitting) can meet measurement requirements. 

4. Measurement       

Following successful implementation of a prototype system, 
full implementation of the inspection system was carried out on 
a newly developed commercial EBM machine. The inspection 
system realised layer-wise inspection. Figure 4 shows a series of 
in-situ measurement results during a part build process. The 
images show results for a build where images from steps of 15 
layers are shown for clarity.  Figure 4 shows the measurement 
results after powder delivery of layers 45(a), 60(b), 75(c), 90(d), 
105(e) and 120(f), respectively. The figures show two simple 
annular parts during a build process. It is clear from the figures 
that thermal swelling of the inner radius increases through the 
build cycle and in figures 4 (b) (c) and (e) show a wake effect in 
the powder delivery resulting from the swelling and a 
consequent powder delivery shadowing effect. A height 
threshold on captured images can be used to halt the build in 
the presence of significant part swelling. Note, such part swelling 
can eventually damage the powder delivery rake. The results 
show the fringe projection system has the capability to detect 
part thermal swelling, lack of powder delivery and other powder 
bed defects/effects for this build.  

  

 

   
Figure 4. 3D measurement results of the building process (powder 

deliver direction from front to back of image) 

During manufacturing procedure, after the powder melting, 
the fringe projection system will inspect the printed part to 
detect planar and out of plane error. An example is shown in 
figure 5. Due to the different reflectivity of the metal powder 
and the highly reflective printed metal surface, the same 
intensity parameters of the projected images would cause the 
overexposure problem as shown in Figure 5. As a result the 
measured printed surface would loose geometrical information 
or increase inspection error. 

  
 (a) Photograph of printed part(b) Areal map of printed parts 

Figure 5. Overexposure issure 

To correct for this problem the authors have developed a 
technique to allow for adjustment of projection parameters, as 
an example a turned manufacturing surface was measured using 
the system to show inspection ability for lower t roughness 
metal surfaces, as shown in Figure 6.  

 

 
(a) Photograph of the turning standard sample(b) 3D measurement of 

the standard sample 
Figure 6. A turning standard surface measurement result 

 

(c) 

(a) (b) 

(f) (e) 

(d) 

(a) (b) 

567



  

A set of low quality finished parts manufacted by the AM 
machine are shown in Figure 7(a). A contact measurement result 
captured using a Romer Absolute Arm as shown in Figure 7 (b) 
and is shown in comparison to one of the final in-process layer 
measurements as shown in figure 7(c). The measurement are 
not taken in the same location but highlight the capability of the 
in-process system in detecting geometrical elements of the AM 
surfaces. 

 

 

 
Figure 7. A finished part measurement results 
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5. Conclusions and discussion      

In this paper, an in-situ monitoring technique is described  in 
order to facilitate layer wise surface inspection of an EBM AM 
machine. The measurement system uses a fringe projection 
technique and shows that areal measurement of the powder 
bed can insure the accuracy of powder bed before melting and 
part geometry post melting, this improves process knowledge 
and facilitates process control. A novel surface fitting algorithm 
was developed for system calibration and improves 
measurement accuracy and vertical resolution, this reduced the 
influence of phase error and random noise. The measurement 
speed is around 2 secs during each measurement cycle.  The 
presented system is fully integrated into the build cycles of the 
AM machine providing a “closed door”, high speed 
measurement process. The system described here is fully 
adopted for continuous layer by layer measurement, does not 
require the build environment to be pumped down from 
vacuum, has a fast acquisition time and has a fully integrated 
calibration protocol. 

There are however several future research directions currently 
being investigated to improve the system performance and 
potential application. 1) Automation and intelligent control: 
employing deep learning algorithms for intelligent 
measurement, employing pattern recognition techniques to 
classify defects to realise automation feedback. 2) Combination 
with other in process inspection techniques to give multi-
dimensional data.  
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Abstract 
Dynamical control of velocity between grinding wheel and workpiece has great potential. Our previous studies clarified that It can’t 
only supress regenerative chatter vibration but also fabricate texture on surface of workpiece in cylindrical grinding. If, however, 
dynamic revolution control of grinding wheel is attempted, wheel breakage induced by change of centrifugal force must be 
considered, because general grinding wheel is produced by furnacing abrasive-compound which contains abrasive grains and binding 
powder such as vitrified or resins. 
 Meanwhile super abrasive wheel was developed and widely used in recent years. This wheel consists of thin abrasive layer whose 
thickness is from 5 to 10mm as an outer layer of the wheel, and simple shape of a metal disk as an inner layer of that. The inner metal 
layer is basically heavy. One of the functions of metal inner can be to maintain a level of moment of inertia. If we realize dynamic 
control of wheel, the weight and the moment of inertia must be lightened.  Therefore, we are researching on the designing of grinding 
wheel with lightweight and aesthetic sense. In this paper, our newly designed grinding wheel, and the effect is introduced. 
 

Keywords: Grinding, Super-abrasive wheel, wheel designing  

 

1. Introduction 

Dynamical control of velocity between grinding wheel and 
workpiece has great potential. So far, our studies clarified that 
controlling relative speed between grinding wheel and 
workpiece can not only supress regenerative chatter vibration 
but also fabricate texture on surface of workpiece in cylindrical 
grinding.[1] 

In cylindrical grinding, there are three ways to control relative 
speed between wheel and workpiece. The 1st, 2nd, and 3rd is 
control of wheel rev., workpiece rev., both revs, respectively. If, 
however, we change wheel rev., current wheel design which is 
heavy weight and moment of inertia must become problem. 
Lighter wheel with high rigidity is desired for dynamic control of 
the relative speed. Also, it must be a great advantage to reduce 
power consumption of machine tool. 

Thus, we develop new designs of super abrasive wheel. Our 
previous reports [2] introduced the light weight super abrasive 
wheel as shown in Figure1. The wheel proved that reduction of 
energy consumption and acceleration time.  The proposed 
wheel, however, has too much safety ratio yet and improvement 
in aesthetic sense.  

Therefore, for the realization of dynamic motion control of 
grinding wheel, new design concepts of super abrasive wheel are 
attempted.     

2. Design     

2.1. Considered respects in designing  
Table 1 is specifications of utilized super-abrasive wheel as 

shown in Figure 1(a). Wheel is redesigned and machined with 
milling machine to reduce the weight and the moment of inertia.   
In the redesigning, requested function and constraint condition 
are discussed and listed as shown in table 2.  
 
  Table 1 wheel specifications to be designed. 

 

 Table 2 requested function V.S. constraint condition 

According to table 2, two types of wheels, type A, type B, are 
designed, as shown in figure 2, figure 3 respectively. 
The design concept of type A is combination of stress dispersion 
and easiness of machining. The wheel achieves 491.2g of weight; 
58% reduction.  

The design concept of type B is combination of ultimate light 
weight and high rigidity. The wheel also achieves 395.8g of 
weight; 66.7% reduction. 

Abrasive Spec. CBC120N50BW4 

Shape Wheel 
dia. [mm] 

Wheel th. 
[mm] 

Hole dia. 
[mm] 

Layer th. 
[mm] 

14A1 200 20 50.8 10.0 

Requested function Constraint condition 

Lighter Higher rigidity 

Not fractured by centrifugal 

force 

Available to install on 

spindle of grinder 

Aesthetic design Available to fabricate 

designed shape 

        
(a) before (1184g)                   (b) lightened (548g) 

Figure 1. utilized super abrasive wheel 
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Centrifugal force that can affect safety of each body of wheel is 
analyzed under the condition of constant spindle revolution of 
2000 min-1. In analysis of type B, safety ratio of 28.5 is confirmed. 

The result shows that each wheel has enough static strength 
against centrifugal force. 

3. Experimental set-up     

Figure 4 shows the installation of the developed wheel. The 
evaluation of the fabricated light-weight wheel is executed with 
the experimental set-ups as shown in figure 5. 
The experimental condition and specification of grinder are 
shown in Table 3.  

 
Table 3 condition of grinding experiment 

 
In order to monitor power, an ammeter logger (Fluke 120B) is 

putted to spindle motor of the grinder. The current of the 
spindle motor is measured to evaluate how reduction of weight 
and moment of inertia effect. 

4. Result & discussion 

Figure 6 shows the measured spindle motor currents when the 
spindle with type A wheel is started from 0 min-1 and accelerated 
to 2000 min-1.  

The Spindle motor is vector-controlled AC-servomotor. The 
motor is controlled by amplitude of current and frequency.  
Larger amplitude and lower frequency of the wave form is seen 

as transfer response when the spindle starts the rotation. Then 
amplitude and frequency become constant as steady state 
response. In order to evaluate the effect of weight lightened, the 
duration time of transfer response is measured, and results in 
table 4.  

Type A and B both demonstrate quicker acceleration than 
normal. they also have better frequency response. Principally, 
the power-consumption becomes larger in proportion to the 
duration of current waveform. It means that the light-weight 
wheel is effective in not only improvement of frequency 
response of wheel rotation but also reduction of power 
consumption.  

Meanwhile, despite of weight reduction ratio between A and B 
is different, acceleration times of both wheels is same. As one of 
the reasons, the moment of inertia of the spindle itself is heavier 
than that of each wheel, and it can absorb effect of weight 
reduction between A and B.  
  Also, it is found that weight lightening of wheel helps reduction 
of operator’s loads when they handle a wheel and adjust static 
wheel balancing, as another advantage. 
 

Table 4 results 
Type Weight [g] 

After/Before 
Reduction 
ratio [%] 

Calculated 
Inertia 
[kg/m2] 

Acceleration 
time[s] 

Normal 1158/1158 - 0.0057 4.72 

Type A 491.2./1158 58 0.0025 1.52 

Type B 395.8/1187 66.7 0.002 1.52 

5. Conclusion      

In order to realize dynamic speed control between grinding 
wheel, new designs of weight lightened, and high rigid super 
abrasive wheel is proposed. The findings from this study are 
following: 

1）Two types of new design concept are proposed. The lightest 

wheel achieves 395.8g of weight; 66.7% reduction ratio and 
it shows feasibility of faster frequency response.  

2） Despite of weight reduction ratio between A and B is 

different, acceleration times of both wheels are same. As 
one of the reasons, the moment of inertia of the spindle 
itself is heavier than that of each wheel. 

