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Foreword 

The 22nd euspen conference and exhibition will be held in Geneva and CERN, Switzerland, from 30th May- 

3rd June 2022. 

Geneva is situated in the south-westernmost corner of Switzerland, where the Rhône flows out the Lake 

Geneva. The city lies in the center of a natural basin bordered by the Jura Mountains to the west and the 

French Alps in the east. Geneva has a rich history. The human occupation of the original site dominating 

the outlet of the lake, started in the Paleolithic period and further developed in the Neolithic period. It 

then became an Allobrogian border town, fortified against the Celtic Helvetian tribe, taken by the Romans 

in 121 BC. Geneva, home of Calvinism, became the “Protestant Rome” from the 16th Century. Geneva is 

currently Switzerland’s second-largest city with more than 205 000 inhabitants. Geneva has long been a 

hub for entrepreneurs, global leaders and high-level scientists. It is the center of sectors such as finance, 

commodity trading and life sciences. 

Geneva is often referred to as the “Peace capital” of the World; it hosts the highest number of 

international organizations headquarters in the world: United Nations, the Red Cross, The World Health 

Organization and CERN. CERN is an acronym for “Conseil Européen pour la Recherche Nucléaire”. It was 

born in 1954, a few years after the Second World War, to build “science for peace” among twelve 

European countries. Today CERN has 23 member states. Its mission is to provide a unique range of particle 

accelerator facilities to perform world-class research in fundamental physics, uniting people from all over 

the world to push the frontiers of science and technology for the benefit of all. 

The keynotes for euspen 2022 will propose a historical perspective of high precision engineering, will 

present engineering challenges at CERN and will provide visions in domains like aerospace and robotics: 

- Dr. Thomas Sesselmann, Chairman of the Supervisor Board of DR. JOHANNES HEIDENHAIN GmbH, 

Germany: “Geneva’s special contribution to precision manufacturing and metrology in Europe: a 

historical perspective”, 

- Dr. Rhodri Jones, Head of the Beams Department at CERN: “Present and future CERN projects and 

their associated engineering challenges”, 

- Dr. Begoña Vila, lead systems engineer at NASA’s Goddard Space Flight Center/SGT: “The James 

Webb Space Telescope: On orbit commissioning to ensure readiness for science operations”, 

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

the Department of Advanced Robotics: “Robotics, AI and assistive technologies for precision 

medicine”. 

Our hosts and euspen want to bring you in touch with science and the technologies developed for the 

fundamental research, as well as with recent progress in precision engineering and nanotechnology. We 

will also propose specific moments during the conference for discussion and brainstorming about 

environmental sustainability, always a big concern for euspen.  

We cordially invite you to Geneva and CERN and are really looking forward to meeting you there. 

 

Hélène Mainaud Durand      Organizing committee 

Euspen President       
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1Department of Precision Science and Technology, Graduate School of Engineering, 
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P3.05 Three-dimensional nanostructures enabled by customised voltage waveform-
induced local anodic oxidation lithography     
Jian Gao1, Xichun Luo1, Wenlong Chang1, Yi Qin1, Wenkun Xie1, Pengfei Fan1, Rashed 
Md. Murad Hasan2, Yanquan Geng3, Yongda Yan3  
1Centre for Precision Manufacturing, DMEM, University of Strathclyde, Glasgow, UK 
2Department of Electrical and Electronic Engineering, Chittagong University of 
Engineering and Technology, Chittagong, Bangladesh 
3Center for Precision Engineering, , Harbin Institute of Technology, Harbin, P. R. 
China 
 

285 

P3.06 Study on flushing condition for improving silver deposition in silver nano-powder 
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O5.01 Development of a high precision balance for measuring quantity of dispensed 
fluid as a new calibration reference for the becquerel 
Sven Schulze1,2, Kumar Arumugam1, René Theska2, Gordon Shaw1 
1National Institute of Standards and Technology, Gaithersburg 2Technische 
Universität Ilmenau 
 

337 
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P5.06 Measuring grating period of dual-periodic grating with dual-wavelength external 
cavity diode laser 
Shuzo MASUI1, Shuhei GODA2, Shotaro KADOYA1, Masaki MICHIHATA2, and Satoru 
TAKAHASHI1   
1Research Center for Advanced Science and Technology, The University of Tokyo 
2Department of Precision Engineering, The University of Tokyo 
 

371 
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P5.09 CT-based traceable interface area detection in Al7075-T6 adhesive bonded 
structures 
I. Holgado1, N. Ortega2, B. Perez3, S. Florez3, S. Plaza2 
1Aeronautics Advanced Manufacturing Center (CFAA), Parque tecnológico de 
Bizkaia, 202, 48170 Zamudio, Spain 
2Department of Mechanical Engineering, Faculty of Engineering of Bilbao, Plaza 
Ingeniero Torres Quevedo 1, 48013 Bilbao, Spain 
3TECNALIA Research and Innovation - Basque Research and Technology Alliance 
(BRTA), Parque Científico y Tecnológico de Gipuzkoa, Mikeletegi Pasealekua 2, 
20009 Donostia-San Sebastián/Spain  

 

377 



 

 

P5.10 Ultrastable, traceable optical frequencies for length metrology in long-range 
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(EBAM)    
Yue Liu 1, Liam Blunt1, Feng Gao1, Xiangqian Jiang1  
1EPSRC Future Metrology Hub, University of Huddersfield UK 
 

415 

P5.23 Vision based diameter estimation for continuous float-zone silicon crystal growth 
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Present and future CERN projects and their associated engineering challenges 
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Abstract 
 
In building the Large Hadron Collider (LHC), CERN had to overcome numerous technological challenges, breaking new ground in 
superconductivity, high-speed electronics, cryogenics, vacuum technology, material science and many other disciplines. This is 
continuing for the high luminosity upgrade of the LHC foreseen to take place in 2026-2028, aiming to increase the total amount of 
physics data collected by a factor of 10 compared to what is achievable with the current LHC. At the same time the ground is being 
prepared for a next generation of particle physics accelerators, with research and development ongoing for a 50km linear collider, a 
100km circular collider, a muon collider and novel, compact plasma accelerators. All of these imply a leap forward in terms of 
conception and currently achievable technology, which will be the subject of this presentation. 
 

 

Biography 

Dr. Rhodri Jones is Head of the Beams Department at CERN, responsible for the operation of the CERN accelerator complex, the 
conception and design of future accelerators, accelerator control systems, and geodetic metrology and robotics for accelerator 
environments. 
 
He obtained his PhD in atomic and laser physics at the University of Wales, Swansea, UK before moving to CERN in 1996 to work on 
developing new diagnostic systems for the Large Hadron Collider (LHC). As well as investigating novel measurement techniques for 
particle beam characterisation he was responsible for delivering and commissioning the beam position system for the LHC, a large, 
distributed measurement system essential for maintaining a good control of the LHC’s accelerated particle beams. Between 2009-
2020 he headed the Beam Instrumentation Group at CERN and was active in driving forward collaboration in the domain of 
accelerator technology with European institutes and universities, through direct engagement and via European Union programmes. 
He became the Beams Department head in 2021. 
 
Rhodri has a longstanding association with the CERN Accelerator School, regularly lecturing and animating practical courses, helping 
to train the next generation of accelerator physicists and engineers. 
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The James Webb Space Telescope: On orbit commissioning to ensure readiness for 
science operations 
 
Dr. Begoña Vila 
 
US Systems Engineer, NASA GSFC/KBR 

  
Abstract 
 
The James Webb Space Telescope is the largest, most complex telescope being launched into space to date. It includes segmented 
folded mirrors and a folded sunshield deploying on orbit, and instruments with state of the art infrared detectors and different 
science capabilities operating below 45K (-378 F). A rigorous test campaign including ambient and cryogenic tests to verify the health, 
performance and operations readiness in the conditions it will see on orbit was completed prior to the launch. 
 
A detailed commissioning plan starting a few days before launch and running for 6 months afterwards was developed and simulated 
in multiple rehearsals – it includes the first month for deployments, three months for the alignment of the mirrors, cooldown activities 
and two months for the calibration of all the instruments and their various observing modes. At the time of this conference JWST will 
be 5 months into its commissioning and almost ready for the first fully calibrated science observations of this incredible telescope. 
 
A summary of the ground testing and commissioning planning including challenges and contingencies preparation as well as the 
execution up to the current time will be presented. 

 

Biography 

Dr. Begoña Vila is the lead Systems Engineer at NASA’s Goddard Space Flight Center/SGT for two of the instruments on the James 
Webb Space Telescope (JWST), one of them the Fine Guidance Sensor responsible for the pointing and stability of the Observatory. 
She is also the deputy lead for the operations of all the Webb instruments after launch. 
 
She obtained her PhD in Astrophysics at Jodrell Bank, Manchester University, UK after her undergraduate degree in Spain. Her 
research included rotation curves of galaxies, nuclear galactic activity and stellar abundances observing both in optical and in radio 
wavelengths. She has been involved with JWST since 2006 starting in Canada under the Canadian Space Agency and moving to NASA 
after the flight instruments were delivered in 2012. She was the overall test lead for the final cryogenic test at Goddard for all the 
JWST instruments and was heavily involved in the testing completed at the Johnson Space Center cryogenic chamber that included 
the JWST instruments and mirrors. She is currently involved in the test activities at Observatory level at NGSS (Northrop Grumman 
Space Systems), and the detailed plans for commissioning and operating the instruments following the launch in 2021. 
 
She has received various achievement awards including the NASA Exceptional Public Achievement Medal in 2016, the Premio 
Wonenburger by the Xunta de Galicia (Spain) in 2017, a Gallego del Año award (Spain) in 2019 and Top10 Spanish Women Leaders 
abroad by Mujeres&Cia in 2021. 
 
Apart from her work, Dr. Begoña Vila enjoys outreach activities communicating with the general public on JWST, STEAM, science or 
other, both in English and in Spanish. 
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Geneva´s Special Contribution to Precision Manufacturing and Metrology in Europe: 
A Historical Perspective 
 
Dr. Thomas Sesselmann 
 
DR. JOHANNES HEIDENHAIN GmbH, DE 

  
Abstract 
 
Interchangeability of parts with utmost dimensional accuracy, no matter where they were manufactured, has been the most 
important condition of industrial mass production – first of weapons and later of high-quality consumer goods. Europe´s developing 
industries of the 1860s had been suffering from the inadequacy of the various existing length standards of the time. They laid all their 
hope in the advances brought forward by the International Meter Convention of 1875 which agreed on a new Meter Standard to be 
made of a platinum alloy. It was, however, so difficult to manufacture that it took until 1887 to produce the 30 sets of prototypes for 
each participating country of the Meter Convention. 
 
Industry could not wait that long. Therefore, it was a breakthrough for the manufacturing community that a Geneva enterprise, the 
Société Genevoise d´Instruments de Physique (SIP), managed to build the replicas of the length standard earlier than the standard 
itself was completed, and even in far higher numbers and from a far more sophisticated material, INVAR. Only in this way was it 
possible to narrow manufacturing tolerances down to a range enabling mass production of goods using automated processes. 
 

SIP continued to dominate the world of European Precision Manufacturing for the decades to come. In 1928, SIP was the pioneer 
to mount length standards for position feedback as integral parts into machine tools. Hence, SIP jig boring machines have laid the 
foundation for the closed-loop machine tools of the highest accuracy which can be achieved in our days. Indeed, it is the Geneva of 
the late 19th and early 20th centuries which brought forth the high-degree of mechanical accuracy on which our modern-day 
products in the fields of mechanics, optics, electronics and many of the bioscience products of the future depend. As EUSPEN is 
meeting in Geneva this year to visit CERN, it might well be worthwhile to remind Europe´s modern-day precision manufacturing 
community of Europe of its local roots. 

Biography 

Thomas Sesselmann (Dr. rer. nat., Dipl.-Phys.) is Chairman of the Supervisory Board of DR. JOHANNES HEIDENHAIN GmbH in 
Traunreut, Germany. He moved into this position in 2019, after 31 years of active duty for HEIDENHAIN, 24 years thereof as a 
Managing Director. Since 1996, he had been involved in the founding process of EUSPEN and became one of the founding members 
in 1999. Since 2000, he has been a Member of the Advisory Board of PTB, the German Metrology Institute. 
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Prof. Darwin Caldwell 
 
Italian Institute of Technology (IIT), IT 

  

Biography 

Darwin G. Caldwell, FREng, is Deputy Director of the Italian Institute of Technology (IIT), where he was also the founding Director of 
the Department of Advanced Robotics. The humanoid and quadrupedal robots: cCub, COMAN, WalkMan, HyQ, HyQ2Max, HyQ-Real 
and Centauro were all developed in his Department. Prior to this he had worked on the development of the iCub.  Caldwell is an 
Honorary Professor at the University of Manchester, the University of Sheffield, the University of Bangor, Kings College University of 
London, all in the U.K., and Tianjin University, and Shenzhen Academy of Aerospace Technology in China. His current research 
interests include humanoid and quadrupedal robotics, innovative actuators, force augmentation exoskeletons, dexterous 
manipulators, Telepresence and haptics, and medical, surgical and rehabilitation robotics. He is the author or co-author of over 500 
academic papers, 20+ patents, and has received awards and nominations from over 40 international journals and conference. Prof. 
Caldwell has been a fellow of the Royal Academy of Engineering (UK National Academy) since 2015. 

39

http://www.euspen.eu/


 

40



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Session 1: Advances in Precision Design, Precision Engineering and 
Nanotechnologies 

 

41



 

42



 

          
 

 

euspen’s 22nd International Conference & 
Exhibition, Geneva, CH, May/June 2022 

www.euspen.eu  

Rectilinear translation four-bar flexure mechanism based on four Remote Center 
Compliance pivots 
 
Loïc Tissot-Daguette1, Hubert Schneegans1, Quentin Gubler1, Charles Baur1 and Simon Henein1   

 
1Instant-Lab, EPFL, Switzerland    
 
loic.tissot-daguette@epfl.ch      
  
Abstract 
This paper presents a novel planar four-bar linkage compliant mechanism (called 4-RCC) based on four flexure-based Remote Center 
of Compliance (RCC) pivots. With particular configurations and dimensions, the beam shortening of the RCC pivots can compensate 
the parasitic shift of the four-bar linkage over its range of motion, thereby creating a rectilinear translation mechanism. Moreover, 
to decrease the stiffness in the direction of the desired translation, while keeping the same magnitude of the transversal stiffnesses, 
a fixed-guided buckled beam with constant negative stiffness is added in parallel. This stiffness compensation greatly decreases the 
force to actuate the stage. This paper derives the analytical conditions required to compensate both the parasitic shift and the 
stiffness of the 4-RCC mechanism. A mesoscale mockup model is designed, aiming for a millimeter-scale stroke, a compensated 
parasitic shift and a near-zero stiffness. A finite element model (FEM) validates the mechanism design and the analytical model. 
Simulation results show that the design leads to a parasitic shift below 65.6 nm over a displacement range of 8 mm, and the required 
actuation force is reduced by 95% when the buckled beam is added. Furthermore, the residual straightness error can be minimized 
by advantageously adjusting the preload of the buckled beam.  
 
Flexures, Rectilinear mechanism, Zero-force, Negative stiffness, Beam buckling  

1. Introduction 

Compliant mechanisms offer several advantages, such as no 
friction, no backlash, no required lubrication and the possibility 
of monolithic manufacturing, allowing repeatable and accurate 
motions for rectilinear translation stages [1]. However, 
compliant mechanisms also present some drawbacks, such as a 
limited stroke relatively to its overall volume, an undesirable 
parasitic motion and an elastic restoring force. 

Rectilinear compliant mechanisms are often based on exact or 
approximate straight-line motion linkages where the joints are 
replaced by flexures [2-4]. Another common approach is to 
compensate the parasitic motion of the rigid-body linkage 
kinematics with the parasitic shift of its flexural joints [5, 6]. 

In this paper, a novel planar compact four-bar mechanism 
using four RCC flexure pivots, called 4-RCC, is presented. Its 
rectilinear translational motion is realized using the parasitic 
shift compensation approach. A buckled beam with negative 
stiffness, similarly to Ref. [7], is added to reduce the translational 
stiffness of the compliant mechanism. As the parasitic motion of 
flexure pivots is sensitive to external loads [8], the preload from 
the buckled beam must be considered in the design of the 
compliant mechanism.  

The 4-RCC mechanism is described, modeled and designed in 
Sects. 2, 3 and 4, respectively. The design and the modeling are 
validated in Sect. 5 using FEM simulation. Finally, the 
rectilinearity and the stiffness reduction are discussed in Sect. 6 
and perspectives of this work are addressed in Sect. 7.  

2. Mechanism description 

The new rectilinear translation mechanism proposed in this 
paper is described in this section. Its kinematic architecture is 
based on a parallelogram linkage with four pivots 𝑅, 𝑆, 𝑇 and 𝑈 

having the same angular stiffness 𝐾𝛼. If the pivots have no 
parasitic motion when rotated, the mechanism guides the 
output stage over a distance 𝑥 with a parasitic shift ∆𝑦linkage 

(Fig. 1). Instead, using four RCC pivots with an inherent parasitic 
motion ∆𝑦RCC in the bisector direction of their beams (Fig. 2), 
the parasitic shift of the parallelogram linkage can be 
compensated. This leads to the 4-RCC flexure-based kinematics 
shown in Fig. 3, which, with specific dimensions, provides a 
rectilinear translation of the stage. 

 
Figure 1. Parasitic shift of planar four-bar linkage. The output stage is (a) 
in neutral position and (b) in deformed position. 

 
Figure 2. Parasitic shift SS’ of a RCC pivot. The pivot is (a) in neutral 
position and (b) deformed. 
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Figure 3. 4-RCC rectilinear translation stage represented (a) as-fabricated and (b) deformed. Note that 𝑃1, 𝑉1 and 𝑃2 are internal forces. 

 

In order to decrease the actuation force 𝐹, a negative stiffness 
mechanism is added in parallel, which compensates the positive 
stiffness of the compliant stage (Fig. 3). The negative stiffness is 
provided by the force 𝑉1 along the 𝑥-axis of a fixed-guided 
buckled beam. The end-shortening of the buckled beam is 
controlled by the displacement ∆𝑙 of a preload stage 
(schematically actuated by a screw in Fig. 3). Depending on the 
dimensions of the buckled beam, it is possible to compensate 
the primary stiffness, leading to a near-zero-force mechanism.  

As the buckling load 𝑃1 applies a compressive force 𝑃2 in each 
RCC pivot beams, it involves a higher parasitic shift ∆𝑦RCC of the 
RCC pivots than if they were not loaded [8].  

3. Analytical model 

This section introduces the theoretical model used to design a 
4-RCC rectilinear translation stage with stiffness compensation. 
For the calculations, we assume that the beams of the RCC pivots 
and the buckled beam are slender and initially straight. We 
consider that all the pivots have the same dimensions and their 
centers of rotation (i.e., points 𝑅, 𝑆, 𝑇 and 𝑈) form a rectangle 
when the stage is at neutral position and a parallelogram when 
deformed. We assume that the beams of all the RCC pivots have 
the same compressive force 𝑃2, even when the compliant stage 
is deformed. The small deformation hypothesis is assumed for 
all flexure elements, i.e., the RCC pivot angular stroke 𝛼 is small 
and the end-shortening of the buckled beam ∆𝑙 is small 
compared to its length 𝐿1. The flexural rigidities of the buckled 
beam and the RCC pivot beams, respectively 𝐸𝐼1 and 𝐸𝐼2, are 
considered constant along the beam length. The out-of-plane 
thickness (i.e., along the 𝑧-axis, perpendicular to the 𝑥𝑦-plane) 
of the mechanism is large enough to constrain the output stage 
motions in the 𝑥𝑦-plane. Gravity and dynamics are neglected in 
this model. 
 

3.1. Parasitic motion compensation      
The parasitic translation of the 4-RCC output stage is equal to 

the difference between the four-bar linkage parasitic shift and 
two times the parasitic shift of one RCC pivot (see Figs. 1-3): 
 

 ∆𝑦tot = ∆𝑦linkage − 2∆𝑦RCC (1) 

 
Considering small angle deformations, the parasitic shift of the 
four-bar linkage is approximated by its 2nd degree Taylor series 
expansion around 𝛼 = 0: 
 

 ∆𝑦linkage = 𝐷(1 − cos(𝛼)) ≅
𝐷𝛼2

2
 (2) 

 

where 𝐷 is the nominal height of the parallelogram 𝑅𝑆𝑇𝑈. The 
RCC pivot parasitic motion can be computed geometrically using 
the end-shortening formula of a fixed-pinned precompressed 
beam [9]. Considering the beam length 𝐿2, the ratio �̅� = 𝑝/𝐿2 
and the angle 𝛽 (see Fig. 3), it gives: 
 

 ∆𝑦RCC = 2 cos(𝛽) 𝐻(𝑘𝑙)𝐿2𝛼2 (3) 

where: 

 

𝐻(𝑘𝑙) =
𝑘𝑙

8
[�̅�2(6𝑘𝑙 − 8 sin(𝑘𝑙) + sin(2𝑘𝑙)) 

                   +2�̅��̅�(cos(2𝑘𝑙) − 4 cos(𝑘𝑙) + 3) 

 +�̅�2(2𝑘𝑙 − sin(2𝑘𝑙))] +
�̅�

2
 

(4) 

 

 �̅� =
cos(𝑘𝑙) − 1 − 𝑘𝑙 �̅� sin(𝑘𝑙)

𝑘𝑙(𝑘𝑙 sin(𝑘𝑙) + 2(cos(𝑘𝑙) − 1))
 (5) 

 

 �̅� =
𝑘𝑙 − sin(𝑘𝑙) − 𝑘𝑙 �̅�(cos(𝑘𝑙) − 1)

𝑘𝑙(𝑘𝑙 sin(𝑘𝑙) + 2(cos(𝑘𝑙) − 1))
 (6) 

 

In our case, the compression parameter is 𝑘 = √𝑃2/𝐸𝐼2 and the 

beam length is 𝑙 = 𝐿2, thus: 
 

 𝑘𝑙 = √
𝑃2

𝐸𝐼2
𝐿2 (7) 

 

From Fig. 3b, the forces 𝑃1 and 𝑃2 have the following 
relationship: 

 𝑃2 =
𝑃1

4 cos(𝛽)
 (8) 

 
Assuming that the buckled beam is in the constant negative 
stiffness state, the force 𝑃1 is equal to the second buckling load 
of a fixed-guided beam [7]: 
 

 𝑃1 =
4𝜋2𝐸𝐼1

𝐿1
2  (9) 

 
Note that 𝑃1 is considered constant regardless of the preloading 
displacement ∆𝑙. However, to stay in the negative stiffness state 
the following constraint must be respected [7]: 
 

 ∆𝑙 ≥ ∆𝑙min =
3

4

𝑥max
2

𝐿1
 (10) 
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where 𝑥max is the maximum stroke of the output stage in one 
direction. From Eqs. (7)-(9), 𝑘𝑙 becomes a function of the 
mechanism dimensions: 
 

 𝑘𝑙 = 𝜋√
1

cos(𝛽)

𝐿2

𝐿1
√

𝐼1

𝐼2
 (11) 

 
The parasitic motion compensation is obtained if ∆𝑦tot = 0, 

therefore from Eqs. (1)-(3), it gives the constraint condition: 
 

 
𝐷

𝐿2
= 8 cos(𝛽) 𝐻(𝑘𝑙)  (12) 

 
3.2. Primary stiffness compensation 

The primary stiffness of the 4-RCC output stage is the sum of 
the positive stiffness of the compliant four-bar linkage, and the 
negative stiffness of the buckled beam. 
 

 𝐾𝑥,tot  =
𝐹

𝑥
= 𝐾𝑥,pos + 𝐾𝑥,neg (13) 

 
For small displacement of the output stage, Ref. [1] gives the 
relationship between the stage linear stiffness and the hinge 
angular stiffness: 
 

 𝐾𝑥,pos =
𝐹stage

𝑥
=

4𝐾𝛼

𝐷2
 (14) 

 
where the angular stiffness of a RCC pivot is [1]: 
 

 𝐾𝛼 =
𝑀𝛼

𝛼
= 8

𝐸𝐼2

𝐿2
(1 + 3�̅� + 3�̅�2) (15) 

 
According to Ref. [7], the negative stiffness of the buckled beam 
is equal to: 
 

 𝐾𝑥,neg = −
𝑉1

𝑥
= −

4𝜋2𝐸𝐼1

𝐿1
3  (16) 

 
From Eqs. (13)-(16), the stiffness compensation condition, i.e., 
𝐾𝑥,tot = 0, requires that: 

 

 
𝐷

𝐿1
=

2√2

𝜋
√

𝐿1

𝐿2

𝐼2

𝐼1

(1 + 3�̅� + 3�̅�2) (17) 

4. Design of a zero-force 4-RCC 

In this section, a flexure-based mesoscale embodiment of the 
4-RCC aiming for a translation stroke of ±4 mm is designed (see 
Fig. 4 and table 1). The dimensions of the mechanism are derived 
from the analytical model presented in the previous section to 
achieve both parasitic shift and stiffness compensations. A large 
out-of-plane thickness 𝑏 = 20 mm is selected to provide a high 
transversal stiffness. The half angle 𝛽 is set to 45° to obtain an 
isotropic translational stiffness of the RCC pivots in the 𝑥𝑦-plane. 
To make the mechanism monolithic and planar, the preload 
stage (Fig. 3) is replaced by a parallel leaf spring stage. The 
overall dimensions of the structure are 175 mm × 135 mm × 20 
mm. The selected material of the flexure-based structure is the 
aluminum alloy EN AW 7075. It is chosen for its high yield stress 

on Young’s modulus ratio 𝜎𝑦/𝐸 (high flexibility) and for its low 

density on Young’s modulus ratio 𝜌/𝐸 (low deformations due to 
gravity and high eigenfrequencies). The mechanism is meant to 
be manufactured by wire electrical discharge machining (EDM), 
enabling tight tolerances. 

 
Figure 4. Mesoscale prototype of the 4-RCC mechanism shown as-
fabricated. 

 
Table 1. Design parameters of the 4-RCC mechanism. 

Structure Part Parameter Value 

Material (EN AW-
7075) 

𝐸 72 GPa 
𝜎𝑦 480 MPa 

 𝜌 2810 kg/m3 

Stage 𝑥max 4 mm 

𝐷 73.76 mm 

𝑊 98.32 mm 

𝑏 20 mm 

RCC Pivot ℎ2 150 µm 
𝐿2 25 mm 
𝑝 12 mm 
𝛽 45 deg 

Buckled Beam ℎ1 200 µm 
 𝐿1 50 mm 

Preload Stage ℎ0 300 µm 

𝐿0 20 mm 

∆𝑙min 0.375 mm 

5. Simulation results 

A finite element method (FEM) was carried out to characterize 
and validate the straightness and the stiffness reduction of the 
4-RCC designed in the previous section. A 2D plane stress 
stationary study was conducted on the commercial software 
COMSOL Multiphysics 5.6 with the “geometric nonlinearity” 
setting enabled. The displacement (𝑥, 𝑦), the rotation around 
the 𝑧-axis 𝜃𝑧 and the actuation force 𝐹 were evaluated on the 
output stage at a position (𝑊/2, −𝐷/2) from point 𝑅 
(corresponding to the center of the parallelogram 𝑅𝑆𝑇𝑈 when 
the stage is at rest). The simulation results are plotted in Fig. 5 
for different end-shortenings ∆𝑙.  

To characterize the rectilinearity of the output stage motion, 
we define the straightness error of the mechanism as the 
maximum deviation of 𝑦(𝑥) compared to the nominal offset 
𝑦(𝑥 = 0) (initial mechanism deformation due to the buckled 
beam load 𝑃1), for the full motion range of ±4 mm. To evaluate 
the stiffness reduction, the 4-RCC stage is simulated without the 
negative stiffness mechanism (i.e., the buckled beam is removed 
from the structure). Table 2 summarizes the major simulated 
characteristics of the stage for different end-shortenings ∆𝑙. We 
do not consider end-shortenings higher than ∆𝑙 = 2.5 mm as the 
simulated maximum von Mises stress would exceed the material 
yield stress stated in table 1. 
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Figure 5. FEM results of the 4-RCC rectilinear translation stage. (a) The 
lateral translation, (b) the parasitic rotation and (c) the actuation force 
are evaluated as a function of the primary motion, for different 
preloading displacements. 
 
Table 2. Simulated characteristics of the 4-RCC mechanism for a total 
stroke of ±4 mm. 

Preloading 
 

Straightness 
Error 
 [nm] 

Maximum 
Rotation 

[µrad] 

Maximum 
Force 
[mN] 

Maximum 
Stress 
[MPa] 

∆𝑙 = 0.5 mm 125.2 7.6 6.7 185 

∆𝑙 = 1 mm 89.4 11.2 31.4 260 

∆𝑙 = 1.5 mm 65.6 13.6 62.1 318 

∆𝑙 = 2 mm 87.1 15.7 98.4 368 

∆𝑙 = 2.5 mm 111.2 17.4 140.5 411 

No Buckled 
Beam 

6163 0.13 1190 86 

6. Discussions  

Figure 5 shows that, as opposed to what has been predicted 
by the analytical model, the lateral displacement 𝑦, the parasitic 
rotation 𝜃𝑧 and the actuation force 𝐹 of the 4-RCC depend on 
the preloading displacement ∆𝑙. From table 2, it can be observed 
that adjusting the displacement ∆𝑙 of the preload stage allows 
to advantageously minimize the straightness error. Indeed, the 
minimum straightness error is equal to 65.6 nm when selecting 
∆𝑙 = 1.5 mm, as the stage moves with the same amount of 
parasitic motion upwards and downwards for the considered 

stroke (see Fig. 5a). As the straightness error on total stroke ratio 
amounts only to 0.00082%, the 4-RCC stage can be considered 
as an accurate rectilinear motion mechanism. The parasitic 
rotation 𝜃𝑧, mainly caused by the reaction moment of the 
buckled beam applied on the moving stage, is considerably small 
with a maximum value of 13.6 µrad for the selected preload (i.e., 
∆𝑙 = 1.5 mm).  

Adding the negative stiffness mechanism, the maximum 
actuation force 𝐹 decreases from 1190 mN (no buckled beam) 
to 62.1 mN (∆𝑙 = 1.5 mm), leading to a stiffness reduction of 
95%. Figure 5c shows an offset 𝐹(𝑥 = 0), assumed to be 
primarily due to the parasitic motion of the parallel leaf spring 
stage. Note that the residual tangent stiffness of the mechanism 
(slope of the force-displacement curve in Fig. 5c) is negative. This 
behavior can be directly beneficial for bistable applications (e.g., 
force-limiting nanoprobing, microswitches, microvalves and 
nonvolatile memories). 

7. Conclusion and future work 

In this paper, a novel flexure-based four-bar planar rectilinear 
translation stage, called 4-RCC, was designed. Analytical 
conditions were derived to design the mechanism with 
minimized parasitic shift and to compensate the primary 
stiffness of the output stage. FEM simulations validated the 
analytical model and the design: the mechanism shows a 
straightness error of 65.6 nm for a motion range of 8 mm and a 
stiffness reduction of 95% if a buckled beam with negative 
stiffness is added in parallel to the stage. Results show that the 
adjustment of the buckled beam end-shortening can beneficially 
minimize the parasitic shift of the output stage. 

Future work includes the fabrication of a mesoscale prototype 
to experimentally validate the parasitic shift and the stiffness 
compensations of the 4-RCC. Higher terms in the analytical 
model will be integrated to further optimize the mechanism 
dimensions. Depending on the application, the mechanism will 
be scaled up or down, and the dynamics and gravity effects will 
be investigated. 
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Abstract 
In high precision applications flexures are used to accurately guide motion. Here it is essential to obtain sufficient off-axis support 
stiffness as to mitigate parasitic dynamics. When deflecting, stress concentrations limit the flexure thickness and hence the support 
stiffness and loadability of the structure. In this paper we present an approach to make the curvature and stress constant over the 
flexure such that its thickness and consequently its support-stiffness may be increased. We show this approach with a DiamondFlex 
element. This DiamondFlex structure supports the endpoint forces such that the guiding flexure only experiences a bending moment, 
which results in a constant curvature and stress over the length of the flexure. Application of this approach to a parallel flexure 
guidance enables a thickness increase of 45 %, increasing the support stiffness by a factor 2.5. 