3）Weight lightening of wheel helps reduction of operator’s 

loads when they handle a wheel and adjust static wheel 
balancing. 
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Grinder OKAMOTO PSG52DX 

Table size 550×200 mm 

Grinding wheel rotation speed 1800  min -1 

Ammeter logger Fluke Scope meter 120B  

   
(a)FEM analysis                                     (b)shape 

Figure 2. Design of type A wheel 

  
(a)FEM analysis                                     (b)shape 

Figure 3. Design of type B wheel 

 
Figure 4.  installation       Figure 5. illustration of experiment   

Ammeter 

              Acceleration time 1.52s 

 
 
Figure 6. start-up current wave of spindle motor with Type A 
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Abstract 
Vacuum is the absence of material and represents particle density lower than the atmospheric pressure. Ultra-high vacuum (UHV) 
is characterized by pressures lower than about 10

−8
 mbar. UHV conditions are important for scientific research. Surface analysis 

tools such as X-ray photoelectron spectroscopy and low energy ion scattering require UHV conditions for the transmission of ion or 
electric beams. In particle accelerators such as the Large Hadron Collider the beam pipes are kept at UHV for the same reason.[1] 
Hexapods can be used to precisely position a probe towards such a beam in particle accelerators. Hexapods are parallel kinematic 
actuators providing 6 degrees of freedom in a compact package.[2] Systems for high-vacuum environment are state of the art and 
systems for UHV with actuators outside [3] and inside the vacuum chamber are known. In a current research project a new 
powertrain for hexapod struts is developed to reduce the strut length for the usage in UHV environment. A well-known solution to 
reduce the length and therefore the overall height of a hexapod is to use a so called folded powertrain design. In such a design the 
motor shaft is parallel to the output shaft with an offset in between the axis. To transmit the torque in such a system a power 
transmission is needed. For UHV environment no mechanical solution to transmit a torque precisely between theses axis was 
available. A new design based on a coupler mechanism was developed, produced and tested. In addition the couple mechanism can 
be used in low temperature environment. The test results will be presented and figures be discussed. 
 
Hexapod, Parallel Kinematics, Powertrain, Hexapod-Strut, Ultra-High Vacuum, Precision      

 

1. Introduction 

A hexapod is a parallel robot consisting of a base plate, six 
linear actuators and an end effector – normally a top plate. The 
linear actuators, or struts of the hexapod, act as connections 
between the base plate and the end effector and have the 
ability to change their length. With this change in length, the 
end effector can be moved within six degrees of freedom. In 
figure 1 a typical design for a hexapod is shown and two 
different poses are illustrated. 

 

 
Figure 1. Hexapod in two different poses. 

 
The connection of every actuator with the base plate is the 

main difference between a parallel robot and a serial robot. 
With this parallelism of connections the stiffness of every 
actuator is added up, increasing the overall stiffness of the 

system. This rigid design is a key feature of hexapods in 
positioning applications. 

One field, where hexapods for positioning applications are 
used, is for research and development. Vacuum environment is 
common within this field and therefore the hexapod mechanics 
needs to be vacuum compatible. This can have numerous 
reasons. In coating applications an atmosphere is needed 
which is free of contaminations. The same applies to 
applications where a beam of electrons or light is guided 
through space. In these applications hexapods e.g. manipulate 
probes, mirrors and therefore the beam vector or the beam 
source itself. 

When designing a system for applications in vacuum 
environments, some restrictions have to be kept in mind. Used 
materials need to be vacuum compatible with low outgassing 
rates corresponding to application needs and have to 
withstand high changes in temperature, ranging from -30 °C to 
120 °C. The high temperatures are reached while the system is 
baked in order to reach ultra-high levels of vacuum. 
Furthermore it has to be considered the avoidance of virtual 
leaks, while designing and developing a system for the usage in 
vacuum environment. These are gas volumina that are trapped, 
for example by a screw in a threaded hole without an outlet. 
Finally the positioning system needs to be compact and small 
due to limited space in a vacuum chamber.  

2. Design 

Designing a compact hexapod for a vacuum environment 
there are different possibilities. The most effective way to 
reduce needed space for the mechanics in the vacuum 
chamber is to use mechanical feedthroughs between a vacuum 
chamber and the air side. Here the active mechanical actuators 

571

http://www.euspen.eu/


  

are located on the air side, and only passive struts are located 
in the vacuum chamber.[3] This is the most effective way to 
keep most mechanics outside the vacuum chamber. 
Unfortunately a special vacuum chamber, adding the 
mechanics and feedthroughs, needs to be designed for every 
customer separately. Additionally flexibility in using a different 
hexapod or position of the hexapod gets lost. A different 
possibility is to build a compact motorized system which can be 
used in a vacuum environment. This system can be easily 
added to different chambers and only a feedthrough for 
electronical power and signals is needed.  

A well-known solution to reduce the length and therefore the 
overall height of a hexapod is to use a so called folded 
powertrain design used in e.g. PI’s H-825[4]. In such a design 
the motor shaft is parallel to the output shaft with an offset in 
between the axis. To transmit the torque in such a system a 
power transmission is needed. Figure 2 shows a folded 
powertrain compared to a serial powertrain. The orange 
element is the transmission between motor shaft and output 
shaft. For UHV environments no mechanical solution to 
transmit a torque precisely with zero backlash between theses 
axis was available. 

 
Figure 2. Comparison between serial and folded powertrains. 

 
2.1. Concept 

The new drive concept has to be able to withstand vacuum 
environments without gassing into the vacuum and thus 
preventing the vacuum system from reaching its desired 
pressure. The main functionality is that it has to be able to 
transmit the torque from the motor shaft to the output shaft 
with a high angular accuracy. 

A coupling gear in the form of a parallel crank drive, which 
can be seen in figure 3, is seen as suitable because it can be 
manufactured with materials suitable for vacuum applications 
and transmits a rotary motion with a high angular accuracy. 
This kind of transmission element can be found in e.g. 
locomotives where it is used to transmit the torque from one 
pair of wheels to another. The parallel crank drive consists of 
two conrods (1) with an offset of 90 degrees. This offset is 
needed to prevent the driven crank disc from changing its 
direction of rotation when the corresponding conrod reaches 
its top or bottom dead center. 

 

  
Figure 3. Principle sketch of a crank drive in a folded powertrain. 

2.2. First Prototype 
To reduce development time and costs most of the parts of 

the first prototype were taken from standard hexapod struts. 
Therefore the first prototype is not vacuum compatible and 
was only tested in standard environment. Only the parts for the 
transmission element were changed and vacuum compatible 
materials were used. Figure 4 shows the first prototype with a 
partial cut to reveal the parallel crank drive. The right crank 
disks are mounted in the housing via ball bearings. The left 
crank disks are mounted on the motor shaft and the output 
shaft. The coaxial crank disks are connected by intermediate 
cranks. The length of these cranks provides the mentioned 
offset of 90 degrees between the crank disks. 

 
Figure 4. Sectional cut of the first prototype. 

 
2.3. Optimized Prototype 

During testing and qualification of the prototype some 
optimization possibilities were identified. Every time one of the 
conrod reaches the top or bottom dead center deviations in 
position accuracy of the prototype are measured. First the 
insufficient bearing system of the right crank disks was 
suspected. But this suspicion was proven wrong. Instead 
peculiarities of the coupling drive are the reason for these 
deviations. 

 

 
Figure 5. Identification of the drive elements in the principle sketch and 

the real crank drive. Based on [5]. 

 
When calculating the degree of freedom with the standard 

equation taken from [5] the resulting degree of freedom 𝐹 is 
zero as shown below. 𝑏 describes the number of possible 
movements. Since the parallel crank drive is a planar 
mechanism, the resulting number of possible movements is 
three - two translational movements and one rotatory 
movement. 𝑛 describes the number of single links. As shown in 
figure 5 there are five single links. 𝑔 describes the number of 
joints. The crank drive consists of six joints (12, 25, 23, 14, 45 
and 34 in figure 4). 𝑓𝑖 describes the degree of freedom of the 
single joints. Every joint is a rotary joint with a degree of 
freedom of one. 

 
𝐹 = 𝑓(𝑏,  𝑛,  𝑔,  𝑓𝑖) 

 

conrod(1)

Motor

(ball) screw

conrod(1)
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𝐹 = 𝑏 ∙ (𝑛 − 1) − ∑(𝑏 − 𝑓𝑖)

𝑔

𝑖=1

 

 
𝐹 = 3 ∙ (5 − 1) − 6 ∙ (3 − 1) = 𝟎 

 
Therefore the crank drive would not be able to move. But 

practice shows that this kind of drives is in fact able to move. 
The reasons for this are so called passive bonds. When 
extending the equation above with these passive bonds the 
resulting degree of freedom becomes one and therefore the 
crank drive is able to move as shown in the equation below. 

 

𝐹 = 𝑏 ∙ (𝑛 − 1) − ∑(𝑏 − 𝑓𝑖)

𝑔

𝑖=1

+ ∑(𝑠𝑗)

𝑗

 

 
𝐹 = 3 ∙ (5 − 1) − 6 ∙ (3 − 1) + 1 = 𝟏 

 
The passive bond in this case is the condition that the length 

of certain element pairs - specifically element 1 and element 3 
as well as element 1 and element 5 in figure 5 - of the crank 
drive have to be equal. 

This is implemented to the prototype by creating the 
possibility of length adjustments of the relevant drive 
elements. Therefore the manufacturing tolerances of the drive 
elements can be kept at a moderate level, reducing the costs of 
manufacturing, while meeting the conditions of the passive 
bond. 

3. Qualification 

To qualify and compare the struts during different 
optimization iterations certain qualification parameters are 
determined. These parameters are backlash, repeatability, 
linearity and the minimum incremental motion (resolution). 

The backlash indicates the position error when the active 
moving part of the prototype changes its direction of 
movement. The repeatability describes how accurate a certain 
point can be reached multiple times. The linearity is a 
measurement for the uniformity of the movements of the 
prototype. The minimum incremental motion describes the 
distance of the smallest step the prototype can perform. 

Backlash, repeatability and linearity are determined by 
moving the prototype in small steps along a defined segment of 
its travel range and measuring the position error between 
commanded and real position at every step. This measured 
position error is then used to calculate the qualification 
parameters. Such a measurement sequence can be seen in 
figure 7. 

The minimum incremental motion is determined by 
commanding steps of decreasing sizes. If the step motion 
meets certain criteria, the step size is accepted. The smallest 
accepted step size is called the minimum incremental motion. 

 
3.1. Measurement setup 

Figure 6 shows the principle structure of the measurement 
setup for the qualification of the prototype and its 
optimizations. 

The setup consists of a fixed and a movable part. The 
prototype is mounted between these two parts. The moving 
part of the setup is mounted with flexure joints. The main 
advantage of this kind of joints is the absence of play and 
almost no friction within the joints. A controller is connected to 
the prototype and the measurement system. 

 

 
Figure 6. The measurement setup. 

 
The controller reads the data from the measurement system 

and compares it with the commanded position of the 
prototype. The qualification parameters are then calculated 
with the difference between commanded and real position of 
the prototype. 

 
3.2. Measurement results 

The measured and then calculated qualification parameters 
of the final prototype are listed in table 1. These results were 
reached using the final prototype with a vacuum compatible 
stepper motor and a PI controller. 