 
Keywords: Flexure mechanisms, Constant curvature, Optimization, Precision engineering 

 

1. Introduction 

Flexure mechanisms guide motion with virtually no play, 
backlash or wear [1]. Therefore, these mechanisms provide 
highly predictable motion, well-suited for high-precision 
applications. However, the stroke of flexure mechanisms is 
limited due to stress concentrations that occur due to 
deflection.  

In pursuit of large stroke flexure mechanisms, several 
solutions have been proposed to homogenize the stress over the 
flexures, including elliptical notch hinges [2], [3], tapered 
flexures [4], and pre-curved flexures [5]. Alternatively, the 
support stiffness may be retained for large stroke by serial and 
parallel connection of multiple flexural elements [6]. Such 
approaches rely on systematically adding and rearranging 
known flexural building blocks to optimize for a particular load 
case. As such, it is desired to have a full and characterized 
inventory of available flexural elements. 

In this study, we propose a new constant curvature flexural 
building block, the DiamondFlex (Figure 1). This alleviates stress 
concentrations in a guiding leaf spring by carrying the out-of-
plane forces by folded leaf springs (FLS). This way the guiding 
leaf spring only experiences a pure bending moment leading to 
a homogenous stress distribution over the length of the flexure 
(Figure 2). This flexure arrangement may be used as a structural 
element to replace leaf springs with high stress concentrations 
to enable ticker leaf springs for a higher support stiffness of 
flexure mechanisms. The usefulness of the proposed flexural 
element is shown on a parallel flexure guide. 

2. Method 

To show the proposed method, first the basic principles of 
stress elevation through constant curvature mechanisms are 
treated (2.1), followed by details of the DiamondFlex (2.2) and 
the application to a parallel flexure guide (2.3). 

2.1 The principle of constant curvature flexure mechanisms 
To illustrate the advantages of having a constant curvature 

over the flexure we consider two load cases: a flexure that is 
loaded 1) by a pure moment and 2) by an endpoint force to reach 
a given angle or translation.  

The curvature 𝜙′(𝑠) of bending flexures at distance 𝑠 along the 
elastic line, is proportional to the internal bending moment 
𝑀(𝑠) and the stress 𝜎𝑏 

 
𝑀(𝑠) = 𝐸𝐼𝜙′(𝑠), 𝜎𝑏(𝑠) =

𝑡

2𝐼
𝑀(𝑠) (1) 

where 𝑡, 𝑙, 𝐼, and 𝐸 are the flexure thickness, length, moment of 
inertia and Youngs Modulus, respectively. 

For flexures under a pure bending moment 𝑀, the maximal 
bending stress 𝜎𝑏, deflection angle 𝜙 and displacement Δ𝑥 are 
given by 

 
𝜎𝑏 =

1

2

𝑡

𝐼
𝑀, 𝜙 =

𝑙

𝐸𝐼
𝑀, Δ𝑥 =

1

2

𝑙2

𝐸𝐼
𝑀 (2) 

When a flexure is loaded by an endpoint force 𝐹 these quantities 
become 

 
𝜎𝑏 =

1

2

𝑡𝑙

𝐼
𝐹, 𝜙 =

1

2

𝑙2

𝐸𝐼
𝐹, Δ𝑥 =

1

3

𝑙3

𝐸𝐼
𝐹 (3) 

 
Figure 1. (a) When a leaf spring is loaded by a pure moment, its curvature 
and stress is constant along the length of the leaf spring. (b) When the 
leaf spring is subjected to an endpoint force, stress concentrations occur 
at the base due to the higher moments near the fixture. (c) The 
DiamondFlex consist of two additional folded leaf springs that carry the 
out-of-plane forces such that the main leaf spring is again subjected to a 
pure moment and stress concentrations are avoided. All cases are loaded 
to reach Δ𝑥 = 15 mm deflection. 

0

350

𝜎
  
 

 
 
 

𝐹 

𝑀 

𝐹 

(a) (b) (c)

Δ𝑥

47

http://www.euspen.eu/


  

The main difference between the force and a moment load 
case is that the latter results in a uniform stress distribution over 
the flexure as the internal moment is constant over its length, 
whereas the latter case results in stress concentrations at the 
base, where the internal moment is maximal (Fig 1.a, b). 

To prevent exceeding a given stress maximum 𝜎max (e.g., to 
avoid yield or fatigue), the thickness should be limited for a given 
deflection angle. For the two load cases we obtain a maximum 
thickness of 

 𝑡F,ϕ = 𝜎max

𝑙

𝐸

1

𝜙
 , 𝑡M,ϕ = 2𝜎max

𝑙 

𝐸

1

𝜙
= 2𝑡F,ϕ (4) 

Here we can see that maximum thickness for the moment load 
case 𝑡M,ϕ is double that of the force load case 𝑡F,ϕ, allowing a 

higher support stiffness. Similarly, when we desire a particular 
displacement, we see a 50 % increase in maximum thickness 
when comparing the moment to the force load case. 

𝑡F,Δx =
2

3
𝜎max

𝑙2

𝐸

1

Δ𝑥
, 𝑡M,Δx = 𝜎max

𝑙2 

𝐸

1

Δ𝑥
=

3

2
𝑡F,Δx (5) 

For small deflections we can expect a support-stiffness 
proportional to the thickness of the flexures while the driving 
force is affected by cube of the thickness. For large deflections 
however, the flexure thickness has a stronger influence on the 
support stiffness. For such cases it is especially advantageous to 
maximize the flexure thickness by making the curvature and 
stress more uniform over the length of the flexure. 

2.2 DiamondFlex 

2.2.1 Anatomy of the DiamondFlex 
In this paper we present a flexural building block, the 

DiamondFlex, that induces a constant curvature in a ‘main 
flexure’ even when loaded by an endpoint force (Fig 1.c). The 
DiamondFlex consist of two folded leaf springs that are arranged 
alongside this main flexure (Fig 2). Each folded leaf spring 
constrains a pure translation along its fold line such that, 
combined, they constrain torsion along the longitudinal 
direction and parallel translation of the flexure tip. 

Together with the constraints imposed by the main flexure, we 
are left with a pure bending motion about a rotation axis. 
Initially, this rotation axis is along the line that intersect the main 
flexure and both fold lines of the FLSs. 

An alternative interpretation for the function of the 
DiamondFlex is that the actuation force is decomposed in a 
bending moment and a pure force passing through the plane of 
the fold lines. The FLSs carry the pure force, while the main 
flexure only experiences a pure bending moment with a 
constant stress over its length. 

The design parameters are shown in Figure 2 and Table 1. 

2.2.2 Kinematics of the DiamondFlex 
We study the motion of the DiamondFlex first by assuming a 
perfect constant curvature motion of the main flexure. This 
allows us to choose design parameters to avoid internal 
collision (interference). 

When this main flexure is subject to a pure moment its elastic 
line (Fig 2.c) follows an arc 

 
𝑥(𝑠) =  𝑟 ([

1
0
] + [

− cos(𝜙𝑠)

sin(𝜙𝑠)
]) ,   𝑠 = 0…1 (6) 

Where 𝑟 = 𝑙/𝜙 is the radius of curvature. The tip of the flexure 
therefore moves over a spiraling path. From this it can be 
computed that the distance from the center of curvature to the 
instantaneous center of rotation is 𝑟 |𝜙|⁄ , indicating that the 
instantaneous center of rotation 𝑝 does not stay on the elastic 
line but moves inwards with larger bending angles. 

To avoid interference, a sufficient separation distance 𝑑 (Fig 
2.a) between the guiding flexure and two FLSs is needed. To 
estimate the minimal separation, we use a first order 
approximation and assume leaf springs of the FLS purely twist 
about the edge closed to main flexure. These edges therefore 
remain rather straight, and we may approximate that 
interference occurs when 

 𝑑 = 𝑟 − √𝑟2 − 𝑙2 4⁄   (7) 

2.2.3 Statics of DiamondFlex 
Although the Diamond structure lowers the stresses of the 

main flexure, large stresses typically occur in the FLSs of the 
Diamond. These stresses can be attributed to a combination of 
1) torsion along the longitudinal axes of the FLS flexures, 2) an 

 
Figure 2. The anatomy of the DiamondFlex in undeformed (a) and deformed state (b, c). A main guiding leaf spring is supported by two folded leaf 
springs (FLS). Since the main leaf spring has 3 constraints (indicated by red arrows) and the FLSs constrain one translation each, the remaining DOF 
is a rotation around the common intersecting line ω, which lies on the plane of symmetry 𝜋. (d) When a constant curvature flexure is deflected, 
its endpoint 𝑥(𝑙) follows a spiraling curve (purple). 

Table 1. The design parameter of the main flexure and the 
DiamondFlex as used in the parallel flexure guidance 

 Symbol PFG 
base-line 

values 

Unit 

Displacement Δ𝑥 5.00 mm 
Stress maximum 𝜎max 350     
Elastic modulus 𝐸 210 G    
Shear modulus 𝐺 70.0 G   
Guidance width 𝑎 150 mm 
Main length 𝑙m 100 mm 
Main width 𝑤m 50.0 mm 
Main thickness 𝑡m 1.11 mm 
Diamond thickness 𝑡d 0.40 mm 
Diamond width 𝑤d 22.5 mm 
Diamond height ℎ 50.0 mm 
Diamond breadth 𝑏 50.0 mm 
Separation distance 𝑑 1.25 mm 
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out-of-plane bending, and 3) an in-plane loading due to driving 
force.  

This combined load case leads to a trade-off in the width 𝑤d 
and thickness 𝑡d of the flexure. Wide and thick flexures reduce 
the stress due the in-plane loads but also increase the stress due 
to torsion and out-of-plane bending. 

Currently, we do not have an accurate analytic model of the 
stresses to find an optimal trade-off. Therefore, we rely on a 
flexible multibody simulation software [7] in conjunction with 
optimization to find suitable designs. 

2.2.4 Double diamond 
To increase the load carrying capabilities of the FLS flexures a 

Diamond on both sides of the main flexure can be considered. 
The actuation force is then carried by more flexures, reducing 
the maximum stress in the FLSs such that the main flexure can 
be made ticker. 

2.3 Case study: application to a parallel flexure guide 
To show that this DiamondFlex element may aid flexure 

mechanisms we apply the proposed strategy to a parallel flexure 
guide. This flexure guide is designed to support a linear motion 
of Δ𝑥 =  +/− 5 mm. Since both ends of the flexures are 
constrained to a pure translation, stress concentrations occur at 
these fixtures. To alleviate these stress concentrations, we use 
two DiamondFlex elements per flexure 

We evaluate four cases: 1) baseline consisting of only the main 
flexures, 2) adding the DiamondFlex with while retaining the 
original main flexure thickness, 3) adding DiamondFlex with 
increased main flexure thickness and 4) adding a double 
DiamondFlex. In the latter two cases we maximized the main 
flexure thickness until the maximum stress equaled that of the 
original case. Here we optimized the width (𝑤d)of the FLS while 
fixing the breadth 𝑏 and height ℎ of the DiamondFlex to the 
length 𝑙𝑚 and width 𝑤𝑚 of the main flexure and the FLS 
thickness 𝑡𝑑 to the minimal producible value. The corresponding 
values can be found in Tables 1 and 2. 

3. Case study results: application to a parallel flexure guide 

Figure 3 shows the simulation results, whereas Figure 4 shows 
the stress distribution of the 4 cases. Comparing case 1, the 
original flexure, to case 2, the DiamondFlex with original main 
flexure thickness, it may be observed that the maximal stress in 
the system drops by 19%. Interestingly, the lateral support 
stiffness ( -direction) at full deflection is increased by 30 % by 
the adding the DiamondFlex. This may be explained by the 
coupling of lateral forces to the torsional motion at larger 
deflections. Therefore, increasing the torsional stiffness by the 
FLSs also increases the lateral stiffness of the PFG. The vertical 
support stiffness ( -direction) is unchanged. 

By increasing the main flexure thickness by 28 % (case 3), the 
maximum stress is brought back to its limit value while the 
lateral support stiffness is increased by 105% at full deflection. 
The vertical support stiffness is increased by 42 %. Please note 
that the stress maximum is now located at the FLSs and not the 
main flexures. This shows that the theoretical maximum 
thickness of the main flexures is not yet obtained.  

Adding a second DiamondFlex (case 4) lowers the load in the 
DiamondFlex, such that the main flexure can be made thicker by 
44% leading to a 232 % increase of support stiffness 155% (𝑘  ) 

and 67% (𝑘𝑧𝑧), compared to the original case. 
The actuation stiffness also substantially rises by the addition 

of the DiamondFlex elements and increased flexure thickness. 

4. Discussion 

4.1 Scope 
The results confirm that the DiamondFlex increases the 

allowable thickness of the main support flexure by making the 
stresses uniform. This in turn allows for a higher support 
stiffness of the mechanism. Here, the theoretical maximum of 
50 % increased main flexure thickness (Eq. 5) was almost 
reached when using a double DiamondFlex. 

This constant curvature approach appears to work for a 
limited range of load and deformation cases. The main limitation 
lies in the stresses that are induced in the FLSs. These stresses 
can become quite large when large deformations are applied to 
the FLSs. Moreover, as actuation stiffness of main flexure 
strongly affects the stress in the FLSs, this approach is only 
satisfactory when the main flexure is relatively thin. 

Furthermore, to minimize the twist angle of the FLSs, the 
DiamondFlex should be rather wide. Here we used a 1:1 ratio 

 
Figure 3. The maximal stress in the parallel flexure (top), lateral 
support stiffness (middle) and vertical support stiffness over 
deflection (bottom). Here the results of the original flexure (blue), 
DiamondFlex with original flexure thickness (red), DiamondFlex with 
increased flexure thickness (yellow), and double DiamondFlex with 
increased flexure thickness (purple) are shown. 

Table 2. The performance for the parallel flexure guide without and with the DiamondFlex. 

Cases 

Thickness 
main flexure 
𝑡m  𝑚𝑚  

Width 
DiamondFlex 

𝑤d  𝑚𝑚  

Maximum  
stress 

𝜎max       

Actuation 
stiffness 

𝑘    N/mm  

Support  
stiffness 

𝑘    N/mm  

Support 
stiffness 

𝑘𝑧𝑧  N/mm  

1) PFG original  (𝑡m = 𝑡0) 1.11 − 350 28.9 22.6 × 103 172 × 103 
2) PFG + DiamondFlex (𝑡m = 𝑡0) 1.11 25.5 282 44.2 29.3 × 103 172 × 103 
3) PFG + DiamondFlex (𝑡m > 𝑡0) 1.42 25.5 350 86.3 46.3 × 103 244 × 103 
4) PFG + Double Diamond (𝑡m > 𝑡0) 1.61 27.5 350 133 57.7 × 103 288 × 103 
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between the breadth and its height. For a slender build volume, 
the twist angles become large, inducing large stresses in the FLSs 

It should also be noted that this approach leads to large 
actuation forces as this is proportional to the cube of to the 
flexure thickness. Also, the added DiamondFlex increase the 
actuation force significantly. Potentially, this negative effect 
could be counteracted by statically balancing the mechanism. 

4.2 Design considerations 
As indicated the earlier, avoiding stress build-up in in the FLS’s 

is crucial as this will allow for higher actuation force and a thicker 
main flexure. As a sufficient accurate model of the stress and 
support stiffness is not available at the moment, we discuss the 
influence of design parameters based on heuristics and 
experience. 

Minimal producible thickness 𝑡d is typically chosen for the FLSs 
as stress due to torsion and bending dominant over the stress 
due to loading. However, very thin FLSs are prone to buckling 
due to this loading, placing a lower limit on the leaf spring 
thickness. 

To minimize stress due to twisting, the FLS width 𝑤d should be 
minimized, however this again also leads to reduced load 
carrying capacity. This parameter therefore depends strongly on 
selected material and desired displacement of the DiamondFlex. 
An increased width 𝑤𝑑 also leads to larger footprint which might 
not be available in all cases. 

The distance to main flexure 𝑑 should be as small as possible 
to avoid large stress due to bending while still avoiding 
interference. Here Equation 7 is used as a lower bound on 𝑑. 

To reduce stress in the FLSs, the flexures are selected to be as 
large as possible, leading a diamond breadth 𝑏 to be large as 
permitted by the design space. Typically, this is the same as the 
width of the main flexure. 

There appear to be two design options for the height ℎ of the 
DiamondFlex. Either the full length 𝑙m of the main flexure is 
utilized or the height is made as small as possible to reduce the 
effect of bending on the stress build-up. In this paper we used 
the former option. 

A future parameters study and analytic model would detail the 
limits and advantages of the presented constant curvature 
approach. 

5. Conclusion 

To conclude, this paper proposes a constant curvature flexure 
mechanism termed the DiamondFlex to mitigate stress 
concentrations that occur when flexures are subjected to an end 

force. The DiamondFlex consists of mirror symmetrically 
arranged folded leaf springs that carry the out-of-plane load. The 
initial ‘main’ flexure is therefore only loaded by a bending 
moment, resulting in constant stress over its lengths. This allows 
the use of a thicker flexure that have better support stiffness and 
load carrying capabilities. 

A set of design guidelines is presented to avoid interference 
between the main leaf spring and the folded leaf springs and to 
limit the stress concentrations in the folded leaf springs. 

The proposed DiamondFlex is applied to a parallel flexure 
guidance. Consequently, the flexures could be made thicker by 
28% leading to an approximate doubling of the support stiffness. 
Adding another DiamondFlex in parallel allowed an even further 
increase in thickness by 45% and 2.5 times the original support 
stiffness at full deflection. 
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Figure 4. Deflection of a parallel flexure guide (PFG) cause stress concentrations at the fixtures (a). By adding a DiamondFlex 
structure, these stresses are lowered and made uniform (b). This allows for an increase in thickness - and hence support - without 
exceeding the stress limits (c). A further increase in support stiffness is obtained by adding more DiamondFlex elements. The red 
dot indicates the force application and stiffness evaluation point. 
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Abstract 
Frictional characteristics are an important factor in the design and exploitation of precision positioning systems and components. In 
fact, friction is a complex stochastic phenomenon depending on an intricate interplay between materials’ physical and chemical 
properties, as well as on the contact conditions influenced by the exerted normal forces, sliding velocities, contact area, temperature 
etc. Experimental measurements of the nanoscale friction force of an X39CrMo17-1 high-alloy steel thin film, deposited on a silicon 
wafer, are obtained in this work via elaborated lateral force microscopy (LFM) measurements performed on a scanning probe 
microscope using silicon-nitride microcantilever probes. The thin-film samples are synthesised by using pulsed laser deposition, which 
enables obtaining precise stochiometric elemental properties. The LFM measurements allow obtaining single-asperity contact 
conditions in the studied tribo-pair, which is studied experimentally considering the mentioned external influences as the variable 
process parameters. In order to obtain an in-depth insight into the dependencies of nanoscale friction on these parameters, the 
obtained experimental data is used to train various machine learning (ML) algorithms. The resulting predicted values of the nanoscale 
friction force are therefore obtained by using random forest, multilayer perceptron and support vector regression ML methods. In 
order to assess their predictive performances, all the used algorithms are validated on a separately measured test dataset. The best 
predictive performances are obtained by using the support vector regression algorithm, resulting in the highest achieved coefficient 
of determination (R2), allowing the prediction of 90 % of the variance of the experimental measurements. 
 
Nanotribology, high-alloy steel, thin-films, machine learning 

 

1. Introduction 

Due to a wide array of concurrent detrimental effects that 
occur in the mechanical contacts of sliding bodies, the accuracy 
of precision positioning systems presents a major design 
challenge [1]. Frictional phenomena present therein a major 
disturbance, constituting an important ongoing research topic. 
The study of frictional effects, with their inherent stochastic 
nature, creates, thus, a modelling and prediction challenge, 
dependent on material types, contact area, normal loads, sliding 
velocities, temperature, and, in general, the interplay of these 
and other physio-chemical effects and interactions [1]. The 
majority of the resulting complex frictional effects have their 
foundation in the so-called single asperity contact of two 
surfaces in relative motion [1]. To provide better predictive and 
compensating frameworks, enabling the attainment of 
increasingly precise mechanical positioning systems, it is 
therefore important to acquire the fundamental physical 
insights into the frictional phenomena that occur in the 
nanometric domain. With this goal in mind, nanotribological 
experimental measurements are performed in this work, and 
the obtained data are used in multiple machine learning (ML) 
algorithms so as to obtain a qualitative insight of the frictional 
interactions in the single asperity contact conditions depending 
on the concurrent influence of the variable process parameters, 
i.e., normal loads, sliding velocities and temperature. 

2. Experimental methodology 

The scientific approach to the study of nanoscale (single 
asperity) frictional phenomena performed in this work is based 
on experimental measurements conducted via a Bruker 
Dimension Icon scanning probe microscope (SPM) [2] available 
at the Centre for Micro- and Nanosciences and Technologies 
(NANORI) of the University of Rijeka, Croatia [3]. The instrument 
is used in the atomic force microscopy (AFM) configuration – the 
only state-of-the-art method of measuring nanometric frictional 
phenomena while experimentally approximating the conditions 
of a single asperity contact [4-6]. 
 

 
 
Figure 1. Scheme of the used LFM measurement configuration [7]. 
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The frictional force on the analysed samples is hence 
measured by using the lateral force microscopy (LFM – known 
also as the Friction Force Microscopy (FFM)) measurement 
modality, shown schematically in Fig. 1, while the experiments 
are controlled by using the respective NanoScope software. A 
silicon nitride Bruker SNL-10 microcantilever probe [8] moves 
hence laterally, while a continuous contact is maintained 
between its tip and the surface of the studied samples. The 
probe is applying a constant normal load on a 500 x 500 nm2 area 
of the sample, and the set scanning resolution is 512 lines per 
scan. To obtain a precise value of the forces in the normal 
(exerted load) as well as in the lateral (frictional) directions, prior 
to the measurements each probe is calibrated in terms of its 
normal and lateral sensitivity [7]. These calibrations are critical 
in converting the voltages generated by the laser beam, 
reflected via the optical lever induced by the motion of the 
probe caused by its interactions with the surface of the sample, 
i.e., by the normal, the adhesive and the friction forces, on the 
SPM position-sensitive photo-diode (PSPD), into quantitative 
force spectroscopy measurements [7]. 

The nanotribological experimental measurements are carried 
on with three variable process parameters: normal load FN in the 
range from 10 to 150 nN, sliding velocity v varying from 5 to 500 
nm/s, and temperature  changing from 20 to 80 °C. Due to the 
complex and time-consuming nature of the used experimental 
technique, the number of points selected for the measurements 
on the used samples is 50, with five repetitions for each 
measurement point, resulting in a total number of 250 
measurements. The performed experiments are configured by 
applying a novel design-of-experiment (DoE) methodology, i.e., 
by sampling the experimental design space within the 
mentioned boundaries using the centroidal Voronoi tessellation 
(CVT) technique [9, 10] that enables a uniform distribution of the 
measurement points in the multivariate experimental design 
space. The CVT sampling method is efficiently implemented in 
this work in the commercially available GoSumD software [11]. 

Although most mechanical precision components and 
assemblies are designed and manufactured from high-quality 
stainless steel, which combines excellent mechanical properties 
with the inertness to atmospheric and exploitation conditions, 
this material type is seldomly analysed in the micro-, and, 
especially, in the nanodomain. In this work this challenge is 
approached by studying the nanometric tribological properties 
of a high-alloy martensitic steel X39CrMo17-1, characterised by 
a complex chemical composition, whose nanotribological 
characterisation is not reported in available literature. The 
respective samples are synthesised as thin-films on a silicon 
wafer substrate by using the pulsed laser deposition (PLD) 
method [12] at the facilities of the Institute of Physics, in Zagreb, 
Croatia. PLD, shown principally in Fig. 2a, is a physical vapour 
deposition (PVD) technique where high power laser pulses in a 
vacuum chamber are used to melt, vaporize and ionize the 
surface of the target material – in this case the high-alloy steel. 
This ablation produces a plasma plume, visible in Fig. 2b, that 
rapidly expands away from the target, while the ablated material 
is deposited on the surface of the substrate (the silicon wafer). 
An optical emission spectroscopy (OES) method is used for the 
in-situ characterization of the obtained plasma, which enables 
optimizing the pulsed laser characteristics, thus obtaining the 
control of the deposition process so as to achieve the desired 
atomic structure of the deposited thin-films. The technique is 
widely used in the production of a broad range of 
superconductive and insulating circuit components, as well as 
for biocompatible and medical applications. Its main advantage 
is that it enables the stochiometric transfer of the material from 
the target to the surface of the substrate, allowing a precise 

chemical composition of the used target material to be 
deposited in the form of thin-films [12]. 

The thus synthesised X39CrMo17-1 thin-film samples are 
characterised by means of X-ray photoelectron spectroscopy 
(XPS) and of secondary ion mass spectrometry (SIMS) 
measurements on the instruments available in the mentioned 
NANORI Centre [3]. Such measurements allow confirming the 
elemental composition, as well as establishing the 100 nm 
thickness of the steel thin-film deposited on the Si substrate. 
 

    
                  (a)      (b) 
 
Figure 2. Scheme of the used PLD process (a), and plasma plumes in the 
vacuum chamber as seen while synthetizing the X39CrMo17-1 samples. 
 

The values of the nanometric friction force Ff in all the 50 
measurement points, defined via the used CVT DoE methodol-
ogy within the ranges of the concurrently varied process param-
eters, and obtained by performing the described LFM measure-
ments, are shown colour-coded in Fig. 3. The stochastic nature 
of the studied nanoscale friction force is clearly evidenced here, 
with the higher Ff values obtained for higher normal loads FN and 
lower temperatures , while the influence of sliding velocity v 
does not show an intuitive correlation with Ff. 
 

 
 
Figure 3. Colour-coded distribution of experimentally determined 
nanometric friction force values Ff in the 50 measurement points for the 
X39CrMo17-1 thin-film sample obtained via PLD vs. the influencing 
parameters temperature , total normal load FN and sliding velocity v. 
 
Table 1. Matrix of correlation coefficients for the influencing parameters 
on the nanometric friction force Ff in the CVT measurement points. 
 

 v FN  Ff 
v 1    
FN 0.032 1   
 0.028 0.079 1  
Ff 0.018 0.36 -0.57 1 

 
Further methods of analysis are needed to obtain a deeper 

insight into the sensitivity of the Ff values, attained via the LFM 
measurements, on the variation of the influencing process 
parameters. Statistical analysis is hence used as a benchmark, as 
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well as to obtain guidelines for the subsequent numerical 
analyses. The correlation matrix obtained by using the Pearson’s 
product moment correlation (PPMC) [9] on the set of acquired 
Ff data is summarised in Table 1. In PPMC a correlation 
coefficient of 1 or -1 represents a perfect (linear) correlation of 
positive (proportional) or negative (inversely proportional) 
dependence of the dependent variable on the considered 
influencing parameter, with the higher absolute values 
indicating a stronger dependence. A zero (or near-zero) value 
indicates, in turn, that there is no correlation. From the values 
deported in Table 1 it can therefore be deduced that the effect 
of sliding velocity v has a low impact on the nanoscale friction 
force Ff, with a low correlation factor of 0.018. The effects of the 
normal load FN and of temperature  have, in turn, respectively 
a high positive and a high negative effect on the friction force. 
The high positive effect of the normal load is, obviously, 
predictable from the conventional friction models [1]. The cause 
of the negative and relatively high effect of temperature on the 
friction force, can, in turn, be speculated to originate from the 
evaporation of an adsorbed water layer on the surface of the 
studied samples. In fact, evaporation would diminish the 
attractive force of the meniscus, and thus lower the normal load. 

To gain even deeper insights into the effects of each of the 
variable process parameters on the nanoscale friction force, the 
obtained experimental data are used next to train multiple ML 
algorithms. 

3. Machine learning modelling 

To obtain the predictive models linking the process variables 
to the value of the nanometric friction force Ff, the results 
obtained experimentally are analysed, as depicted in Fig. 4., by 
using state-of-the-art ML numerical methods. 
 

 
 
Figure 4. Implemented methodology for the development of a 
predictive model of nanoscale friction using ML methods [13]. 
 

Various ML algorithms are thus used in this work: multi-layer 
perceptron (MLP), support vector regression (SVR), and random 
forest (RF) ensembles; the respective models are developed by 
using the Scikit-learn [14] and GoSumD [11] implementations. 

MLP is a deep artificial neural network, meaning it consists of 
more than two layers of perceptron, i.e., algorithms used for the 
supervised learning of functions as binary classifiers. The latter 
are composed of an input layer receiving the signal, an output 
layer that evaluates or predicts the input and, in between those 
two, an arbitrary number of hidden layers that are the true 
computational engine of the algorithm [15]. 

RF is a type of ensemble ML algorithm called bootstrap 
aggregation or bagging. Bootstrap is a powerful statistical 
method for estimating a quantity from data samples, such as 

mean values. RFs are based on combining multiple decision trees 
into a single stronger predictor. Each tree is trained therein 
independently with a randomly selected subset of the 
experimental data [16].  

Finally, in the support vector machine (SVM) algorithms a 
hyperplane is selected to best separate the points in the input 
variable space, by their class [15, 17]. In 2D this separation is 
easily visualized, but the same approach works also for 
multidimensional data. The SVM (or the SVR, for the support 
vector regression variant, as applied in this research) learning 
algorithm seeks for the coefficients that result in the best 
separation of the classes by the hyperplane. The best or optimal 
hyperplane is the one that has the largest distance between the 
hyperplane itself and the closest data points, i.e., the biggest 
margin. Only these cases are relevant in defining the hyperplane 
and constructing the classifier, i.e., a function which describes a 
set of instances that have common features [17]. 

All the described methods are used to develop nanoscale 
friction models for the considered sample material via the 
following steps: 

- data preparation (normalization, standardization), 
- training of the algorithms on the experimental (CVT-based) 

datasets, and 
- optimization of their characteristic hyper-parameters. 
During the training of all the models, overfitting is avoided and 

the best performing hyper-parameters are validated by 
employing k-fold cross-validation. Cross-validation is a 
technique used to evaluate the predictive models by partitioning 
the original sample (the experimental CVT-based dataset) into a 
training set used to train the model, and a validation set used to 
evaluate its optimal parameters [18]. All the ML models used in 
this study are, thus, subject to 10 x 10 cross-validation, i.e., 10 
repetitions of 10-fold cross-validations are performed on the 
complete CVT-based training dataset. 

The metrics used for evaluating the developed ML models’ 
predictive performances are the mean absolute errors (MAE), 
the root-mean square errors (RMSE) and the coefficients of 
determination R2 [19]. The evaluation metrics is applied on 
separate experimental measurements, i.e., on an un-seen 
testing dataset, with the results evaluated in terms of the best 
possible predictions [13]. 

The values of the hence attained predictive results (metric 
values) on the testing datasets are reported in Table 2, where R2 
is selected to be the most dominant (but not exclusive) metric, 
with values of R2 above 0.7 considered as good predictive 
performances. It can thus be seen that the predictive 
performances of all the developed ML models show similar high 
predictive performances, with the SVR algorithm showing 
slightly better performances – thus allowing to predict 90 % of 
the variance of the nanoscale friction force values (R2 = 0.90). 
 
Table 2 Comparison of predictive performances on the test datasets for 
the used ML models of nanoscale friction. 
 