 

Backlash 2.934 µm 

Repeatability 0.209 µm 

Linearity 7.204 µm 

Minimum incremental motion 3.000 µm 
Table 1: Results of the qualification of the final prototype. 

 
As seen in figure 7 there are still periodical deviations with a 
period length of 0.5 mm. Every peak in the curve corresponds 
to the top or bottom dead center of a conrod. This leads to the 
assumption that the passive bonds mentioned in chapter 2.3 
are not completely fulfilled. The presumed reason for this is 
that the length adjustment of the drive elements is highly 
subjetive. The length of the elements is adjusted by feeling and 
therefore the qualitiy of the adjustment depends on the skill 
level of the person assembling the drive. 
 

 
Figure 7. Plotted corresponding mesurement sequence of the results 

showed in table 1. 

5. Conclusion 

In various optimization iterations a working prototype of a 
new drive concept for folded powertrains for hexapods has 
been developed. While analyzing the first prototype 
peculiarities of the coupling drive, so called passive bonds, 
were identified to be the cause of unsatisfactory qualification 
results. A solution to comply with these passive bonds was 
developed. Figure 8 summarizes the qualification results of the 
different optimization iterations.  
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Figure 8. Change of qualification parameters of the optimizations. 

 

Finally the backlash was reduced to 2.934 µm and the 
unidirectional repeatability value was reduced to 0.209 µm. 

Using direct metrology using an additional sensor for 
measuring the position on axis the position accuracy can be 
improved additionally. All tests were performed in a laboratory 
facility in a standard environment. 

6. Outlook 

For future tests a prototype strut will be manufactured with 
regards to the UHV manufacturing guidelines. This prototype 
will be tested and qualified within vacuum environments. The 
thermal behavior, position stability, position error, 
repeatability, backlash and minimum incremental motion will 
be qualified within different pressure rates (down to UHV). The 
outgassing rate will also be analyzed to validate the strut 
performance. 

 If this test in an UHV environment is successfully a complete 
hexapod system with new UHV struts will be manufactured, 
and the system performance will be qualified. A rendered 
image of such a hexapod system with new UHV struts is shown 
in figure 9. 

 
Figure 9. Rendered image of a hexapod system with new UHV struts. 
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Abstract 
To address the increase in tight tolerance requirements for small parts produced by precision manufacturing, on-machine optical 
areal surface topography instruments are emerging. To calibrate these instruments and estimate their measurement uncertainty, 
their metrological characteristics need to be determined according to ISO 25178 part 600. In this paper, the amplification coefficient 
and linearity deviation metrological characteristics in the vertical axis of a prototype compact on-machine focus variation areal 
surface texture and form measurement sensor are determined. With a series of experiments in different positions of the vertical axis 
using calibrated materials measures with heights from 0.2 µm to 1000 µm, we determine the amplification coefficient and linearity 
deviation for the vertical axis. In addition, with a procedure derived from ISO 10360 part 8, the maximum permissible unidirectional 
stationary error of the vertical axis is determined.  
 
Metrological characteristics, axial calibration, on-machine metrology, focus variation    

 

1. Introduction 

Advances in precision manufacturing technologies lead to an 
increase in the tight tolerance requirements of small parts. To 
measure such tolerances to sub-micrometre accuracy and avoid 
the measurement instrument’s influence on the measured 
features, in contrast to the traditional contact measurement 
instruments, commercial non-contact optical areal topography 
instruments are emerging. On-machine areal topography 
instruments are becoming popular because surface texture and 
form errors can be used as the fingerprint of the manufacturing 
process [1].  

Focus variation microscopy (FVM) areal topography measuring 
instruments provide measurement data using an optical setup 
along with a high-precision encoder for measurement axis 
position measurement [2]. To calibrate a FVM instrument, a 
series of standardised metrological characteristics must be 
determined [3], where calibration is defined as “an operation, 
under specific conditions, in a first step required to establish a 
relation between the quantity values with measurement 
uncertainties provided by measurement standards and 
corresponding indications with associated measurement 
uncertainties and in a second step, uses this information to 
establish a relation for obtaining a measurement result from an 
indication” [4]. In practice, calibration of the instrument refers 
to a series of operations required to establish the contribution 
of the metrological characteristics to the measurement 
uncertainty associated with the instrument measurements [5,6]. 

In this paper, we address the metrological characteristics 
associated with the on-machine focus variation sensor 
measurement axis in section 2, the experimental design and 
measurement procedure are explained in section 3, 
measurement data and analysis are presented in section 4 and 
finally the conclusions and future work are given in section 5. 

2. Metrological characteristics 

The metrological characteristics used for FVM instrument 
calibration include: amplification coefficient, linearity deviation, 
residual flatness, measurement noise, lateral period limit and xy 
mapping error [5,6]. In this paper, we address the amplification 
coefficient, linearity deviation and maximum permissible 
unidirectional stationary error associated with the on-machine 
FVM sensor measurement axis (z-axis) using calibrated material 
measures. These characteristics are defined as: 

• Amplification coefficient is the slope of the linear 
regression curve obtained from the response curve 
[5,6]. 

• Linearity deviation is the maximum local difference 
between the line from which the amplification 
coefficient is derived and the response function [5,6]. 

• Maximum permissible unidirectional stationary error 
𝐸𝑈𝑛𝑖𝑍:𝑆𝑡:𝑂𝐷𝑆,𝑀𝑃𝐸   is determined using a method 

derived from the ISO 10360-8 maximum permissible 
error determination procedure ( where 𝑈𝑛𝑖𝑍 indicates 
the measurement direction, 𝑆𝑡 for stationary, ODS for 
optical distance sensor and 𝑀𝑃𝐸 for maximum 
permissible error) by the measurement of height steps 
in a single field of view [7].  

3. Experimental design 

The compact on-machine FVM sensor used is presented in 
reference [8] and has a magnification 20× (0.4 numerical 
aperture, working field of view 0.59 mm × 0.59 mm and sampling 
distance approximately 0.30 µm) objectives lens, together with 
ring light illumination. The working range of the z-axis is 15 mm. 
Single step height artefacts were measured in five positions 
within the working range of the instrument and the 
measurement positions were chosen to cover the total working 
range. Each step height artefact has measured at 90% 
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(13.5 mm), 70% (10.5 mm), 50% (7.5 mm), 30% (4.5 mm) and 
10% (1.5 mm) of the instrument working range [9]. 

As shown in Table 1, eight different step height artefacts with 
nominal heights from 0.2 µm to 3000 µm were chosen for the 
measurements. The nominal 3000 µm step height was built with 
two gauge blocks and calibrated with a focus variation 
instrument with a calibrated axial response [7]. The 0.2 µm to 
7.5 µm step height artefacts were calibrated at PTB using an 
interference microscope according to VDE/VDI 2655, the 24 µm 
and 50 µm step heights were calibrated at PTB using a traceable 
stylus instrument and the 1000 µm step height artefact was 
calibrated at a DKD calibration laboratory using a gauge block 
measurement system.  

 
Table 1 List of used step height artefacts. 

 

Artefact Calibrated height/µm Uncertainty/µm at k 
= 2 

Step height 1 3000.46 ±0.50 

Step height 2 1000.00 ±0.10 

Step height 3 49.75 ±0.25 

Step height 4 23.97 ±0.15 

Step height 5 7.51 ±0.15 

Step height 6 2.4 ±0.15 

Step height 7 0.75 ±0.15 

Step height 8 0.24 ±0.10 

 

As we are using the prototype version of the FVM, before 
starting the measurement, the instrument was adjusted for field 
curvature correction by estimating the form error and by 
removing it using the software settings for the used objective 
lens. All measurements are performed with the same 
measurement settings. Measurements were performed in a low 
noise laboratory environment. 
 
Table 2 Estimation of measurement uncertainty budget. 
 

Measu
red 
step 
height/
µm 

Calibration 
certificate 
uncertainty
/µm 

Estimated 
instrument  
uncertainty
/µm 

Measurem
ent 
procedural 
uncertainty
/µm 

Computed 
Test 
uncertainty
/µm 

1000 0.1 0.2 0.017 0.233 

50 0.25 0.2 0.165 0.360 

24 0.15 0.2 0.068 0.259 

7.5 0.15 0.2 0.044 0.253 

2.4 0.15 0.2 0.031 0.251 

0.75 0.15 0.2 0.008 0.250 

0.24 0.1 0.2 0.011 0.223 

 
As shown in Table 2, the estimated measurement uncertainty 

at each measurement step was noted and the maximum 
standard deviation of the squared sum of these values is 
computed as the measurement test uncertainty, i.e. ±0.360 µm. 
This includes the measured step height uncertainty value from 
calibration certificate using a traceable instrument, the 
estimated uncertainty of the measuring instrument and 
measurement procedure, including the profile analysis (which 
includes the direction of the profile selection, profile width, 
orientation of the profile width, choosing  the rectangle area to 
apply the levelling to the workpiece coordinate system, and 
choice of the measuring points for the step height 
measurement). It is difficult to measure the expansion 
coefficient of the instrument at this stage of the prototype 
development; therefore, the expansion coefficient is not 
considered for the uncertainty estimation.  

The measurement procedure of the step height value 
determination is explained below and an example procedure is 
shown in Figure 1. 

 

 
 
 

 
 
 

        
 

 

 
 

 
Figure 1. The procedure of the step height measurement analysis 
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The measurement procedure for the calibration is as follows. 
1. Clean the measurement artefact and place it at the 

focus plane.  
2. Select the desired measurement position from the 

live view and configure the appropriate software 
settings for measurement. 

3. The measured areal data is analysed using 
commercial software provided by Alicona (Alicona 
Measure Suite). 

4. The measured data is levelled to the workpiece 
coordinate system. 

5. A profile width is chosen to cover most of the 
measurement area.  

6. Step height is extracted from the chosen profile area. 
7. With a derived method from the ISO 5436-1 [10], step 

height artefact profile analysis procedure, the step 
height value is computed for single step height 
measurement. 

4. Results and analysis 

A total of forty measurements were performed with the eight 
step heights measured at five different positions. Due to the 
measurement test uncertainty caused by the prototype optical 
setup and illumination, the 3000 µm step height measurement 
does not contain enough high quality measurement data 
(measurement data contains many missing points, as it is unable 
to choose the profile area without holes for profile analysis) to 
do the profile analysis. Due to the small field of view of the 
working objective lens, the bottom plane of the step height is 
unable to focus properly with ring light illumination which leads 
to the missing points in the measured data. Therefore, the 
results from the 3000 µm step were not taken into consideration 
for further analysis.  

To estimate the repeatability of the measurement, at one 
measurement position, each step height is repetitively 
measured five times. The repeatability value is computed as the 
standard deviation of the mean of the measured values at the 
same measurement position, and was found to be 0.012 µm. 

 
Table 3 Measurement error by comparing the measured height step 
values to the reference values at different measurement positions. 

 
Measured 
Step height 

90% 
Error/ 
µm  

70% 
Error/ 
µm 

50% 
Error/ 
µm 

30% 
Error/ 
µm 

10% 
Error/ 
µm 

1000 µm 0.052 0.075 0.1 -0.044 -0.056 

50 µm -0.082 -0.072 -0.059 -0.021 -0.032 

24 µm 0.001 -0.13 -0.033 0.005 0.106 

7.5 µm -0.015 -0.091 -0.105 -0.048 -0.016 

2.4 µm -0.049 -0.088 -0.078 0.014 -0.011 

0.75 µm 0.002 -0.011 0.007 -0.019 -0.009 

0.24 µm -0.011 0.001 0.002 -0.005 0.006 

 
Step height measurement errors were computed by 

comparing the step height measurements with their reference 
values and errors are plotted in Figure 2. A maximum error of 
0.13 µm was reported at 70% of the working range for the 24 µm 
artefact and the minimum error of 0.001 µm was reported at 
70% of working range for the 0.241 µm artefact. As shown in 
Table 3, the measurement errors show that all the measured 
values were in the range of the reference uncertainty values of 
the measured artefacts.  

 

 
 
Figure 2. Measurement error plot: the green lines indicates the 
maximum permissible error limit from the measurement errors and the 
orange lines indicates the maximum permissible error limit including the 
measurement test uncertainty for the measurement axis. 

 
As we can see in the measurement error plot, all the 

measurement errors lie between the -0.13 µm and 0.13 µm and 
the estimated measurement test uncertainty is 0.360 µm. The 
maximum permissible unidirectional stationary error of the 
measurement axis 𝐸𝑈𝑛𝑖𝑍:𝑆𝑡:𝑂𝐷𝑆,𝑀𝑃𝐸   (derived from the ISO 

10360-8 maximum permissible length measurement error 
procedure [8]) is computed as the sum of the measurement test 
uncertainty, maximum error value and a length coefficient. This 

is given by 𝐸𝑈𝑛𝑖𝑍:𝑆𝑡:𝑂𝐷𝑆,𝑀𝑃𝐸 = 0.49 µm ±
𝐿

2500
 (where L is the 

length of the sample in millimetres). 
The amplification coefficient is determined by fitting a line to 

the determined step heights using the least-squares method [5]. 
Linearity deviation is computed as the maximum local difference 
between the line from which the amplification coefficient is 
derived and the response function. At the different working 
ranges of the measurement axis, the amplification coefficient 
and linearity deviation values are computed and listed in Table 
4. 
 
Table 4 Amplification coefficient and the linearity deviation at the 
different positions of the measurement axis. 

 
Measurement 
position/mm 

Amplification 
coefficient 

Linearity 
deviation/μm 

90 % ~ 13.5  1.0000 0.129 

70% ~ 10.5  1.0001 0.208 

50% ~ 7.5  0.9998 0.168 

30% ~ 4.5 0.9998 0.077 

10% ~ 1.5 0.9998 0.110 

 
The amplification coefficient of the whole measuring range is 

computed as the mean of the amplification coefficient at 
different measurement positions, i.e. 0.9999. This shows that 
the measurement axis response is close to the ideal response 
curve with less than 0.0001% of deviation. 

The maximum linearity deviation 0.208 µm is reported at 70% 
of the working range and the minimum linearity deviation 
0.077 µm is reported at 30% working range of the measurement 
axis. The linearity deviation of the whole working range of the 
measurement axis is computed as the absolute maximum of the 
linearity deviations at different measurement positions, i.e. 
0.208 µm. 
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5. Conclusion 

In this paper, the amplification coefficient, linearity deviation 
and maximum permissible unidirectional stationary error of an 
on-machine focus variation sensor measurement axis are 
determined using single-step height artefacts. The results show 
that the mean amplification coefficient is 0.999 and the linearity 
deviation is 0.208 µm. The measurement error values show that 
all the measured values are in the uncertainty range of the 
measured artefacts.  

In this experiment, the measurements were carried out with a 
prototype version of the optical setup to evaluate the 
performance of the measurement axis. In the near future, we 
are planning to determine the whole sensor metrological 
performance with the fully developed optical setup, which is 
corrected for aberrations and distortions.  
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Abstract 
In precision manufacturing, the demand for positioning solutions that enable accurate and precise positioning and repositioning of 
one object relative to another is critical. Current state-of-the-art solutions employ expensive motorized chucks or stages that provide 
near-continuous variation in position or rotation with a final resolution and precision that largely depends on the accuracy of the 
control of said motorized units. Other less versatile, but simpler solutions make use of basic kinematic coupling principles taking 
advantage of the deterministic nature of the positioning they provide. The work presented here combines the rotational flexibility of 
a motorized chuck while maintaining the high precision of a deterministically defined positioning concept obtained through kinematic 
coupling principles. By using multiple sets of radially distributed three vee-grooves paired with three spheres on two different wedge-
shaped bodies, it is possible to change the inclination of the top plane of the upper wedge with regards to the bottom plane of the 
lower wedge solely by rotation of the two wedge-shaped bodies relative to one another. The developed apparatus has been 
manufactured in stainless steel 316L and evaluated using a tactile coordinate measurement machine showing xyz single-digit  
micrometer range repositioning repeatability, as well as an inclination angle with average of the variances of 10 µrad for 10 repeated 
measurements of seven different angles respectively. Lastly, the apparatus has been tested in a measurement setup for a laser 
scanning confocal microscope showing little need for training of the user, while providing a degree of flexibility and repeatability 
usually only achievable with complex goniometer systems. 
 
Kinematic Coupling, Positioning, Goniometer, Fixturing 

 
 

1. Introduction 

When measuring high quality surfaces with complex 
geometries it is higly desireable to be able to accurately and 
repeatably locate and measure specific features that may be in 
the dimensional order of a few microns. Therefore the use of 
accurate and precise fixtures for positioning is part of the 
fundamental need to ensure high quality measurements with 
reduced uncertainty. 

There are several ways in which this particular need may be 
satisfied such as through the use of expensive motorised chucks 
or stages providing near-continuous variation in positional or 
rotary translation. However the accuracy and repeatability of 
these motorized chucks are highly dependent on the accuracy of 
the employed control unit, thereby increasing the demand and 
thus the cost for such units. 

Another way to ensure a high degree of accuracy and 
repeatability is through the use of kinematic coupling principles 
that exploit the discrete individual constraining of each of the six 
degrees of freedom (DOF): xyz-translation and xyz-rotation. One 
of the main abilities of kinematic couplings is the 
deterministically defined positioning behaviour which leads to 
an inherent high accuracy and repeatability. Such kinematic 
principles have been known for centuries, and prominent 
historical persons such as W. Thomson, 1st Lord of Kelvin (1824-
1907) and J. C. Maxwell (1831-1879) are the originators to the 
most well-know coupling principles: the Kelvin Clamp and the 
Maxwell Clamp that can be seen in Figure 1  [1]. 

The work presented in this study  exploits the potential 
application of kinematic couplings principles in the construction 
of a fixturing unit through the combination of the rotational 
flexibility of motorized chucks with the deterministic behaviours 
of the kinematic coupling capabilities by the Maxwell Clamp 
design. 

            

Figure 1. a) Kelvin Clamp constraining all six DGF through a triangular 
hole, a channel and a flat face; b) Maxwell Clamp constraining all six DOF 
through three identical wedge-shaped channels. Adapted from [2]. 

2. Precision Fixture Design 

Published work on design and testing of kinematic coupling 
principles, as well as general experience with kinematic 
coouplings presented by Slocum et. al. (1988-1992), was 
consulted throughout development and testing of the precision 
fixturing device presented in this study [3-5]. Furthermore, work 
by Hale et. al. (2000) has been consulted in the design of vee 
angle for improved repeatability [2]. 
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The developed fixture consists of, but is not limited to, four-

part components that are stacked on top of each other. The 
interfaces between the components contain kinematic coupling 
elements referring to the concept of the Maxwell Clamp, shown 
in Figure 1. A schematic drawing of the designed fixture can be 
seen in Figure 2. 

   

           

Figure 2. Schematic line drawing of the fixture as seen from two 
different viewing angles: a) Top isometric view; b) Bottom isometric view 

   
As it can be seen in Figure 2, the top face of the three lower 

components contain kinematic elements in the shape of 
spheres, while the bottom face of the three upper parts contains 
kinematic elements in the shape of vee-grooves. By 
incorporating multiple sets of three vee-grooves, radially 
distributed over the bottom faces of the three upper parts, it is 
possible to allow for a relative rotary motion between the part 
components.  

2.1. Multiple-Inclined Repositioning 
When applying a relative rotary motion between the two 

central wedge-shaped part components of the fixture, the 
resulting top plane is tilted relatively to the bottom plane. This 
inclinational motion is illustrated in Figure 3. Due to the multiple 
sets of radially distributed three vee-grooves it is possible to 
achieve a certain amount of discrete steps in the inclination 
range. The design is presented in Figure 2 and 3. It allows for five 
discrete inclinations of the top plane within the inclination range 
of 0 degrees to 25 degress. 

             

Figure 3. The designed fixture axially rotated to reveal six of seven 
different inclination steps that can be achieve with the current amount 
of radially distributed sets of three vee-grove kinematic elements.  

3. Inclined Kinematic Goniometer Experimental Validation 

In order to experimentally validate the developed inclined 
kinematic goniometer, a physical model has been manufactured 
in AISI 316L Stainless Steel using CNC milling. The manufactured 
model is shown in Figure 4 in its 0 degree and 25 degree 
inclination configurations.  

The fixture restacking repeatability has been determined using 
a Zeiss OMC850 coordinate measurement machine (CMM) 
equipped with contact probe having a synthetic ruby sphere 
with nominal diameter of 3 mm. By fixating the lower 
component and repeatably restacking the full fixture, the 
movement of the center point of the top component has been 
evaluated by three different operators each performing 10 
repeated measurements. The associated expanded uncertainty 
with the xyz-measurement of the top plane center point has 
been evaluated according to the ISO 15530-3:2011 [6]. The 
inclined repositioning has been evaluated following the same 
procedure of restacking all fixture components apart from the 
lower fixated component, and evaluating the top plane 
inclination relative to the bottom plane by performing 10 
repeated measurement at each individual inclination.  
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Figure 4. The manufactured precision fixture prototype shown in 
horizontal as well as maximum inclination configuration. 

4. Results and Discussion 

From Table 1 it can be seen that an expanded uncertainty of 
3 µm was achieved for the x and z position while the y-position 
showed an expanded uncertainty of 8 µm. Due to the setup of 
the measurement strategy such expanded uncertainty includes 
the reproducibility of that specific fixture through different 
operators. 