Algorithm RMSE MAE R2 
RF 1.21 0.554 0.81 

MLP 1.78 1.53 0.85 
SVR 1.39 0.927 0.90 

4. Results and discussion 

The best-performing SVR ML model is finally used to plot the 
solutions of the predicted nanoscale friction force values Ff 
within the whole variable range of values of the studied process 
parameters. The visualization of the surface plots of the thus 
developed solutions is given in Fig. 5, where in each diagram two 
process parameters are varied, while the third one is kept 

53



constant. 
In Fig 5a the influence of temperature () on the nanoscale 

friction force values shows a sloped parabolic effect, which can 
be attributed to the complex interplay of the thickness of the 
adsorbed water layer and the resulting adhesive forces that have 
a strong effect on Ff. What is more, the concurrent effect of 
sliding velocity (v) shows  a  mild quasi-linear effect on Ff, which 
is consistent with the above preliminary observations (cf. Table 

 1). The dominant positive effect of the normal load FN gives rise 
to a strong quasi-linear influence on Ff in the case of constant 
temperature, although this effect is concurrently affected by 
temperature – as it can be appreciated in Fig. 5b, where, for the 
lowest and highest values of temperature, the effect of normal 
load varies greatly. All of these observations are confirmed also 
in Fig. 5c. 

 

                 
  (a)             (b)       (c) 

Figure 5. Surface plots of the SVR-based ML solutions of the nanoscale friction force values Ff for a constant total normal load (FN = 100 nN) (a), a 
constant sliding velocity (v = 250 nm/s) (b), and constant temperature ( = 80 °C) (c), for the PLD synthesized X39CrMo17-1 steel thin-film samples. 
 

Overall the results corroborate, therefore, the fact that 
frictional phenomena at the nanoscale (i.e., in the single asperity 
contact conditions) depend greatly on the conditions in the 
contact region of the two materials in the tribo-pair. 

5. Conclusions and outlook 

The analysis of the frictional behaviour in the nanometric 
domain, performed in this work by using the black-box ML 
models on experimentally acquired data, allows evidencing that 
it is possible to provide an effective prediction of the influence 
of multiple process parameter on the value of the friction force 
with satisfactory levels of accuracy, i.e., with R2 values ranging 
from 0.81 to 0.9. The developed ML models provide also novel 
insights into the multi-variable effects on nanoscale frictional 
phenomena of the X39CrMo17-1 steel thin-film synthesized by 
using PLD. 

The visualizations of models’ predictive results clearly shows 
complex concurrent effects of the considered variable process 
parameters on the nanoscale friction force, thus justifying 
further studies at the higher and the lower ranges of scales, i.e., 
at the molecular and the microscales. The obtained predictive 
correlations will thus be used for studies comprising frictional 
scaling effects, but also for predictive control modelling, and 
other fields of study - all with the goal of enabling a further 
development of precision positioning mechanical systems and 
components. 
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Abstract 
 
A Quantum Electro-Mechanical Metrology Suite (QEMMS) is being designed at the National Institute of Standards and Technology. 
It features a graphene quantum Hall resistor, a programmable Josephson voltage system, and a Kibble balance. The QEMMS provides 
primary standards in the International System of Units (SI) for the units of volt, ohm, ampere, meter, second, and mass directly with 
one single instrument and thus, is a metrology institute in one laboratory. For the unit of mass, a measurement range of 10 g to 
200 g and measurements with relative uncertainties of 2 × 10−8 at 100 g are targeted. Here, essential requirements and features 
of the new mechanism design are pointed out. Furthermore, measurements that are necessary to verify the performance of the new 
balance mechanism are introduced. An update on the status of the work and the first pictures of the new mechanism are published. 
 
Conceptual Design, Design, Measuring Instrument, Ultra Precision   

 

1. Introduction 

In 2018, a link of the Planck’s constant with the mass of the 
International Prototype Kilogram (IPK), the speed of light and 
the hyperfine splitting frequency of Caesium 133 [1] has been 
established using the Kibble balance. Since then, the Kibble 
balance provides a primary definition of the unit of mass in the 
International System of Units (SI). The National Institute of 
Standards and Technology (NIST) was contributing to this 
redefinition with their fourth generation of a Kibble balance, 
called NIST-4, which was designed and optimized to measure 
Planck’s constant based on the IPK with a relative standard 
uncertainty of 13 × 10−9 [2].  

In a currently ongoing effort, NIST is designing its fifth version 
of the Kibble balance for the Quantum Electro-Mechanical 
Metrology Suite (QEMMS) with the goal to realize mass 
measurements from 10 g to 200 g with relative standard 
uncertainties of 2 × 10−8 at 100 g. For such precision, it is 
necessary to operate the balance in a vacuum. Otherwise, the 
influence of buoyancy and changes in the refractive index would 
be hard to quantize at that level of uncertainty. In addition to 
the Kibble balance, the QEMMS features a graphene quantum 
Hall resistor array and a Josephson voltage standard directly 
implemented in one instrument. 

 
Compared to NIST-4, the new Kibble balance will be lighter, 

smaller, roughly the size of an industrial 1 kg vacuum mass 
comparator and require fewer auxiliary control systems and 
adjustments for its high precision operation. The subsystem in 
the balance that requires special attention during design is the 
mechanism. For the first time in a NIST Kibble balance, one 
flexure mechanism for both modes of operation, the weighing 
mode, and the velocity mode is employed.  

 
 
 

 
In the weighing mode, the balance is held in a defined null 

position using closed loop position control. Here, the electric 
current 𝐼 through the coil of an electromagnetic actuator is 
adjusted such that the magnetic force compensates the 
gravitational force of a test mass 𝑚 according to 

 

𝒎𝒈 = −𝑵
𝝏𝚽

𝝏𝒛
𝑰, (1) 

 
where 𝑔 is the local gravitational acceleration, 𝑁 the number 

of turns in the coil and 𝜕Φ/𝜕𝑧 the derivative of the magnetic flux 
Φ with respect to the 𝑧-direction. The expression 𝑁 𝜕Φ/𝜕𝑧 is 
further called calibration factor. 

A second mode of operation, the velocity mode, is used to 
determine this calibration factor with a relative standard 
uncertainty of parts in 109 based on Faraday’s induction law, 
i.e., 

 

𝑽 = −𝑵
𝝏𝚽

𝝏𝒛
𝒗, (2) 

 
where 𝑉 is the voltage induced in the coil by moving it 

vertically with velocity 𝑣 through the magnetic field of the 
permanent magnet. The velocity is typically monitored with a 
heterodyne interferometer at certain time stamps. 

Rearranging and setting the two previous equations equal 
allows to eliminate the calibration factor which yields the Kibble 
balance equation:  

 
𝒎𝒈𝒗 = 𝑰𝑽. (3) 

 
The following shows how the design of the new flexure 

mechanism for the Kibble balance in the QEMMS has evolved 
and emphasizes the requirements and related experiments 
necessary to proof appropriate performance in the field. 
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2. Requirements to the new Kibble balance mechanism      

For the two separate modes of operation, the mechanism 
mainly provides the two following functionalities: (1) it serves as 
a mass comparison/leveling system for the feedback-controlled 
operation in the weighing mode, and (2) it provides a high 
precision, vertical guiding of the coil in the magnetic field of the 
permanent magnet during the velocity mode.  

 
In the weighing mode, it is crucial to maintain a constant 

length of both balance arms within parts in 109 around the 
weighing position because this directly contributes to a relative 
mass measurement error. For the mechanism in the QEMMS this 
translates to an acceptable lateral dimensional error of 
approximately 250 pm over 1 µm of vertical deflection around 
the nominal zero position. This is a direct requirement to 
constant thermal conditions during the measurement and 
precision in machining and/or assembling of the mechanism. 
Furthermore, the mechanism is required to have a low force 
nonlinearity. In flexure mechanisms, nonlinearity shows up as a 
hysteretic force and stems from anelastic effects in the flexure 
material after small excitations of the balance from, for example, 
the placement of a test mass on the mass pan [3]. The overall 
contribution of the hysteresis to the measurement uncertainty 
is aimed to be below 0.1 µg. Flexure mechanisms as used in 
industrial ultra-high precision mass comparators can provide the 
required number for the hysteretic force. A low elastic stiffness 
in the flexures has positive impact to the hysteretic behavior of 
metals [4]. For flexures, a minimal notch thickness on the order 
of 50 µm is the technological threshold value defined by 
manufacturing processes like wire electrical discharge 
machining, high speed milling, or chemical etching. A low 
stiffness of the mechanism is furthermore important to 
minimize errors to the mass readout derived from positioning 
errors between mass on and mass off phases. Position errors of 
approximately one micrometer are expected here. An inverted 
pendulum for example allows for an adjustment of the stiffness 
close to zero. 

 
During the velocity mode, a total vertical travel of 

approximately ±30 mm needs to be realized for the 
determination of the calibration factor with a relative standard 
uncertainty of parts in 109. Ideally, the stiffness of the 
mechanism along the vertical travel should be constant to allow 
for a precise velocity or voltage feedback control along the 
travel. Furthermore, the trajectory of the coil in the permanent 
magnet needs to be a pure linear vertical motion. Lateral 
deviations of less than 3 µm over the total travel range will keep 
error influences like voltage bias, velocity bias or beam shear 
error in the interferometer sufficiently small. 

3. Design of the new Kibble balance mechanism      

Figure 1 shows different design principles for mechanisms in 
Kibble balances. Option 1 is used for the new mechanism 
because it has the advantage of the cancellation of certain 
trajectory errors by using the same mechanical system in both 
the weighing and the velocity mode. Furthermore, having only 
one mechanism for moving and weighing simplifies the design 
considerably.  

The challenge is to find a flexure design to (1) support the load 
of the entirety of moving parts in the balance (15 kg) and (2) 
additionally to move the coil ±30 mm (7 ∘ angular deflection of 
the hinges at the defined size). For this purpose, a modified 

flexure geometry has been studied and chosen by using finite 
element simulation.  

 
 

Figure 1. Different design principles for mechanisms used in Kibble 
balances. These designs can be found in existing versions of Kibble 
balances around the world. At NIST, option 1 is traditionally used. 

 
Finding a flexure geometry that reduces the stress to an 

acceptable level and maintains a low elastic stiffness was critical. 
Normal circular of flat flexure contours as used in [3] would 
exceed the yield strength of even high strength, hardened 
material like a hardened Copper Beryllium alloy which will be 
used in the balance due to its high yield strength (>  1000 MPa) 
and low anelastic loss. A representation of a flexure geometry 
with suitable mechanical properties is shown in figure 2. 

 

 
 

Figure 2. Model and plot of the equivalent von Mises stress from a finite 
element simulation at a flexure geometry suitable for application in the 
QEMMS. The geometry has a large radius in the center with 
characteristic 𝑅𝑚 ≫  𝐿𝑚. The shown flexure geometry has 𝑅𝑚 =
200 mm, 𝐿𝑚 = 20 mm, ℎ0 = 50 µm, 𝑤 = 10 mm, 𝑅𝑎 = 1.5 mm, La =
3 mm, and 𝐻 = 5 mm. The nodes at the top face are fixed supported 
while a point mass node with a weight of 15 kg is attached to the bottom 
face via remote constraints and the bottom face is rotated by 7 ∘. The 
deformation is exaggerated by a factor of 2.3. The red parameters on the 
right were subject to investigation for their impact in stress reduction. 

 
The new mechanism design consists of two sub-structures: (1) 

a dedicated guiding mechanism constrains the motion of the coil 
and (2) a balance wheel is suspended by the main flexure. 
Multifilament bands roll off the wheel’s surface and connect the 
balance wheel with the guiding mechanisms.  

A wheel-based balance was chosen over a beam-based 
balance because of kinetic advantages in the velocity mode.  
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Figure 3. Drawing of the kinematic structure and rendering of the mechanism in the new Kibble balance for the QEMMS. The main mass and 
countermass side feature the same guiding mechanism to maintain symmetry. The balance consists of an inner wheel which constrains the motion 
of the intermediate stages of the folded parallelogram linkages and an outer wheel to constrain the final motion of the guides. The output of the 
guiding mechanism on the main mass side is connected to the coil. 

 
Since the velocity mode requires a relatively large deflection 

of the mechanism (7 ∘), the connecting element between the 
beam and the guiding mechanisms in a beam-based balance 
would tilt due to the vertical constraint of the guiding 
mechanism and the shortening of the projected horizontal lever 
arm length over deflection. Thus, the connectors in a beam-
based balance apply a noticeable horizontal force to the guiding 
mechanism. With larger deflections this parasitic horizontal 
force causes a stiffening of the mechanism proportional to the 
suspended masses and also compromises guiding quality. This 
effect could be reduced by designing the connectors very long 
(> 1 m) or compensated by a symmetric compensation design. 
However, since the need for compactness and simplicity in 
design make neither of the former suggestions applicable, we 
employ a wheel-based balance. This avoids a tilt of the 
connectors in principle by maintaining a constant lever arm over 
the deflection. 

 

 The mechanism is designed symmetric on the main mass and 
countermass side. The kinematic structure and a rendering are 
shown in figure 3. 

Planar kinematic subsystems are chosen. The guiding 
mechanism is a folded parallelogram linkage to compensate for 
the systematic horizontal error in motion of a single 
parallelogram linkage. Since the folded parallelogram linkage 
itself is a kinematic structure with two degrees of freedom, two 
connecting links to the balance wheel have to be used to 
constrain the mechanism to a defined one-dimensional 
movement.  

The mechanism has been designed, manufactured, and 
assembled in the vacuum chamber at NIST. Figure 4 shows a 
picture of the current status of assembly. 

Each subsystem in the mechanism can be locked and unlocked 
repeatedly with minimal over-constraint using expansion pins 
like in [5], which is necessary for being able to attach, detach and 
align components within the sensitive compliant structure. 
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4. Assembling, alignment, and measurements      

Assembling needs to be done in a pre-defined sequence with 
the objective to minimize the number of constraints between 
the components and parasitic forces in the system deriving from 
the hanging dead weights. These can cause unwanted 
deformations in the flexures and thus imperfections to the 
trajectory – if improperly adjusted.  

 
After assembling and attaching two 6.5 kg dead weights to the 

mechanism in the vacuum chamber, it could be shown that the 
mechanism provides the total required travel while supporting 
the required load. 
 

A perfect trajectory can only be achieved when all parts of the 
mechanism are aligned to one another and to the direction of 
the local gravitational acceleration. This alignment is hard, but 
not impossible. 

The rotation axes of the main flexure and the flexures in the 
guiding mechanisms need to be aligned horizontal. A high 
precision bubble level can be used to measure existing 
misalignments at respective surfaces tolerated for adjustment 
during machining of the individual parts. Shimming allows for a 
coarse adjustment of the components. After that, fine 
adjustments with a more accurate readout than from a bubble 
level can be done according to the results of an analysis of lateral 
error motions measured by a position sensitive detector (PSD) 
and angular error motions measured by an autocollimator.  

 
Special attention should be given to the attachments of the 

multifilament bands. The bands need to be pre-stressed so that 
they are hanging straight when unlocking the mechanism after 
assembling. However, a pre-stress should not cause a pulling 
force to either the intermediate or final stage of the guiding 
mechanism such that it biases the zero positions of either stage. 

 

 
 

Figure 4. Assembled mechanism in the vacuum chamber. The brass 
cylinders on both sides simulate the masses of the main mass and 
countermass assembly. The structure is shown in a fully deflected state. 

 
Optics, sensors, and software are currently being set up to 

measure deviations of the trajectory of the guiding mechanism. 
This mainly serves as a proof of concept for the operation of the 
balance in the velocity mode. Horizontal error motions along the 
vertical axis are monitored with a PSD, a laser beam aligned 
parallel to the local gravitational acceleration and a 
retroreflector moving with the final stage of the guiding 
mechanism. A change in the readout of the PSD along the travel 
displays as two times of a lateral error motion due to the 
reflection characteristic of the retroreflector. During a 

measurement, the vertical position is monitored with a 
commercial fiber interferometer. 

Additionally, a flat mirror is mounted to the guiding 
mechanism and an autocollimator measures parasitic rotations 
of the final stage along the vertical travel. 

5. Conclusions and future work      

The mechanism for the Kibble balance in the QEMMS has been 
designed, manufactured, and built inside the vacuum chamber 
for the new Kibble balance at NIST. Measurements for analyzing 
the kinematic quality of the mechanism are being set up. A 
coarse and then fine alignment procedure of the individual 
components of the mechanism with respect to gravity and in the 
relative position to each other is meant to minimize lateral error 
motions of the trajectory. These derive from imperfections in 
machining, alignment and assembling. 