Table 1. Measured reference position of fixture top center point in 
horizontal position stated with its associated expanded uncertainty. 

Measurement ID Avg. /mm U /mm 

x-position 35.206 0.003 
y-position 34.989 0.008 
z-position 31.976 0.003 

 
It can be seen from Table 2 that the standard deviation (STD) 

of the inclination angle of the top plane relative to the bottom 
plane of the precision fixture ranges from 3 µrad, as the lowest 
value achieved for the horizontal postion, to 14 µrad as the 
highest for an inclination of about 22°. The average variance for 
any angle is evaluated to be 93 µrad2 (standard deviation of 
9.6 µrad). The difference in STD for the different angles is 
deemed due to the shift in the position of the center of mass of 
the fixture during the rotary motion. This can also be seen from 
Figure 3 where the center of mass of the two top compontents 
is placed along the central axis in the horizontal position while it 
is shifted towards one side in the position at the maximum 
inclination. Additional investigation of the influence on the 
stability of the fixture due to the translation of the center of 
mass may provide an explanation towards the difference in STD.  

Table 2. Repeated measurements of the seven different angles 
achieved  with the manufactured prototype fixture. STDrel evaluated 
based on STD/(180-AngleAvg). 

≈ Angle /° Avg. /rad STD /µrad STDrel / × 10-4 % 

0 ≈ 0 3 1.4 
6 0.112 7 2.2 

12 0.218 7 2.4 
18 0.311 11 3.9 
22 0.382 14 5.1 
24 0.424 13 4.7 
25 0.436 8 2.9 

Avg - 9.6 - 

After the preliminary geometrical investigation of the 
repeatability of the fixture, a lab scale test session was  
conducted. The fixture was tested in a measurement setup with 
a laser scanning confocal microscope. It is shown in Figure 5. For 
this test an experienced operator and an inexperienced operator 
were subjected towards the use of the fixture. It was found that 
the inexperienced operator was equally capable of using the 
fixture as the experienced operator after performing few 
measurements. This suggests that a simple and intuitive design 
of the fixture components was achieved. For this test an 
alignment component was mounted on the top face of the 
fixture allowing for the placement of measurement samples 
having an overall xy size of 10 mm by 10 mm. 

  

Figure 5. The manufactured precision fixture in a measurement situation 
with a confocal laser scanning microscope where the surface roughness 
of a sidewall geometry of a protruding feature is being evaluated. 

 
The manufactured fixture gives an indication of the 

capabilities of the presented design, even though additional 
improvements may be able to reveal even more possibilities. 
One well known limitation for kinematic couplings with small 
spherical elements is the large impact from the Hertzian contact 
stresses giving rise to potential indentation and brinelling of the 
adjacent contact element. An example of this phenomena was 
actually found and is shown in Figure 6. This example of 
brinelling in the case of the fixture originates from the 
combination of 5 mm diameter spheres as the circular contact 
element and the application of AISI 316L Stainless Steel with a 
low yield strength of 250–350 MPa. However, there are means 
for solving this issue such as changing the shape of the contact 
element as well as altering the material either by changing the 
base material to a material with a higher yield strength or by 
subjecting the material towards hardening or surface treatment 
procedures. 

  

Figure 6. Indentation/Brinelling happening in the fixture vee-groove due 
to the combination of a small sphere diameter and a soft material. 
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The current design of the fixture exploits an incremental range 

with seven steps between 0° and 25°. However with a modified 
design it would be possible to change this range as well as to 
vary the amount of incremental steps. Furthermore a different 
area of application may be achieved by exchanging the current 
kinematic contact elements with other type of contact elements 
with different properties. 

5. Conclusion      

In this study a novel design of an accurate kinematic coupling 
fixture for repeatable multiple-inclined repositioning has been 
presented and validated. The developed fixture exploits the 
concept of multiple stacked Maxwell Clamps thereby combining 
some of the flexibility from conventional motorized chucks with 
the high precision of a deterministically defined position concept 
found in the field of kinematic couplings. The experimental 
validation of the fixture design showed repeatability in the 
single-digit micrometer range and an average STD of the 
inclination angle repeatability of about 10 µrad. These results 
were achieved despite the effect of brinelling that was 
experienced. By implementing the suggested changes a much 
improved repeatability could be achieved. The current design of 
the fixture exploits a selected range of inclination angles and 
inclination steps, however with potential design alterations the 
fixture concept may be manufactured to suit a much broader 
range of applications. 
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1. Introduction 

Recently,  due  to  the  product  trend  toward  small  batch 
production,  high‐performance,  and  short  life  cycle,  smart 
manufacturing is believed to well cope with the dynamic change 
of  production  industry.  To  realize  smart  manufacturing,  the 
fundamental  component  is  to  employ  a  smart  machine  with 
various sensors or to implement multiple sensors to an existing 
machine.  Therefore,  on‐machine  measurement  or  in‐suite 
measurement raised much attention in recent approaches [1‐4]. 
In previous study [5], the PAD based on FPGA was proposed and 
the motion behaviours  of  linear  and  simultaneous motions of 
multi‐axis  were  reported.  In  this  paper,  the  effect  of  feeding 
speed to the motion behaviour of a machine tool is presented.   

2. Configuration of the PAD 

The PAD being capable of capturing the position information 
of a machine tool is via an additional shunt circuit connected to 
the  existing  encoder  circuit.  Fig.  1  shows  the  signal  paths 
between the NC controller with a personal computer (PC‐1) and 
the  implemented  PAD with  computers  of  PC‐2  and  PC‐3.  The 
PAD  is mainly  consisted of  a  FPGA‐based  real‐time  controller. 
Due  to  high‐speed  FPGA  modules,  the  device  can  real‐time 
acquire the encoder signals of linear motions of the X‐, Y‐, and Z‐
axis, and rotational motion of the C‐axis of the machine tool via 
the DI (digital input) module. After acquiring the encoder signals, 
the positions and rotational angle can be expressed by means of 
the output voltages via the AO (analogy output) module ranging 

from 10 to 10 V.   

3. Experimental configuration   

An existing machine  tool  is employed  to examine  the effect 
caused by feeding speed. Main specification of the machine tool 
and the experimental configuration are provided in this section.   
 

 
 

Figure 1. Configuration of the PAD [5] 
 
Table 1 Main specification of desktop ultraprecision machine 
 

Travel range  X,Y, Z‐axis: 100 mm 

C‐axis:  360° 

Abstract  
   
Smart manufacturing raises much interesting in current industry. One of the fundamental works to cope with the current production 
trend is to develop a smart machine for a legacy precision machinery by integrating various sensors. In this paper, the effect of the 
feeding speed to the motion behaviour of a machine tool was examined via an implemented real‐time position acquisition device 
(PAD).  It was found that the machine tool behaved as a significant time‐vary system while moving. The  information  is useful  for 
developing a smart machine to decrease the motion error.  
  
  
Smart manufacturing, real‐time position acquisition, FPGA, on‐machine measurement  
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Feed rate  X,Y,Z‐axis : 1800 mm/min 
C axis : 600 rpm 

Feeding 
resolution 

X,Y, Z‐axis : 0.1 μm 

C‐axis :  0.0225° 

 
3.1. Specification of machine tool   
The machine tool used for examining the effect caused by the 

feeding speed is a 4‐axis desktop ultraprecision machine (Trider‐
X, from Nexsys Inc., Japan), with the major specification listed in 
Table 1. Each linear axis is driven by a servomotor coupled with 
a  ball‐screw  transmission mechanism,  and  the  straightness  of 

linear  guides  is  2/80  m/mm  along  x‐  and  y‐axes,  and  7/80 

m/mm along z‐axis. To avoid disturbance from the operational 
environment,  a  passive  vibration  air  table  is  equipped  at  the 
bottom of the machine tool. 
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3.2. Experimental condition 
To  examine  the  motion  behaviour  affected  by  the  feeding 

speed, three kinds of speed were set as 30, 60, and 90 mm/min. 
The examining range was set as 10 mm. However, to prevent the 
effect of transient motion caused by start‐up, a pre‐set distance 
was given. The increment step for the G‐code command was set 
as 0.1 mm.   

4. Experimental results   

4.1. Recorded motion behaviour 
Experiments were performed for linear axes of X, Y, and Z‐axis. 

Fig.  2  shows  the  recorded motion behaviour  of  X‐axis motion 
and error between the command and measure. As shown in Fig. 

2.(b),  the  peak‐to‐valley  error  ex  was  calculated  as  12.7m. 
Compared  with  the  motion  range  of  10  mm,  the  error 
percentage was obtained as 0.13%.   

   

 
(a) Motion behaviour of X‐axis 

 
(b) Error between command and measure 

Figure 2. Measured motion behaviour caused by the feeding speed of 30 
mm/min 

 

4.2. Motion behaviour affected by feeding speed 
To examine the effects caused by different feeding speeds of 

30, 60, and 90 mm/min, experiments were performed with the 
results shown in Fig. 3. It was found that the error located in the 

range of 12.7 to 40.8 m. For the cases of the X‐ and Z‐axis, the 
motion errors were with a similar trend affected by the feeding 
speed, however, for the case of the Y‐axis, very different results 
were obtained. Although  the effects  caused by  feeding  speed 
were  not  found  with  a  specific  property,  the  machine  tool 
together  with  the  operational  environment  behaved  as  a 
significant  time  varying  system  was  confirmed  through  the 
experiments.  To  further  verify  the  recording  accuracy  of  the 
implemented PAD, a laser interferometry employed to calibrate 
the measuring system is considered. 

 
Figure 3. Motion error affected by feeding speed 

5. Conclusion   

In  this  paper,  the  effect  of  feeding  speed  to  the  motion 
behavior of a machine tool was examined via an implemented 
PAD. Although it was found that the effect was without a specific 
property, the machine tool under the operational environment 
behaved  as  a  significant  time  vary  system  was  found. 
Nevertheless,  the data  collecting  system can be applied  to an 
existing  machine  to  form  a  smart  machine.  This  is  useful  in 
developing a smart manufacturing system. Future works are to 
calibrate  the  PAD  through  a  higher  precision  measurement 
device  and  to  examine  the  environmental  parameters  that 
would affect the motion behavior of a machine tool. 
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Abstract 
 
In profile polymer extrusion, the die is one of the critical element of the process and it allows to produce kilometers of extrudates 
with very complex cross-sections at high production rates. However, the design phase of a die usually results to be a time-consuming 
and cost-intensive phase of the manufacturing process chain. Moreover, tight dimensional tolerances and accurate surface finish are 
extremely important attributes for the proper functioning of the extrusion products.  
In the delopment phase of new extrudate products, Additive Manufacturing (AM) has the potential to be an appropriate technology 
for the manufacturing of extrusion polymer dies in order to shorten lead time and pilot production costs. Continuous Liquid Interface 
Production (CLIP) is a recently developed photopolymer-based AM technology and it has been selected for facing these challenges.  
In this study, polymer AM dies have been produced in CE221, a photo-resin with high thermo-mechanical properties with Continuous 
Liquid Interface Production (CLIP). The polymer dies were tested on an industrial production line and proved to be able to withstand 
the demanding process conditions, yielding up to 300 m of extruded product. The capability of the newly established process 
manufacturing chain was demonstrated to be comparable with the conventional process chain based on machining of tool steel dies 
in terms of surface finish and dimensional accuracy. 
The material selection for the die manufacturing was vital to prove this new concept and no tool failure occurred during the 
production. Manufacturing accurate tools is indeed necessary in order to meet the demanding quality requirements and this is 
another challenge that has to be fullfilled. A dimensional metrology study on selected features of the AM fabricated dies was 
performed. The analysis highlighted the most relevant issues that must be taken into account and managed before a successfull 
integration of the AM technology in the extrusion process chain can be realized. 
 