The detailed investigation of the kinematic behavior of the 
new balance mechanism, which mainly determines the success 
of the velocity mode, will be followed by a deep analysis of the 
performance in the weighing mode. Anelastic effects are caused 
by either small deformations of the flexures due to a mass 
placement or an after effect of the large excitations of the 
flexures during the velocity mode. Therefore, the stiffness in the 
mechanism will be adjusted with an inverted pendulum towards 
zero and measurements to specify the anelastic nonlinearities in 
the flexure system will be executed.  
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Abstract 
For precise optical applications, tip/tilt mirrors are widely used. Consequently, they are designed to perform high-dynamic motions 
with high precision that usually leads to a comparably small motion range. In order to overcome this limitation, a high-precision 
parallel kinematic tip/tilt mirror is presented that allows a motion range of ± 30°. The presented parallel kinematic tip/tilt mirror is 
based on the spherical 5R parallel mechanism, where R denotes revolute joints, and is driven by two U-628.03 PILine® miniature 
rotation stages (by Physik Instrumente (PI) GmbH & Co. KG) allowing a high accuracy of the input shaft at a high speed. In this paper, 
the mechanism’s design and kinematics is discussed and experimental results about the mechanism’s accuracy are presented. 
 
Parallel Kinematics, Tip/Tilt Mirror, High-Precision  

 

1. Introduction 

High-precision tip/tilt mirrors are widely used in numerous 
optical applications such as image processing and stabilization, 
optical filters, switches and traps, beam stabilization, laser 
micromachining, scanning, and many more. They are designed 
to rotate around two perpendicular axes and, in particular, to 
perform highly dynamic movements with high precision. This, 
however, is usually accompanied with a reduced motion range. 
In fact, the tip/tilt angles generally lie between ± 2 mrad for 
typical piezo mirrors and up to ± 35 mrad for special piezo 
mirrors and voice coil tip/tilt mirrors [1]. 

In order to overcome this limitation, a special type of parallel 
kinematic tip/tilt mirror can be used that allows large motion 
ranges, positioning payloads such as mirrors or lasers in the pivot 
point, has a simple inverse kinematics and a high stiffness to 
enable high angular velocities and accelerations. The proposed 
tip/tilt mirror is based on the spherical 5R parallel mechanism, a 
two-degrees-of-freedom device consisting of five revolute joints 
(denoted as R) where two of them are actuated and the others 
are passive. The joints’ rotation axes intersect in a common 
point – the pivot point. They are connected by arc-shaped limbs. 
The limb in the middle contains the mirror whose tip/tilt angle 
can be controlled by the two actuated revolute joints. 

The spherical 5R parallel mechanism was first mentioned by 
Ouerfelli and Kumar [2] and was patented as an orienting device 
by Gosselin [3]. It is a spherical version of the planar 5R parallel 
mechanism that also consists of five revolute joints that each are 
connected by passive links. One link represents the fixed base 
whose attached joints are actuated while the others are passive 
joints. The planar 5R parallel mechanism is very interesting as it 
can be used for high speed applications due to the lightweight 
and parallel kinematic structure but on the other hand has 
singularities within the workspace that need to be crossed or 
avoided for proper applications, see e.g. [4]. Due to the parallel 
structure, its direct kinematic description is quite complicated 
and raised interest of numerous researches, see e.g. [5-9]. As a 
further development of the spherical 5R parallel mechanism, in 
1994, Gosselin and Hamel presented the agile eye, a three-
degrees-of-freedom camera-orienting device [10]. 

As the spherical 5R parallel mechanism is very interesting in 
terms of its large motion range and high stiffness, in this paper, 
the mechanism is investigated concerning its usability as a high-
precision tip/tilt mirror. As drives, two U-628.03 PILine® rotation 
stages (by Physik Instrumente (PI) GmbH & Co. KG) are used that 
allow a high accuracy of the input shaft (minimum incremental 
motion of 51 µrad) at a high maximum velocity of 720°/s. In 
contrast to the device proposed by Gosselin [3], the presented 
high-precision parallel kinematic tip/tilt mirror uses special u-
shaped limbs to increase the mechanism’s stiffness, see 
Figure 1. 

 

 
 

Figure 1. Photography of the proposed high-precision parallel kinematic 
tip/tilt mirror with ± 30° motion range. 

 
The paper is structured as follows. In Section 2, the direct and 

inverse kinematics of the spherical 5R parallel mechanism is 
reviewed and, in Section 3, the mechanical design of the high-
precision tip/tilt mirror with ± 30° motion range is presented. In 
Section 4, simulation results for estimating the mechanism’s 
Eigenfrequencies are presented. Furthermore, experimental 
results are presented that include measurements on the 
minimal incremental motion, bidirectional repeatability, and 
linearity. In Section 5, the results are summarized and discussed. 

59

http://www.euspen.eu/


  

2. Kinematics of the Spherical 5R Parallel Mechanism 

Consider a parallel mechanism as shown in Figure 2 where the 
base holds two perpendicular axes that intersect in a common 
point. Limb 1 is driven by an active revolute joint and rotates 
around axis 1. Similarly, limb 2 is driven by an active revolute 
joint and rotates around axis 2. While limb 1 is directly linked to 
the mirror via a passive revolute joint, limb 2 is connected in 
series to limb 3 and then to the mirror (both via passive revolute 
joints). In consequence, the mirror can only rotate around the 
intersection point of the two axes by rotating the active revolute 
joints. 

 

 
 

Figure 2. Kinematic structure of a spherical 5R parallel mechanism.  

 
In the following, the inverse and direct kinematics of such a 

mechanism is revisited for arc-shaped limbs with an angle of 90°. 
While the inverse kinematics describes the coordinates of the 
active joints as a function of the mirror’s pose and is comparably 
easy to solve, the direct kinematics describes the pose of the 
mirror with respect to the active joints’ coordinates and is 
significantly more complicated to solve. 
 
2.1. Inverse Kinematics of the Spherical 5R Parallel Mechanism 

Knowing the two degrees of freedom of the parallel kinematic 
spherical 5R mechanism, i. e., the tip/tilt angles of the mirror, 
the input angles of the active revolute joints can be calculated. 
Consider 𝛼 as the angle between the x-axis and the projection of 
the vector 𝒑 in the Oxy plane and 𝛽 as the angle between the 
vector 𝒑 and the z-axis. The vector 𝒑 represents the direction 
vector of the mirror as shown in Figure 2 and is given by 
𝒑 = [𝑝𝑥 𝑝𝑦 𝑝𝑧]𝑇 = [− sin 𝛽 cos 𝛼 sin 𝛽 sin 𝛼 cos 𝛽]𝑇  . 

The angles for the active joints 𝜑1and 𝜑2 can then be calculated 
as follows: 

𝜑1 = {
−arccos(sin 𝛼) + 90°

−arccos(sin 𝛼) − 90°
 , 

𝜑2 =

{
 

 180° − arccos (
cos 𝛽

sin(arccos(sin 𝛼 sin 𝛽))
)

− arccos (
cos 𝛽

sin(arccos(sin 𝛼 sin 𝛽))
)

 . 

It can be seen that two angles are possible for each active joint, 
resulting in four solutions for the inverse kinematics – the four 
corresponding working modes of the mechanism. If the angle of 
the passive revolute joint 𝜑3 is required in addition, its four 
solutions can be calculated as follows: 

𝜑3 =

{
 

 
−arccos(sin 𝛽 sin 𝛼) + 180°

arccos(sin 𝛽 sin 𝛼)

arccos(sin 𝛽 sin 𝛼) − 180°

− arccos(sin 𝛽 sin 𝛼)

 . 

 
2.2. Direct Kinematics of the Spherical 5R Parallel Mechanism 

The solution for the direct kinematics problem of the spherical 
5R parallel mechanisms was presented in [2]. Using the following 
abbreviations: 

𝑎1 = sin 𝜑1  ,     𝑎2 = 0 , 
𝑏1 = −cos𝜑1  ,     𝑏2 = −cos𝜑2 
𝑐1 = 0 ,                 𝑐2 = −sin𝜑2 ,   
𝑑1 = 0 ,                 𝑑2 = 0 ,  

the mechanism’s closure equation can be written as a quadratic 
expression for the z-component of the mirror’s pose p: 

𝐴𝑝𝑧
2 + 𝐵𝑝𝑧 + 𝐶 = 0 ,  

with 
𝐴 = (𝑎1𝑏2  −  𝑎2𝑏1)

2 + (𝑎1𝑐2 − 𝑎2𝑐1)
2 + (𝑏1𝑐2 − 𝑏2𝑐1)

2 ,  

𝐵 = −2 ((𝑎1𝑐2 − 𝑎2𝑐1)(𝑎1𝑑2 − 𝑎2𝑑1)

+ (𝑏1𝑐2 − 𝑏2𝑐1)(𝑏1𝑑2 − 𝑏2𝑑1)) , 

𝐶 = (𝑎1𝑑2  −  𝑎2𝑑1)
2 + (𝑎1𝑏2 − 𝑎2𝑏1)

2 + (𝑏1𝑑2 − 𝑏2𝑑1)
2 . 

From this, the components of the mirror’s direction vector p can 
be written as 

𝑝𝑧 =  −
𝐵

2𝐴
±√(

𝐵

2𝐴
)
2

−
𝐶

𝐴
 ,  

𝑝𝑦 = −𝑝𝑧 tan𝜑2 , 

𝑝𝑥 = −√1 − 𝑝𝑦
2 − 𝑝𝑧

2 .  

Note that 𝑝𝑧 (and consequently the mirror’s pose p) has two 
solutions that corresponds to the two assembly modes of the 
parallel mechanism. 

3. Mechanical Design of the High-Precision Tip/Tilt Mirror 

Knowing the mechanism’s kinematics, the mechanical design 
of the high-precision tip/tilt mirror is presented in this section. 

From Figure 2 and the kinematic description in Section 2 it can 
be seen that the mechanism in total consists of a base, three 
limbs, a mirror as well as passive and active revolute joints. As 
mirror, a float glass mirror with a diameter of 22 mm, a surface 
flatness of 4-6 λ (i.e., a deviation from a flat surface measured in 
values of wavelengths), and a recommended wavelength range 
of 400-700 nm is used. The mirror is held in an outer platform so 
that the surface of the mirror exactly lies at the pivot point of 
the mechanism. The outer platform also allows to connect the 
limbs’ axes. Here, miniature ball bearings (by SBN)  with an outer 
diameter of 6 mm are used to address the little space. 

Arc-shaped limbs with an angle of 90° are used to connect the 
outer platform with the base platform. In order to increase the 
mechanism’s stiffness and to counterbalance the miniature ball 
bearings, the first and third limb are u-shaped, see Figure 1. In 
consequence, two additional passive joints are required. This 
increases the mechanism’s stiffness while the range of motion 
of the limbs and therewith of the mirror is simultaneously 
reduced. In fact, with a mechanism consisting solely of 90° arc-
shaped limbs, full rotability around both axes would be possible, 
see [1-2]. As singularities limit the workspace down to ± 90°, this 
however would not be practically applicable. By using u-shape 
limbs instead, only rotation angles of ± 30° are possible (in 
theory ± 45°, but further limited by the non-zero limbs’ width). 

As active joints, two U-628 PILine® rotation stages are used. 
These are miniature stages with ultrasonic piezo motors and a 
drive torque of 25 mNm. They are connected to the limbs via a 
motor shaft. The rotation stages have an unlimited range of 
motion and a maximum velocity of 720°/s. Furthermore, they 
are very accurate with a minimal incremental motion of 51 µrad 
and a bidirectional positioning repeatability of 102 µrad [11]. 
The two rotation stages are mounted inside of the housing that 
is closed by a cover plate. The housing itself consists of two 
identical parts that are mounted perpendicularly. Holes in both 
parts of the housing allow multiple mounting possibilities. 

The two rotation stages can be driven by a C-867.2U2 motion 
controller where the kinematics of the parallel mechanism can 
be implemented. The parts and assembly of the high-precision 
tip/tilt mirror are shown in Figure 3 in a sectional view. 
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Figure 3. Components and assembly of the high-precision tip/tilt mirror.  

4. Simulation and Experimental Results 

Knowing the kinematics and the components of the parallel 
kinematic tip/tilt mirror, simulation and experimental results are 
presented in this section that helps evaluating the mechanism’s 
performance. Main aspects in this section are the mechanism’s 
Eigenfrequencies and its minimal incremental motion.  

The Eigenfrequencies limit the control bandwidth and are 
mainly defined by the mechanical design (the shape, stiffness, 
material, and arrangement of the mechanism’s components). In 
contrast to that, the achievable minimal incremental motion of 
the mechanism is largely determined by the accuracy of the 
active joints and the transfer function of the parallel kinematic 
mechanism. 
 
4.1. Eigenfrequencies of the High-Precision Tip/Tilt Mirror 

Knowing the mechanical design of the high-precision tip/tilt 
mirror, it is possible to estimate its Eigenfrequencies by using an 
FEM simulation tool. In order to reduce the complexity, the 
miniature ball bearings are modelled as 6d springs with the 
following stiffness matrix C: 

𝑪 =

[
 
 
 
 
 
15,333
0
0
0
0
0

0
15,333
0
0
0
0

0
0

15,241
0
0
0

0
0
0

16,616
0
0

0
0
0
0

16,616
0

 

0
0
0
0
0
1]
 
 
 
 
 

  ,  

where C has the units N/mm and Nmm/°. The limbs and the 
outer platform are made from Alloy while the motor shafts are 
made of stainless steel. 

 

 

 
 

Figure 4. Eigenfrequencies and their corresponding Eigenmodes of the 
high-precision tip/tilt mirror. 

Using those information, the mechanism’s Eigenfrequencies 
can be computed. Here, the FEM software Ansys Mechanical is 
used. For the simulation, the active joints are considered to be 
fixed. Figure 4 shows the first six Eigenfrequencies and their 
corresponding Eigenmodes. It can be seen that the first 
Eigenfrequency lies at 449,95 Hz followed very closely by two 
others (533.78 Hz and 540.76 Hz). The mechanism’s stiffness 
seems to be limited by limb 2, the only limb that is not u-shaped. 
If entirely arc-shaped limbs with an angle of 90° were used, the 
Eigenfrequencies would be significantly lower. In fact, according 
to FEM simulations, the Eigenfrequencies would instead lie at 
254.76 Hz followed by 331.87 Hz and 477.18 Hz. 

 

 
 

Figure 5. Measurement setup for the experimental investigation of the 
high-precision tip/tilt mirror. 

 
4.2 Minimal Incremental Motion 

In this section, the achievable accuracy of the high-precision 
tip/tilt mirror is experimental investigated. As a measurement 
device, the ZMI1000 interferometer is used. Figure 5 shows the 
measurement setup. The minimal incremental motion is tested 
for several input angles 𝜑1and 𝜑2, with 

𝜑𝑖 ∈ [−25°, 20°,⋯ ,20°, 25]   ∀𝑖 in {1,2} . 
This is done by setting the mirror at a designated pose and then 
by testing different incremental step sizes until the test criteria 
are broken. The test criteria are based on DIN ISO 230:2014-5 
and ASME B5.54.2005. Figure 6 shows representative results for 
a minimum incremental motion measurement with a step size 
of 110 µrad. In total, 20 steps with the tested incremental step 
size are performed, ten in the one and ten in the other direction. 
Afterwards, the measurement data are evaluated regarding the 
average step size deviation, the variation of the step sizes, and 
the maximum value of noise. For comparison, Figure 6 shows 
both, successful and unsuccessful measurements results. It can 
be noticed that the unsuccessful result has a lower average step 
size deviations (1.2 % vs. 2.1 %), but also shows significantly 
higher variations in the step sizes (75.6 µrad vs. 25.5 µrad) and 
noise (0.4 µrad vs. 0.2 µrad) compared to the successful result. 
 

 
 

Figure 6. Measurement results for successful and unsuccessful minimum 
incremental motion tests. Here, steps with 110 µrad step sizes are made 
and the mechanism’s response is measured. 
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Figure 7 shows the achievable minimal incremental motion of 
the high-precision tip/tilt mirror for the entire workspace. It can 
be seen that the minimal incremental motion varies between 
90 µrad and 200 µrad. Especially for the minimal incremental 
motion of 𝛽, there is a minimum for 𝜑1 = 10° that does not 
depend on 𝜑2. In contrast to that, 𝛼 has a minimum for 𝜑1 =
 𝜑2 = −25°. Surprisingly, 𝛽 has a maximum for these angles. 