3D printing, Extrusion, Polymer, Tooling  
   

1. Introduction   

In the Industry 4.0 context, the need for flexibility in the  
manufacturing field is becoming one of the most important 
attributes to be achieved [1]. With the focus of increasing the 
flexibility for the manufacturing of polymer profiles, AM polymer 
dies were fabricated and tested in an extrusion production line, 
aiming for a faster and more cost effective solution in new die 
development. Continuous Liquid Interface Production (CLIP) is a 
photopolymer-based AM technology developed by Carbon 3D 
and it was selected for this study. [2]  

For this purpose, a new conical die design for the polymer AM 
dies was manufactured and validated on an extrusion line. A 
number of selected features of the AM fabricated dies have 
been measured and the comparison between these values with 
the references is presented, showing the differences detected 
before and after the extrusion experiments.  

2. Polymer AM dies fabrication and extrusion  

Three dies (named A, B, C), all having the same design  were 
manufactured with an M2 CLIP machine by Carbon 3D in CE221, 
a photo-resin with high thermo-mechanical properties (see 
Figure 1 right). The dies were mounted on an extrusion line. 
Extrusion process parameters were as follows: melt 
temperature of 150°C and extrusion speed of 8 m/min.  

 
For comparison reasons, the conventional flat steel die with a 
land length of 6 mm, was tested at the same process conditions 
prior to the polymer AM dies (see Figure 1, left). 

Compared to the flat steel die, the design of the polymer dies 
was changed to reinforce the structure in order to obtain a 
longer tool life [3]. Indeed, a conical die inlet, able to guide the 
flow through the die channel avoiding abrupt changes, has been 
added on top of the original design with a die land of 6 mm. 
Therefore, the overall thickness has been increased up to  15 
mm. The land length was kept at 6 mm in order to keep the 
values of pressure as close as possible to the ones detected on 
the flat steel die. A polishing step was also performed on the 
internal surfaces of the die land, for a better finishing of the final 
products. 

 
Figure 1. On the left, the flat steel die showing the profile selected for 
the experiments. On the right, die B with the new conical design and with 
the extrudate produced.  
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After the AM fabrication, the cylindrical lateral surfaces of the 
polymer dies were post-processed by milling in order to reduce 
their external diameter to 55.50 mm for fitting purposes. This 
choice was made in order to allow the dies to expand given the 
heat provided to them by the extruded melt polymer. 
 
3. Polymer AM dies dimensional evaluation        

 
The profile wall thickness on the polymer dies was measured at 
the die outlet in the regions represented by T_1, T_2 and T_3, 
along with the six diameters (D_1, D_2, D_3, D_4, D_5, D_6) as 
indicated in Figure 2.  

Figure 2. Nominal values of diameters and thicknesses measured on the 
die outlet. 
 

The outlet die surfaces were scan with the a focus variation 
microscope Alicona Infinite Focus G4 using a 5x magnification 
lens. The measurements were performed before and after the 
tests and analysed using the SPIP software by Image Metrology 
(version 6.7.7). Three repeated measurements for each feature 
for all the dies were performed. The results, compared with the 
reference design value are presented in Figure 3. 

Figure 3. Measurements comparison of diameters and thicknesses 
before and after the experiments, showing the effects of the extrusion 
process on the polymer AM dies. Error bars represent the expanded 
uncertainty.  
 
Expanded uncertainty was calculated following the method 
derived from the ISO-GUM [4]. The contributors considered for 
the uncertainty budget are the measurement repeatability and 
and the instrument calibration uncertainty for lateral 
measurements (ucal,Alic(x,y)=1.4 μm). The expanded uncertainty U 

was obtained for each measurement result represented in 
Figure 3 by multiplying the combined standard uncertainty uc by 
the coverage factor k (k=2 for a level of confidence of ~95%). 
Values of U are listed in Table 1. 
 

Table 1. Expanded uncertainty calculated for dies A, B and C. 

 
 

The blue histograms correspond to the values measured after 
the fabrication of the dies with CLIP. Looking at the values 
measured after the experiments, represented by the orange 
histograms, it is possible to notice a general reduction, 
principally in subfigures (a) and (d), with some exception for the 
values in subfigure (c). Despite all parts present deviations from 
the nominal values, all the measurements are within the 
specified tolerances, both before and after the extrusion process 
is performed. 

Considering the values of thickness T_1, T_2 and T_3, as well 
as D_1 and D_2 which are a representation of the wall thickness, 
a variation of the values measured before and after the 
experiments was encountered. This was considered to be an 
effect related to the thermal expansion of CE221. The dies were 
reduced in diameter from 56 mm to 55.5 mm with a milling 
machine, i.e. less than the nominal external diameter equal to 
55.8 mm corresponding to the die holder on the extruder tool 
block. The coefficient of thermal expansion stated in the data 
sheet for CE221 is 90 µm/m°C between 100°C and 180°C. Since 
the tests have been carried out at 150°C, at this working 
temperature  the calculated external diameter of the dies results 
to be equal to 56.15 mm (considering a room temperature of 
20°C and an initial length of 55.5 mm). Therefore, due to 
constrain generated by the die holder, the dies features resulted 
in a reduction of the wall thickness at the die outlet during the 
extrusion process. As a consequence, it was considered that the 
cause of the permanent change of the features could be related 
to the material relaxiation due to the prolonged exposure to 
both the compressive stress and heat.  

4. Conclusions  

    In this study, a dimensional evaluation for four polymer AM 
dies manufactured has been carried out. Direct soft tooling for 
extrusion dies was demonstrated to be a feasible and effective 
solution to reduce lead-time and production cost when the need 
of manfacturing prototypes or small batches of extrudates 
occurs. 
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Abstract 
The microstructuring of technical surfaces by micro machining represents a promising methodology for component optimization by 
miniaturization of functional elements. For the use of micro end mills and micro pencil grinding tools (MPGT) the initial 
tool/workpiece detection represents an important procedure to ensure a defined depth of the machined structures. The present 
paper describes the design and validation of a tool/workpiece contact detection system via acoustic emission (AE) for tools at the 
micro scale. The sensor design and data analysis required to measure the tool/workpiece contact marks are described. The tests were 
performed using an electroless plated MPGT with a diameter of 50 µm, both dry and applying metal working fluid (MWF). The 
accuracy of the initial tool/workpiece contact detection system via acoustic emission was characterized via the contact marks on the 
workpiece surface. 
 
Micro grinding, acoustic emission, initial tool/workpiece contact detection   

 

1. Introduction  

Micro grinding with micro pencil grinding tools (MPGTs) and 
micro milling with micro end mills offer the possibility to 
machine structures on the micro scale. To assure reproducible 
microstructures, the initial tool/workpiece contact detection is 
essential, as it determines how accurate the depths of the 
machined grooves will be. Two common variants for the contact 
detection are the optical and the electrical detection. With 
optical tool/workpiece detection the initial chip removal is 
observed by the machine operator. This method excludes the 
use of MWF as it blurs the field of view. Another disadvantage 
of this method is that the accuracy of the initial tool/workpiece 
contact is influenced by the operator's skills. With the electrical 
tool/workpiece contact detection, an electrical potential is 
applied between the tool and the workpiece which breaks down 
on contact. In this process, both the tool and the workpiece must 
be electrically conductive and no electrically conductive MWFs 
can be used. Furthermore, workpiece materials like glass and 
ceramics are excluded as well. The acoustic initial 
tool/workpiece detection is a third method.  Min et al. showed 
that it is possible to perform an initial tool/workpiece detection 
with this method [1]. In this study, the smallest tool diameter of 
the micro end mills they applied was 77 µm. The depth of the 
milling contact marks on the workpiece was used as a measure 
for the accuracy of the process and amounted to 0.7 µm [1].  

This paper provides an experimental setup for a workpiece 
holder with integrated acoustic initial tool/workpiece contact 
detection sensor. A description of machines, tools and process 
parameters is given. Furthermore, results are presented based 
on the contact marks on the surface. Finally, in the summary the 
potential of the process for future works is discussed. 

2. Experimental setup 

The contact detection device was implemented on a four axes 
machine tool. The machine tool setup and the machine 
specifications as well as the process and the tool parameters are  

Figure 1. Machine tool according to [2] in front view and relevant    
Parameters 
 

given in Figure 1. The translative axes X, Y and Z are driven via 
precision ball screws. The X- and Y-axes are air-bearing mounted 
while the Z-axis has a cross roller bearing. 

Three electroless plated MPGTs with a diameter of 50 µm 
were used for the experiments to validate the AE-
tool/workpiece contact detection system. Figure 2 shows a SEM 
image as well as a schematic cross section of the tool applied. 
The tool consists of a steel base body which serves as a substrate 
for the abrasive layer. The layer is a nickel-phosphorous alloy 
matrix containing cubic boron nitride grits (cBN) with a nominal 
size of 5-10 µm. The layer thickness is about 5 µm [3]. 

Figure 3 shows the design of the workpiece holder for small 
workpieces. It consists of a brass base with an implemented 
cavity onto which a piezo disc was soldered. The piezo disc has 
an outer diameter of 27 mm and can oscillate freely due to the 
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cavity. Rose's metal was used as solder due to its low melting 
point of 93 °C [4] to reduce thermal stress on the cables and 
their solder joints. The workpiece used for the test was made of 
hardened 16MnCr5 (660 HV 30), had a size of 20 x 10 x 5 mm, 
and was glued directly on the piezo disc of the holder. The top 
surface of the workpiece was polished to enable a precise 
measurement of the contact marks’ depths. 

 

  
Figure 2. a) SEM image of an MPGT b) cross section of an MPGT 

 

To carry out the test, the MPGT was brought close to the 
surface of the workpiece observed with the camera. The 
rotational speed of the tool was set at 30 000 rpm. The feed in 
the direction of the workpiece was done in incremental steps of 
0.2 µm at a feed rate of 1 mm/min. The contact between tool 
and workpiece generates an AE-signal, which was converted by 
the piezo disc into a voltage signal. 

 

 
Figure 3. Schematic of the workpiece holder with piezo disc 

The signal processing is shown in Figure 4. The analogue signal 
was amplified and converted into a digital signal via a measuring 
device. The signal processing was conducted via LabVIEW. 
Potential signal drifts were removed by a digital high pass filter 
with a cut-off frequency of 10 Hz. The signal was displayed and 
evaluated by the machine operator to determinate the initial 
tool/workpiece contact based on the initial peak beyond the 
background noise. 

The tool/workpiece contact was performed three times dry 
and three times with MWF using the same MPGT in each 
experiment. Pure Twinmax, a commercially available cutting oil 
from Steidle GmbH1, was used as MWF. The workpiece surface 
was wetted with drops of the MWF.  

The evaluation of the experiment was done with a confocal 
microscope from NanoFocus1 µSurf explorer using a 20x 
objective (NA 0.9). The measured topography was used to 
evaluate the depth of the contact marks. 
 

 
Figure 4. Procedure of the AE-signal analysis 

3. Results 

Figure 5  shows the contact marks of one of the experiments. 
Figure 5a) displays the contact marks in top view while Figure 5b) 
shows the cross-section through them. The high positive values 
in Figure 5 b) are not relevant due to the fact that they can be 
interpreted as measurement errors as an effect of burr. The 
maximum depth of each contact mark relative to the workpiece 
surface is within a few hundred nanometers while the deepest 
measured contact mark is approximately -230 nm. There is no 
significant difference between an initial tool/workpiece contact 
with or without MWF due to the fact that the appearance of all 
contact marks looks similar. 

 

   
Figure 5. Depth profile evaluation of the contact marks: a) top view of 
the workpiece surface, b) cross section A-A of the workpiece surface 

4. Conclusion and outlook 

In this paper, a workpiece holder with an integrated piezo disc 
for contact detection via acoustic emission was presented. The 
validation of the AE detection system has shown that it is 
possible to perform precise initial tool/workpiece contact 
detections using a simple piezo disc. On a precision machine 
tool, the initial tool/workpiece contact with an MPGT could be 
detected by means of an AE sensor with and without the 
presence of MWF. The resulting contact marks were used as a 
criteria for the accuracy and are in the range of a few hundred 
nanometers showing that the system is reliable with and 
without MWF.  

The concept shown allows optimizations in the use of MPGTs 
for research purposes and industrial applications. The next step 
is to automate the process in order to perform it independently 
of influences of the machine operator. Furthermore, the change 
of the tool length due to wear can be measured and 
compensated during the grinding process. This enables 
structures of higher accuracy and a better evaluation of the 
mechanisms in the fields of micro grinding with MPGTs. 
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Abstract 
An international joint collaboration between several research institutions and companies working in synchrotron industry has led in 
to the development of a new research product. The high-vacuum diffractometer (HV-Dm) will be able to perform X-ray investigations, 
by applying several - standard and/or modern synchrotron techniques under vacuum conditions and serves to quench the increasing 
demands of studying the materials (nanostructures) at nanoscale. On the basis of first HV-Dm, a  second prototype, with minor 
improvements was manufactured and delivered to a large-scale next generation (4th) synchrotron facility. Basically, both 
diffractometers have had similar structures on a classical four-circle geometry (4C) based, comprising two manipulation/positioning 
modules - sample (Sp) and the detector arm (Da) – performing high-precision correlated motions on diffraction physics, in an 
allocated confined vacuum space of a vessel (chamber). The sample manipulation (positioning) module derived from a general Euler 
cradle includes a customized large opened circle (1/4), small full rotation circle and vacuum-compatible hexapod device. The design 
features of the components, together with their integration are described. With its compact specific architecture, using mainly 
precision standard components (e.g. rotation stages), the diffractometer is expected to deliver the necessary motions and accuracy 
by doing various tasks. The most important aspects of its kinematics, design (CAD) and precision in relation with high-vacuum 
conditions are presented in this paper. 
 
Synchrotron, positioning, X-ray diffraction, manipulation, diffractometer, hexapod, vacuum   

 
 

1. Introduction 

During the past few years, applicative researche using 
synchrotron radiation visible has increased. This cutting-edge 
technology served at the base to many discoveries in natural 
sciences (physics, chemistry and materials). Several 
industrialized countries have built large-scale facilities based on 
this technology  [1]. 

X-ray diffraction (XRD) is a well-established technique for 
characterization of material structure [2]. It is commonly used in 
research laboratories, as well as in large facilities, as 
synchrotrons. While some investigations are trying to answer 
the fundamental questions regarding the atomic-molecular 
structures of solids, liquids, and biological materials under 
normal conditions, others are attempting to discover or examine 
the behaviours of new materials for specific purposes, by using 
suitable advanced techniques [3]. Especially, the interest to 
understand the corelated phenomena between physical and 
chemical propierties of functional oxide materials, such as those 
included in semicon nanostructures has been constantly 
increasing [4].  

Several discoveries have examined nanomaterials 
(nanostructers) by using surfaces sensitivity  analyses and 
characterizations. Many of these techniques require extreme 
environmental conditions, such as high-pressure, high/low 
temperature or high magnetic field, or a combination of them. 

Vacuum technology [5] appears to support the synchrotron 
science in many aspects, such as being higly used along  
beamlines (front-end) to facilitate X-ray production and at the 
end (end-stations) of the beam line in the vicinity of a specimen 
for investigative purposes.  

However, in addition to the development of new methods and 

 
techniques, the equipment has to fit, accordingly. Recent 
advancements in X-ray technologies have placed considerable 
pressure on diffraction machine (diffractometers) designers and 
causing the development of a new class of diffractometers. 
Thus, various measurements are now possible to be performed 
on one site with high precision, offering the users the possibility 
to investigate different kinds of samples (applications) in a short 
periode of time[6],  thereby decreasing the switching time and 
increasing the accuracy. In turn, the configurations of the 
equipment are becoming increasingly complex, by using several 
methods and techniques (e.g. horizontal and vertical scattering) 
and including additional instruments (e.g.,  vacuum, cryogenic 
and/or spectrometer  chambers). Most often these instruments 
are large with complex architecture, making their use 
cumbersome. Thus, the positioning devices inside must be able 
to carry them in different positions. By this, the final product 
becomes a complex heavy-load and multipurpose equipment, 
such as [7].  

It is important to simplify the diffractometer design, to 
increase its versatility offering a solution to work inside of a 
chamber containing the extreme conditions (e.g., vacuum). 
However, such a specific machine must fulfill the specific design 
related conditions (high pressure) and (smaller) existent spaces.  

To date, the whole system of a diffractometer is built on a 
serial (stacked) architecture, materializing the rotation axes 
(circles), as a succession of precision positioning units (gonio) 
and linear stages, linked together; e.g., products from HUBER, 
NEWPORT or KOHZU companies. However, this traditional 
simple design occupies a large space and is prone to 
accumulated errors.  

The Parallel Kinematic Manipulators (PKM) [8], e.g., Hexapods 
are recently beeing used in synchrotron facilities, for rough 
manipulation (alignment base) and precision positioning 

589

http://www.euspen.eu/


  

 (sample) in diffractometers, providing an effective solution to 
load manipulated, working space and motion accuracy.  

A joint research collaboration between two well-known 
international research institutions (synchrotrons) [9,10] and two 
specialized company (diffractometers [11], hexapods [12]) has 
led to the development a new equipment (diffractometer) for X-
ray investigations of nanostructures. Inside, a dedicated four- 
circle simple diffractometer device has been proposed to work. 
It is expected that this high-vacuum diffractometer (HV-Dm) is 
able to work by using several standard and modern XRD 
techniques. An overview of the prototypes, including similarities 
and differences, challenges and rules from kinematic, design and 
fabrication points of view are now presented. 

2. High-Vacuum Diffractometer      

The diffractometers (Dm) are measuring machines used for 
structural identification and characterization of materials. It can 
be used for various physical (solid, liquid and gas) and biological 
(tissues) forms of matter. From engineering view point, the Dm 
are precision systems posing in a relative positions both, the 
sample (and environmental instruments) and detector(s) on 
diffraction laws basis. Typically, their structures, are a 
combination of two manipulators one, manipulating the sample 
(and instruments) toward the incoming X-ray (incident beam) 
and  another manipulating the detector to catch the bunch of 
scattering spots (diffracted beam). As mentioned previously, 
with the necessary (vacuum) instruments Dm are becoming 
complex machines (equipment) involving the collaboration of 
several companies. In addition, they must be able to stop with 
high-precision in the required positions. 

A first dedicated high-vacuum diffractometer (HV-Dm) to work 
for a beamline (SIRIUS) [13] in a well-known synchrotron facility 
(SOLEIL) was developed (2016).  SYMETRIE company was acting 
as integrator for the whole diffractometer equipment (DmEq).  
The second HV-Dm device (2017) is expected to work for 
another beam line (FemtoMAX) [14] and will be located at a 
fourth-generation (4th) radiation source facility (MAX IV). 

The first equipment (FORTE) started to work recently (2018) at 
one of the two endstations. In the first experimental results have 
been investigated the DmEq capabilities and phenomena 
produced in compound nanostructures under conditions of 
about 2keV (tender X-ray)  and 10-6 mbar using several surface 
scattering techniques (SXS) [15]. The technical specifications for 
the second (HV-Dm) product was strongly related with those 
presented in this work. The most important kinematic and 
design features are given below. Note: The minimum spot size 
of beamline is set to be about 50-100 μm (focused mode). 
 
2.1. Kinematic structure     

The high-vacuum diffraction equipment (DmEq) has been built 
around a diffractometer (Dm) device working in a dedicated 
high-vacuum chamber (Vc), both supported and moved by a 
parallel manipulator alignment base (Ab), Fig. 1.  

The vacuum chamber (Vc) [16] is where the Dm has to work  
comprises from a rectangular base (AVcxBVc=1500x1300mm) and 
a sophisticated half-cylinder (R=CVc=700mm) bell vessel 
manufactured from stainless steel,  with an appreciable number 
of flanges for various connections, including viewports for fast 
opening, transfer, detectors, exit or visualization and others in 
relation with electrical/electronic connections (feedthroughs) 
for turbo pump, gages and safety valves. Some of these ports are 
interchangeable and most of them point toward the sample (C-
center of rotation point). It has bar vacuum capability10-6-10-8. 
The diffractometer (Dm) itself is based on a classical four-circles 
- 4C(1+3), 1–detector and 3–sample geometry [17], where Ci 

1,…,4 are full or partial circular motions / circles.  