 

 
 
Figure 7. Achievable minimum incremental motion for the tip/tilt angles 
𝛼 and 𝛽 for different input angles 𝜑1and 𝜑2. 

 
Knowing that the minimum incremental motion of the active 

joints is 51 µrad, it can be assumed that the transfer function of 
the parallel kinematic mechanism amplifies errors in the input 
angles onto the output angles by the factor 1.7 to 3.9 (depending 
on the tip/tilt angle). For given application requirements, i. e., 
specific requirements in the minimum incremental motion, the 
active joints can be chosen accordingly.   
 
4.3. Specifications of the High-Precision Tip/Tilt Mirror 

In the experiments, further measurements were performed to 
evaluate the accuracy of the proposed parallel kinematic tip/tilt 
mirror including the mechanism’s linearity, backlash, and the 
bidirectional positioning repeatability. 

For the linearity, a rotation of 6,000 µrad is tested with small 
step sizes of 300 µrad and the deviation from the straight-line 
motion is evaluated. For 𝛼 and 𝛽, mean linearity errors of 1-
2.7 % and 1.5-2 % were observed, respectively. 

The backlash limits the absolute positioning accuracy. For the 
proposed mechanism, a mean backlash of 52 µrad (for 𝛼) and 
77 µrad (for 𝛽) was obtained.  

The bidirectional positioning repeatability is a measure on how 
accurate a target pose approached from different directions is 
hit. It is investigated multiple times with various step sizes 
reaching the target pose and the measurements standard 
deviation is evaluated. Similar to the minimum incremental 
motion, it depends on the tip/tilt angle and ranges from 150-160 
µrad (for 𝛼) and 100-260 µrad (for 𝛽). Compared to the 
bidirectional positioning repeatability of the active joints, only 
an amplification of the factor 1.0 to 2.5 can be recognized 
through the transfer function of the parallel kinematic 
mechanism. For 𝛽, partly even better bidirectional positioning 
repeatability values for the tip/tilt mirror are obtained 
compared to the active joints (102 µrad). 

5. Conclusion and Discussion 

In this paper, a high-precision parallel kinematic tip/tilt mirror 
was presented that allows a large motion range of ± 30°. The 
tip/tilt mirror is based on the spherical 5R parallel mechanism 
whose direct and inverse kinematics was revisited in this paper. 
In addition, the mechanical design was presented and simulation 
and experimental results were shown that prove the high-
precision capabilities of the proposed tip/tilt mirror. 

The mechanical design limits the motion range to ± 30° but 
helps preserving very high Eigenfrequencies of 450 Hz and more. 
The experiments furthermore show that the proposed parallel 
mechanism is an accurate positioning system. In fact, minimum 
incremental motion of 90 µrad to 200 µrad with a bidirectional 
positioning repeatability of 100 µrad to 260 µrad and a linearity 
error of 1-2.7 % can be achieved. 

Due to the high stiffness, the mechanism can move very fast. 
The limits here are not investigated as the active joints, i. e., the 
two U-628.03 PILine® rotation stages, are fast but do not have a 
very high acceleration due to their drive concept. Here, further 
investigations are necessary. Furthermore, it seems that the 
accuracy of the active joints directly influences the achievable 
accuracy of the parallel mechanism (amplified by the transfer 
function of the parallel kinematic mechanism). Therewith, more 
accurate active joints would further improve the tip/tilt mirror. 
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Abstract 

Ultrasonic vibration-assisted cutting (UVAC) is able to improve material machinability. For an ultrasonic tooling system, vibration 
amplitude is a key factor to be controlled which has significant effect on tool trajectory, cutting ratio, lubrication condition, etc. It  
plays an important role in affecting the form error of the workpiece being machined. In this paper, the high-frequency ultrasonic 
vibration-assisted cutting (HFUVAC) system, UTS2 with a frequency of 104 kHz is used to study influence factors including vibration 
amplitude, slope angle of the target profile and workpiece material on form error and surface finish of the structured surface. The 

input current which is in proportion to vibration amplitude is set as 20, 30 and 40 mA with an amplitude of about 0.5 - 1.0 μm, to 
machine cosine structures with various maximum slope angles on easy-to-machine material (copper alloy) and hard-to-machine 
material (steel), respectively. An analytical and experimental investigation has been conducted. The results show that slope angle of 
the target profile and workpiece material have a larger effect on form error than vibration amplitude. In HFUVAC of hard-to-machine 
materials with a higher hardness, form error increases significantly with increasing slope angle of the target profile, due to less cut 
of material caused by indentation effect in the downhill profile.  

 
Keywords: high-frequency, ultrasonic vibration-assisted cutting, vibration amplitude, form error, structured surface, ulra-precsion machining  

 

1. Introduction   

Ultrasonic vibration-assisted cutting (UVAC) improves material 
machinability, including chatter suppression [1], burr 
suppression [2], reduced tools wear [3] and better surface finish 
[4] due to lower cutting force and enhanced lubrication 
conditions [5]. Increasing ultrasonic frequency is effecitive to 
further improve the material machinability and reduce tool wear 
[6]. As a result, some scholars made use of the state-of-art and 
high-frequency ultrasonic tooling system (UTS2) to fabricate 
complex structures on steel [7] and high entropy alloy [8], 
achieving high-quality in terms of high form accuracy and good 
surface finish. However, little research has been found to study 
the influence factors including vibration amplitude, slope angle 
of target profile and workpiece material on form error and 
surface finish in the machining of three dimensional (3D) 
structured surfaces such as microlens array. 

In UVAC of structure surfaces, tool tip is equipped with a high-
frequency vibration, which leads to overcut of the target line, as 
shown in Fig. 1. Vibration amplitude and slope angle of the 
target line influence the amount of overcut. Moreover, 
instantaneous rake angle and clearance angle of the diamond 
tool changes considerably when the diamond tool moves 
upward and downward along the cutting direction to cut the 3D  
structured surfaces [9], which could change the cutting 
conditions and thereby influence the machining accuracy 
especially for hard-to-machine materials.  

To study the effect of influence factors on the form error and 
surface finish of the structured surface, including vibration 
amplitude, slope angle of the target line and workpiece material, 
this paper aims to compare the machining form accuracy and 
surface finish of cosine 3D structures with various maximum 
slope angles, which are machined on copper alloy and steel 
workpiece by HFUVAC under different input current of UTS2. 

 

 
 

Figure 1. A schematic of overcut of material in UVAC. 

2. Methods  

2.1 Experimental parameters and setup 
The tool path for the cosine 3D structure is defined by Eq. (1): 

                                   𝑧(𝑦) =
ℎ

2
cos (

2𝜋𝑦

𝜆
) −

ℎ

2
                         (1) 
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where ℎ and 𝜆 are the maximum depth and wavelength of the 
target line. Two cosine lines with the same maximum depth of 
10 μm and various wavelengths of 𝜆1 =  130 𝑢𝑚  and 𝜆2 =
 390 𝑢𝑚 were machined. These two profiles have a maximum 
slope angle of 13.8 ° and 4.6 °, respectively. 

Fig. 2 shows the experimental setup to conduct the cutting 
experiments. An ultrasonic tooling system (UTS2 from Son-X 
GmbH Germany) with a working frequency of 104 kHz was 
configured on an ultraprecision machine (Moore Nanotech 350 
FG from Nanotechnology Inc. USA). ).  A specific single crystal 
diamond insert with a tool nose radius of 1 mm, rake angle of 0 ° 
and clearance angle of 15 ° provided by Contour Fine tooling Ltd. 
was used. The workpiece materials are copper alloy and Mirrax 
40. The input current of UTS2 was set at 20 mA, 30 mA and 40 

mA with an amplitude of about 0.5 m – 1.0 m in the vertical 
direction, namely the cutting direction. To ensure successful 
fabrication of structured surfaces, cutting depth for the top 
position of structured surface was set as 1 μm. Cosine 3D 
structures were grooved by 4 tool paths with a cutting depth of 
4 μm, 4 μm, 2 μm, and 1  μm, respectively, according to the 
programmed position code under a cutting speed of 100 
mm/min. The position code was generated by Matlab software 
with a sampling rate of 2.5 μm along the cutting direction. The 
morphology and profile of the machined structure were 
measured by a Zygo white interferometer (Nexview, Zygo Ltd.).  

 

 
 
Figure 2. A photo of the experimental setup. 
 

2.2 Theoretical form error induced by overcut in HFUVAC 
The tool vibration is determined by Eq. (2): 

                                   𝑦1(𝑡) = 𝐴 𝑐𝑜𝑠(2𝜋𝑓𝑡)                                  (2) 
where 𝐴 is vibration amplitude 𝑓 is vibration frequency. 𝑡 is the 
cutting time. The tool movement driven by the machine slide is 
determined by Eq. (3): 

                              {

𝑦2(𝑡) = 𝑣𝑐𝑡

𝑧2(𝑡) =
ℎ

2
cos (

2𝜋𝑣𝑐𝑡

𝜆
) −

ℎ

2

                        (3) 

where 𝑣𝑐 represents the nominal cutting speed along the cutting 
direction. As a result, the tool track can be determined by Eq. (4): 

                                  {
𝑦(𝑡) = 𝑦1(𝑡) + 𝑦2(𝑡)

𝑧(𝑡) = 𝑧2(𝑡)
                               (4) 

The instant of front limit and back limit of tool track for each 
vibration cycle arise at the time when the tool velocity in the y-
axis direction is zero. As a result, they can be determined by 
solving Eq. (5) as follows: 

                                         𝑦(𝑡)′ = 0                                               (5) 
 Based on these equations, the tool trajectory with the front-

cut limit and back-cut limit in HFUVAC of the cosine line can be 
obtained. Fig. 3(a) shows the tool trajectory in HFUVAC of the 
cosine line with the wavelength of 𝜆1 under a vibration 

amplitude of 1 m.  In the downhill line, the back limit of tool 
track links up into a back-cut line left on the workpiece. While in 
the uphill line, the front limit of tool track constitutes a front-cut 
line left on the workpiece. As a result, there exists a deviation 
between the target profile and the cut profile, resulting in the 
theoretical form error as shown in Fig. 3(b). Fig. 4 presents the 

theoretical form error of the cosine profile with the wavelength 

of 𝜆1 and 𝜆2, under the vibration amplitude of 0.5 m, 0.75 m 

and 1.0 m It is found that the largest form error appeared at 
the position with the maximum slope angle. Besides, form error 
increased with  increasing vibration amplitude and the 
decreasing wavelength (or increasing maximum slope angle) of 
the cosine line. 
 

 
 
Figure 3. (a) Tool trajectory in UVAC of cosine line, (b) a comparison of 
the target line and cut line, with the wavelength of 𝜆1under a vibration 
amplitude of 1 𝑢𝑚 . 
 

 
 
Figure 4. Theoretical form error of the cosine profile with various 
wavelength: (a) 𝜆1, (b) 𝜆2, under the vibration amplitude of 0.5, 0.75 and 
1.0 𝑢𝑚. 

3. Results and discussions  

3.1 HFUVAC of cosine structures on copper alloy workpiece 
The form error of the machined cosine structure on copper 

alloy with three wavelengths was obtained after matching the 
two endpoints of the target profile and the cut profile as shown 
in Fig. 5. Fig. 6 shows the results of the form error for the 
machined cosine profile with the wavelength of 𝜆1  and 𝜆2 , 
under the input current of 20 mA, 30 mA and 40 mA. The form 
error increased with decreasing the wavelength of cosine profile. 
For the structure with the wavelength of 𝜆2, the form error was 
small and comparable to the theoretical form error. However, 
for the structure with the wavelength of 𝜆1, it is interesting to 
note that the machined form error was much smaller and 
exhibited a different trend of variation as compared with the 
therectical form error. The effect of input current on form error 
was insignificant. These reflected that the machined profile was 

Deviation      
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not consistent with the theoretical cut line left on the workpiece 
as simulated. As a result, it is concluded that the effect of 
vibration amplitude on the form error is not as large as 
theoretical calculation. Besides, the form error showed a sudden 
increase in the downhill line which could be caused by material 
recovery due to the indentation effect during the tool downward 
movement [10]. Nevertheless, the form error of the machined 
structures were still quite small, and  the surface finish of the 
machined structures after removing the structure from achieved 
an optical opplication level with surface roughness Sa = 2-3 nm 
as presented in Fig. 7. 

 

 
 

Figure 5. Measured structure morphology and comprison of the target 
profile (blue line) and cut profile (red line) for the cosine profiles with a 
wavelength of : (a) 𝜆1 ; (b) 𝜆2 , under the input current of 20 𝑚𝐴 . 
(worpiece material: copper alloy) 

 

 
 
Figure 6. Form error of the machined cosine structure with various 
wavelength: (a) 𝜆1, (b) 𝜆2, under the input current of 20, 30 and 40 𝑚𝐴. 
(worpiece material: copper alloy) 
 

 
 
Figure 7. Measured structure morphology and surface roughness of the 
cosine profiles with a wavelength of : (a) 𝜆1; (b) 𝜆2 , under the input 
current of 20 𝑚𝐴.  (worpiece material: copper alloy) 

3.2 HFUVAC of cosine structures on Mirrax 40 steel workpiece 
Fig. 8 shows the matching result of the machined cosine 

structure with three wavelengths on Mirrax 40 steel, with a 
considerable form error for the structure with the wavelength of 
𝜆1, or with a large maximum slope angle. Fig. 9 shows the result 
of form error for the machined cosine profile with the 
wavelength of 𝜆1 and 𝜆2, under the input current of 20, 30 and 
40 𝑚𝐴. For the structure with the wavelength of 𝜆2, form error 
was still small and comparable to that of copper alloy. The form 
error increased significanly with decreasing wavelength, or 
increasing maximum slope angle. For the structure with the 
wavelength of 𝜆1, the effect of input current on form error was 
negligible. The machined form error with various input currents 
were too large (more than 0.4 μm) in consideration of the fact 
that a form error of less than 0.3 μm is acceptable for ultra-
precision machining. The sudden increases in the downhill 
profile were much larger than those of copper alloy, suggesting 
that the indentation force was larger for hard-to-machine 
materials with higher hardness and for the structure with larger 
slope angle, leading to a larger amount of material recovery.  

Fig. 10 shows the measured structure morphology and surface 
roughness after removing the structure form.  As the from error 
is large for the structure with the wavelength of  𝜆1  and this 
caused difficulty in removing the structure form, the surface 
finish of the machined structure was divided into two parts 
according to tool downward and upward movement. The 
surface finish of the machined structures achieved an optical 
application level with a surface roughness 𝑠𝑎  of 4-5 𝑛𝑚 . The 
undulating texture in the downhill profile as presented in Fig. 10 
(a) could support the existence of larger indentation force. 