 
The fundamental motion equations of this geometry can be 
found in [18] and the operational setting angles in [19].   

From kinematic point of view, the structure consists of two (2) 
interconnected chains: 1) Kc1 -  sample positioning (Sp) and 2) 
Kc2 - detector arm (Da), having in common a horizontal axis of 
rotation, coinciding with X-ray beam (H). The Kc1 is an 
orientation mechanism based on orthogonal arrangement of 
three (3) active circles, Ci, i=2,..,4 (C4┴C3┴C2), known as Euler 
cradle. However, here is an opened configuration (C3=1/4 circle). 
Note:  Dm is shown in nominal position with all components at 
their initial positions (θ=ϰ=ϕ =0°), except the Da (δ=90°); 
incident X-ray (Xi) coincides with Y-axis / negative direction.  

The HV-Dm functional principle is as follows: C1(δ) circle is 
responsible for partial rotations of the detector (Dt) around a 
horizontal axis (X), perpendicular on X.ray beam (Y). For the 
specifity of the investigations, the values must be in the range of 
-10 to up 180 grades. (δ = 0°, corresponds to the arm in 
horizontal (scattering) position / negative Y axis direction). C2(θ) 
circle is responsible for bidirectional half-circle rotations of the 
sample (Sp) around the same horizontal axis (X). It has to be 
performed inside of a ±180° range. (θ=0°, corresponds to C3 
circle / segment in lower position). C3(ϰ) circle is responsible for 
rotations of the sample (Sp) around the second orthogonal axis 
(Y), perpendicular to C2. These (partial) rotations must be 
performed inside of  -3 to 100° range. More specific, the sliding 
plate of the circular segment must be able to be vertically  
oriented (ϰ=90°) for surface XRD investigations. (ϰ=0°, sliding 
plate horizontal). C4(ϕ) circle is responsible for half-circle 
rotations (±180°) of the sample (Sp) around a third orthogonal 
axis (Z). (ϕ=0° is corresponds to one of the base symetry axes 
colinear with X ). 

Note: C1 belongs to Da, Ci, i=2,…,4 to Sp manipulation systems. 
The speed was not a specific requirement issue but the values 

has to be around 1 °/s.  
In addition to above main (rotational) motions resulting from 

diffraction (Df) principles, other (auxiliary) motions must be 
performed. These are including the linear adjusting motions – a) 
X,Y and Z of the sample (Sp), being performed by PKM device 
(see the values in Section 2.2.1) and b) Zd (± 150 mm) of the 
detector (Dt), by a linear manual stage.  

The maximum / minimum values for the travel range of most 
important kinematic parameters - circular motion/circles (Ci, i = 
1,…,4) together with the required accuracy are presented in 
Table 1.  
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Table 1 Kinematic specifications (HV-Dm) 
 

Circles (Ci) Range (°) Acc. (m°) Res. (m°) 

C1(δ) 180/-10 6  
0.2 

 
C2(θ) ±180 10 

C3(ϰ) -3/100 9 

C4(ϕ) ±180 21 

 
The alignment base (Ab) system consists of a large, but a 

precision heavy load customized manipulator (hexapod) 
supporting the vacuum vessel (and diffractometer) [20]. It has a 
good accessibility (aperture) for connecting the necessary  
vacuum devices (e.g., turbopump) performing 6dof motion, 
including  small rotations around Z axis (Rz=±10°) through a 
bellow. This choice allows for the use of Dm in both, bulk and 
surface XRD configurations. 

 
2.2. Design concept  
Positioning in vacuum for XRD experiments imply specific 

fundamental (theoretical) knowledge of and practical 
experience in designing such systems, from both, the diffraction 
and the vacuum technologies. Primarlly, it consists of choosing 
the adequate solutions for diffraction mechanisms (motions) 
and their actuations (motors, sensors and cables), including 
materials for components and their maintenance (e.g., grease) 
selection, for a room with high-pressure (10-6) and sever space 
constraint, for the proposed HV-Dm kinematic scheme.   

The complete structure is divided in two modules - sample (Sp) 
and detector arm (Da), each of the positioning modules (Pm) 
having one or several positioning units (Pu) components. These  
can be, standard or customized rotation / linear stages, adapted 
to vacuum specifications. However, most of their parts is 
comming from commercially available sources. The resulting 
architecture is shown in Fig. 2.  

Figure 2. HV-Dm Layout  (CAD)  
 
The constitutive parts, their roles, together with the available 

precisions will be presented below.  
 

2.2.1. Sample Positioning     
The sample positioning (Sp) module should provide means to 

pose (translate and orientate) the sample with the required 
precision toward the incoming X-ray beam (Xi, i-incident).  
Basically, it can be designed on EULER cradle (E500[21]) device 
principle. However, the actual Sp module design, includes two 
subsystems: a) customized opened EULER cradle and b)  parallel 
kinematic device (hexapod). These are materialized by the 

following components:  1) Gonio 2 (440X2W2), 2) Gonio 3 
(5202.80HL), 3) Gonio 4 (G410-X2W1) and 4) precision hexapod 
(BORA). The first three are performing rough (coarse) – rotations 
(Rx, Ry, Rz) and the last one fine (small) - rotation (Rx,Ry,Rz) and 
translations (Tx,Ty,Tz). The manipulated load (sample) was 
estimated to be around 6 kg, including additional instruments 
(e.g., heater). Note: G3 is a gonio segment supporting the G4 
(and hexapod) and the afferent electrical cables (motors and 
sensors). It has to be particularly stiff. It consists of a main body 
(wormgear) mechanism and two lateral roller arc guides (THK) 
for sliding a plate and a special electric cable house. 

BORA product is a standard, compact and stiff positioning 
hexapod (HP) with a good ratio of performance/manufacturing 
costs [22]. It can carry of approx. 3.5 kg in any direction, Fig. 3.  

 
Figure 3. Sample Positioning Module (Sp) 

 
The hexapod is fixed on Gonio 4 (2) through an adapter plate (3) 
and the transfer of electric cables to the central connector box 
done through slip-ring connection (5) fixed on plate. Further, the 
cables are guided through a guiding means consisting of a blade 
(stainless steel) and protective house (Al) especially when (HP) 
is moving in horizontal position (ϰ=90°) or the segment (G3) 
rotated (θ=90°). The most important precision features of the 
hexapod are specified in Table 2. 
 
Table 2 Design specifications (PKM)  
 

PKM Range 
(mm / °) 

Acc. 
[µm / m°] 

Res. 
[µm / m°] 

BORA X=Y=±20, Z=±10 13,10,3 0.1 

Rx=Ry=10,Rz=15 7,5,10 0.1 
 

2.2.2 Detector arm  
  The detector arm (Da) subsystem or module is responsible for 
moving the detector (Dt) apparatus to a required position to 
catch the resulted diffracted beam - Xd (d-diffracted) after it is 
comes out from the sample. In our case, it must provide 
precision orientational motions and support for different type of 
detectors (1D/2D) owing maximum 12kg weight. In addition, it 
must be able to have adjusting capabilities (± 150 mm) for Dt 
around nominal/fixed position (525 mm). Thus, it is conceived as 
a very stiff bilateral arm (1 dof) manipulator, by using high 
precision motorized gonio stage (Gonio 411-X2W2) as the 
actuation joint, integrated in the Sp gonio (G440). In addition, a 
(mannually) actuated ball-screw linear stage was provided at 
one end, and a  counterweight pack of plates (12x1kg) from 
copper (Cu) included, for static (and dynamic) balance. Note: Dt 
was expected to be a light and compact two-dimensional (2D) 
Hybrid Photon Counter (HPC) product (PILATUS 100K-M / 
Dectris) with 172 x 172 μm pixels size area compatible for high-
vacuum [23]. An overview of the precision parameters, including 
accuracy and resolution of motions for all above actuation  
 (gonio) stages is presented in Table 3.  
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Table 3 Design specifications (Gonio)  

 
All the actuations of motorized stages are performed using 

stepping motors  (VSS/VSH, PHYTRON) [24], gearboxes 
(2083.10/2056.10(20), HUBER) and (RESOLUTE/RESA/RTLA, 
RENISHAW) [25] absolute encoders, eventuelle limit switches, all 
of which are compatible with high-vacuum. At the factory 
premises, the control was performed using a dedicated control 
box  (SMC9300) for Dm and specific controller (SYMETRIE) for 
hexapod. 
 
3. Prototypes   

 
Based on the accomplished design work, the first high-vacuum 

diffractometer (HV-Dm) product was manufactured at the end 
of 2016. After carrying out factory tests, the prototype 
(Prototype 1) was installed at the allocated place, at one of the 
two endstations. The second prototype (Prototype 2) from Fig. 
4 (shipped at the beginning of 2017) follows soon the first one, 
at the next location. In addition to a lifting bar (2) with two eye 
bolts for transportation and fast setup in the vacuum chamber 
(or, in other places), it consists as previously mentioned, from 
new component related with the connections and protection of 
electrical cables (3). Both prototypes were tested for precision 
and vacuum capability (bake out) before shipping. 

 
Sphere of confusion (SoC) is the most important precision 

parameter for a diffractometer. It consists of the registered 
values of a combined (spherical) motion involving main 
components (sample, detector)  with / without the loads 
(instruments, detectors). The maximum obtained values 
expressed all possible accumulated errors during fabrication 
(machining, assembly) and control (geometric, kinematic) points 
of view. These values have to be correlated with the detector 
pixel area and the beam size to decide if the product will be good 
enough for the desired experiments. For HV-Dm the SoC values 
were inside of 80 μm maximal sphere for all full rotational 
motions and charged with loads. Tests were performed using 
calibration sphere (φ15 mm, 25 nm sphericity) and sensitive dial 
gages (2 μm). As can be extract from the measurement protocol, 
the maximal individual errors (radial run-outs) occured as the 
segment (and cables) is moving (e.g., Ɛ=-25μm, θ=-120°). The 

maximal errors (axial run-out) for Da happened in vertical 
position (Ɛ=24μm, δ=90°).  

4. Conclusions      

The development of a synchrotron research equipment 
relevant to investigations at the nanoscopic level has been 
presented. This involved a strong collaborative work between 
several institutions and companies. The expertise to manage the 
vacuum technology has been among the competences of the 
members. The core of the development was a compact but 
versatile high-vacuum diffractometer (HV-Dm). It consisted of a 
four-circles (4C) structure able to  perform various standard and 
specific X-ray investigations, using the actual standard and 
modern scattering techniques for nanostructured materials. The 
challenging issues regarding its work in vacuum, together with 
kinematic and design concepts and factory precision tests have 
been revealed. With the new architecture, including a PKM 
(hexapod) device, the multipurpose HV-Dm is expecting to 
deliver stable and precise positioning motions in the allocated 
small space of a vacuum chamber. It can be adapted for other 
tasks under similar conditions. 
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