 

 
 

Figure 8. Measured structure morphology and comprison of the target 
profile (blue line) and cut profile (red line) for the cosine profiles with a 
wavelength of : (a) 𝜆1 ; (b) 𝜆2 , under the input current of 20 𝑚𝐴 . 
(worpiece material: Mirrax 40 steel) 

  

  
 
Figure 9. Form error of the machined cosine structure with various 
wavelength: (a) 𝜆1, (b) 𝜆2, under the input current of 20, 30 and 40 𝑚𝐴. 
(worpiece material: Mirrax 40 steel) 
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Figure 10. Measured structure morphology and surface roughness of the 
cosine profiles with a wavelength of : (a) 𝜆1; (b) 𝜆2 , under the input 
current of 30 𝑚𝐴. (worpiece material: Mirrax 40 steel) 

4. Conclusions     

This study investigates the effect of vibration amplitude, slope 
angle of the target profile and workpiece material on the form 
error and surface finish of the structured surface being 
machined by HFUVAC. The surface morphology and form 
accuracy of cosine profiles machined on copper alloy and Mirrax 
40 steel workpiece, with various maximun slope angles, under 
different input current of UTS2 were measured and analyzed. 
Some findings are given as follows: 

The slope angle of the target profile and the workpiece 
material have a larger effect on form error than vibration 
amplitude. The vibration amplitude only has a noticeable but 
limited effect on the form error in HFUVAC of easy-to-machine 
material (copper alloy) with a relatively large maximum slope 
angle. By contrast, in HFUVAC of hard-to-machine material 
(Mirrax 40 steel), form error increases significantly with 
increasing slope angle of the target profile. The reduced cut of 
material is caused by material recovery possibly due to the 
indentation effect during the tool downward movement in the 
downhill profile. In the future, efforts will be made to reduce this 
effect, to further improve form accuracy of the structure 
surfaces with large slope angle and achieved a practical form 
error of less than 0.3 μm in HFUVAC of hard-to-machine 
materials. In view of the surface quality, all structures on copper 
alloy and Mirrax 40 steel machined by HFUVAC achieved an 
optical surface finish with nanometric surface roughness. 
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Abstract 
Compliant mechanisms are widely used in precision engineering and metrology due to their numerous advantageous properties, 
such as high accuracy and high repeatability. In some applications, especially in  force and mass measurement technologies, the 
restoring forces of the compliant elements have a negative effect on the desired system properties. To compensate for the positive 
stiffness, elements with negative stiffness such as preloaded springs or buckled leaf springs are typically integrated. Most existing 
approaches are, however, either non-monolithic, difficult to readjust, and/or can introduce parasitic forces into the main mechanism, 
limiting their use for highest-precision applications. The following contribution  presents a compliant mechanism with adjustable 
negative stiffness, which can be easily integrated into the main mechanism with minimum parasitic effects. The negative stiffness is 
achieved here by preloading a flexure spring element. By means of a lever sub-mechanism and a coupling element, the compensation 
force is transmitted to the main mechanism while decoupling its parasitic component. The embodiment design uses the high tensile 
stiffness of the flexure hinges conveniently to support the relatively large preloading force while avoiding buckling. The present paper 
focuses on the functioning of the compensation mechanism, a validation through kinetic and finite element analysis as well as its 
application in a monolithic precision guiding mechanism.  
 
Keywords: stiffness compensation, compliant mechanism, adjustable stiffness, monolithic design 

       
 
1. Introduction   

 
In compliant mechanisms, the elastic deformation of material-

coherent joints is purposely used to generate motion. Solid 
friction and backlash are avoided, resulting in high repeatability. 
An appropriate kinematic design allows for high accuracy of the 
intended motion. Suitability for monolithic manufacturing 
eliminates the need for assembly, reducing geometric 
deviations. As a result, compliant mechanisms find many 
applications in precision engineering [1] and metrology [2].  

The intrinsic restoring forces of the deformation or „stiffness“ 
may represent a limiting factor depending on the application. In 
force and mass measurement systems, the stiffness of the 
deformation body limits the achievable measurement resolution 
[3]. In positioning systems, stiff flexure guides put high demands 
on the design of the actuation units. To compensate for the 
„positive“ stiffness, a counteraction increasing along the 
direction of motion is required, i.e. „negative“ stiffness. Many 
approaches to produce compensation have been proposed, 
including trim masses [2], preloaded springs [4], and buckled leaf 
springs [5]. However, such methods bring alongside effects not 
compatible with the highest demands on precision. Among 
these are parasitic forces, a non-monolithic layout, as well as the 
lack or complexity of readjustment. 

The following contribution introduces a novel compliant 
mechanism to be used for stiffness compensation. The negative 
stiffness can be easily achieved and adjusted by preloading a 
flexure spring element. Monolithic integration within the main 
compliant mechanism can be achieved with minimum parasitic 
effects. The working principle of the compensation mechanism 
is thoroughly explained and validated using different modelling 
approaches as well as in an application example. 

2. Adjustable stiffness compensation mechanism 

A rigid-body model of the stiffness compensation mechanism 
is presented in Fig. 1a. The mechanism is composed of a tensile 
spring (1) of stiffness 𝐶𝑠 pivoted at joint A and connected to a 
lever (2) at joint C. The lever is then connected to the main 
mechanism of stiffness 𝐶𝑚 at joint E by the coupling element (3).  

 
(a) (b) (c) (d) 

Figure 1. Stiffness compensation compliant mechanism: (a) rigid-body 
model in initial non-deflected state, (b) rigid-body model in preloaded 
non-deflected state, (c) rigid-body model in preloaded deflected state, 
(d) embodiment design based on arbitrary flexure hinges. 
 

The negative stiffness is achieved by displacing joint A along 
the y-axis (see Fig. 1b) and, thus, preloading the tensile spring 
(1) with a force 𝐹𝑠 = 𝐶𝑠 ∙ 𝑢𝐴,𝑦. In the non-deflected state, the 

preload force is mainly supported by the lever element (2) and 
is not transmitted to the main mechanism as a purely parasitic 
force. Parasitic forces in the y-direction are minimized by the 
coupling element (3). During deflection (see Fig. 1c), the 
component 𝐹𝑠,𝑐 of the preload force 𝐹𝑠 acting in the direction of 

motion is transmitted to the main mechanism through the lever 
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(2) and a coupling element (3). The resulting force at joint E is 
defined as the compensation force 𝐹𝑐 (see Equation 1).  

𝐹𝑐(𝑢𝐸,𝑥) = 𝐹𝑠,𝑐(𝐶𝑠, 𝑢𝐴,𝑦 , 𝑢𝐸,𝑥) ∙
𝐵𝐶̅̅ ̅̅

𝐵𝐸̅̅ ̅̅
− 𝐶𝑐(𝑢𝐴,𝑦) ∙ 𝑢𝐸,𝑥,           (1) 

where 𝐶𝑐(𝑢𝐴,𝑦) is the stiffness of the compensation 

mechanism with joint A displaced but the tensile spring without 
preload. To compensate for the stiffness of the main mechanism 
𝐶𝑚, a preload force 𝐹𝑠 is required so that 𝐹𝑐 ≈ 𝐶𝑚 ∙ 𝑢𝐸,𝑥. This can 

be achieved by adjusting 𝑢𝐴,𝑦 for a given value of 𝐶𝑠.  

A compliant mechanism based on the rigid-body model is 
designed by replacing the revolute joints with flexure hinges [6], 
see Fig. 1d. The tensile spring (1) is replaced by a flexure spring 
element with distributed compliances. To avoid parasitic 
deformations as well as buckling, the hinges are oriented making 
use of their high tensile stiffness to support the preload force.  

3.  Concept validation   

To validate the concept, the stiffness characteristic curve of 
the mechanism is investigated using a rigid-body model as well 
as a 3D finite element model. Table 1 shows the parameters 
used. The stiffnesses of the torsion springs on the revolute joints 
and the tensile spring are equally deployed for both models. To 
maximize motion accuracy with regard to the rigid-body model, 
semi-circular flexure hinges are used. Local mesh refinements in 
the compliant elements were also performed. The calculations 
are done in two steps. First, the preloading 𝑢𝐴,𝑦 is introduced 

while the displacement of joint E 𝑢𝐸,𝑥 is zero. Then, joint E is 

displaced and the force reaction 𝐹𝑐 is evaluated. 
 

Table 1 Parameters of investigated stiffness compensation mechanism 
 

Parameter Value Parameter Value 

Joint stiffness 101.8 Nmm/rad 𝐴𝐵̅̅ ̅̅ , 𝐵𝐶̅̅ ̅̅ , 𝐶𝐷̅̅ ̅̅  40 mm 

Spring stiffness 37,7 N/mm 𝐷𝐸̅̅ ̅̅  20 mm 

 
Fig. 2 shows the stiffness characteristic curve for different 

preloading positions 𝑢𝐴,𝑦. For the investigated configuration, a 

nearly zero actuation force 𝐹𝐶  and, thus, a nearly zero average 
stiffness is attained with 𝑢𝐴,𝑦 = 0.346 mm in both models. By 

adjusting past this value, the mechanism acquires a negative 
stiffness and can be used for compensation. The results also 
show good agreement between both models for small 
deflections (< 1 mm) of the coupling point E.  

 
Figure 2. Stiffness characteristic curve of the compensation mechanism.  

4. Application on a guiding mechanism   

Fig. 3 shows a monolithic linear guiding mechanism with the 
integrated stiffness compensation. The flexure hinges of the 
guiding mechanism are identical to those of the compensation 
mechanism in Section 3. Lengths 𝐹𝐺̅̅ ̅̅  and 𝐻𝐼̅̅̅̅  equal to 100 mm, 

while 𝐹𝐻̅̅ ̅̅  and 𝐺𝐼̅̅ ̅ equal to 80 mm.  
Using the same modelling approaches as in Section 3, the 

stiffness characteristic curve is determined, see Fig. 4. The 
results of the rigid-body and finite element models are in good 
accordance. With the compensation mechanism at zero average 
stiffness (𝑢𝐴,𝑦 = 0.346 mm), the resulting characteristic curve is 

similar to that of the original guiding mechanism. With a preload 

position of Δ𝑢𝐴,𝑦 = 0.870 mm, the actuation force 𝐹𝑥  can be 

reduced to a value of almost zero (< 2 mN). 

 
Figure 3. Monolithic guiding mechanism with stiffness compensation. 

 
The parasitic effect of the stiffness compensation on the 

motion behavior of the guiding mechanism is also evaluated 
using the 3D finite element model. The guiding deviation 
Δ𝑢𝐾,𝑦 at the coupling point K with and without compensation 

equals to 6.21 µm and 6.22 µm, respectively. Thus, the parasitic 
effect of the compensation can be considered neglectable. 

 
Figure 4. Stiffness characteristic curve of the guiding mechanism.  

5. Summary    

This paper presents an adjustable stiffness compensation 
mechanism that can be integrated into a compliant mechanism 
with minimum side effects. The working principle is explained 
and validated using rigid-body and finite element models. A first 
embodiment design and its application in a flexure guiding 
mechanism are also investigated. A reduction of the actuation 
force from >60 mN to <2 mN was achieved with an adjustment 
resolution of 1 µm. The influence on the maximum guiding 
deviation amounts to 0.16 %, which is considered neglectable.  

The presented stiffness compensation principle shows great 
potential to be used in highly sensitive mechanisms, where 
compensation forces often introduce parasitic effects. Simplified 
analytical equations for the straightforward design of the 
compensation mechanism as well as design guidelines represent 
the current research work. Investigation of the characteristic 
curve around zero average stiffness, experimental verification of 
the simulations on prototypes as well as further optimization of 
the compliant mechanism design are also future work. 
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Abstract 
Additive Manufacturing (AM) is a promising process allowing the generation of complex geometries in near net shape. Standards are 
under development in a joint effort between ASTM and ISO to facilitate the use of AM processes in the industry. However, some 
areas of interest, for assessing dimensional and geometrical performances of AM printers, are still not covered.  
In this article, dimensional and geometrical performances of two Fused Deposition Modelling (FDM) printers with Cartesian 
architecture (Ultimaker S3 and Intamsys FUNMAT HT) are compared using an original benchmark artifact design. Five parts were 
printed on each printer in ABS. Five other parts were also produced with the Ultimaker S3 in PLA to show the influence of material 
choice on the printer’s dimensional and geometrical performances. Intervals of tolerances (IT) were determined using the ISO 286-1 
method.  
Both machines can lead to an IT between 10 and 15 depending on the size of the measured features. In terms of geometrical 
deviations, coaxiality was the highest deviation observed on both printers with average values between 0.376 mm and 0.679 mm for 
the Ultimaker S3 in PLA and ABS, while the FUNMAT HT can reach values of 0.759 mm in ABS. 
The FUNMAT HT exhibits a better homogeneity of computed IT according to its X and Y axes, while lower performances according to 
the Z axis were observed compared to the Ultimaker S3. In terms of geometrical performances, the FUNMAT HT has a lower ability 
than the Ultimaker S3 to reproduce features according to the Z axis. Except for this category, other geometrical features were more 
accurately reproduced with the Intamsys printer on a global level. The material choice also has a slight influence both on the 
dimensional and geometrical performances of the Ultimaker S3. 
 
Additive manufacturing, benchmarking, dimensional accuracy, FDM, geometrical accuracy, IT grades, performance evaluation. 

 

1. Introduction 

Additive Manufacturing processes pave the way to new 
methods in the design and fabrication of parts [1]. A wide variety 
of machines already exists and the ISO 52900 classified their 
processes into seven categories [2]. However, AM printers still 
do not meet the surface topography, dimensional and 
geometrical accuracy of conventional processes, such as 
machining [3]. This limitation hampers the wide use of AM 
processes in very demanding sectors, such as the aeronautical 
or medical industry [3–5]. Indeed, mastering the dimensional 
and geometrical tolerances of parts is required to use them (e.g. 
in assembly). The relative youth of the AM processes deprives 
them also of well established standards, especially to assess the 
achievable performances and tolerances of AM printers [4,6]. 
The measurement and testing of parts called Geometrical 
Benchmark Test Artifact (GBTA) is well adapted in an industrial 
context (limited measuring means) [4]. Guidelines for the design 
of these parts were established recently by the ISO 52902 
standard [7]. Nevertheless, no standardised method currently 
exists to assess the performances and tolerances of AM printers. 
Moreover, recommendations given by the ISO 52902 standard 
result in long printing time and do not cover the method to 
directly link the observed deviations to the printer’s dimensional 
and geometrical performances [8]. 

This article assesses the performances of two commercial AM 
printers exhibiting Cartesian architectures: the Ultimaker S3 
from Ultimaker and FUNMAT HT from Intamsys. Dimensional 
and geometrical performances were evaluated using an adapted 
version of a previously developed benchmark artifact [8].  

2. Methodology 

2.1 Comparing printers 
The printers Ultimaker S3 from Ultimaker and FUNMAT HT 

from Intamsys were compared in this study. Their AM working 
principle according to ISO 52900 [2] is material extrusion (Fused 
Deposition Modelling, FDM) and they both exhibit a Cartesian 
architecture. Ultimaker S3 was fed with a 2.85 mm diameter 
filament, while the FUNMAT HT used a 1.75 mm filament. Both 
were fitted with a 0.4 mm diameter nozzle and exhibit a closed 
chamber, a glass build platform and a parallelepipedic building 
volume. The dimensions of the latter reached 230 mm x 190 mm 
x 200 mm (X, Y and Z axes) in the case of the Ultimaker S3 and 
243 mm x 243 mm x 260 mm (X, Y and Z axes) for the FUNMAT 
HT. The X and Y axes positioning resolution both reach 6.9 µm 
according to the Ultimaker and 25 µm for the FUNMAT HT. The 
Z axis positioning resolution reaches 2.5 µm for both printers. 
The slicing of the CAD file is ensured by Cura for the Ultimaker 
and by IntamSuite for the FUNMAT HT.  
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2.2 Manufacturing of parts 
A previously published benchmark design [8] was adapted to 

cover the available build platform area of the Ultimaker S3 and 
the FUNMAT HT as much as possible. Figure 1 gives the final part 
design for the Ultimaker S3 and the FUNMAT HT. Consequently, 
the Ultimaker S3 part exhibits global dimensions of 174 mm x 
174 mm x 25 mm (X, Y and Z axes), while the FUNMAT HT has 
global dimensions of 227 mm x 227 mm x 25 mm (X, Y and Z 
axes). Ten parts were produced on the Ultimaker S3 with 
standard filaments from Ultimaker: five in PLA and five in ABS. 
Five other parts were produced on the FUNMAT HT in ABS using 
a filament from Verbatim. The layer thickness was set at 0.1 mm 
for each printer, while the density of infill stood at 20% in the 
cubic pattern strategy.  

The PLA parts were printed using a 215°C printing temperature 
and 60°C build platform temperature. The ABS parts produced 
on the Ultimaker S3 were manufactured with a printing 
temperature of 240°C and a build platform temperature of 85°C. 
The printing temperature of the FUNMAT HT parts stood at 
255°C, while the build platform temperature was also set at 
85°C. The Ultimaker S3 PLA part took about 24 hours to be 
printed, while the ABS part required 29 hours. The printing time 
of the FUNMAT HT part took about 54 hours. Finally, the parts 
were separated from the build platform before their 
measurement. No post treatment was performed. 

 
Figure 1. Ultimaker S3 (left) and FUNMAT HT (right) artifact design. 

2.3 Dimensional and geometrical evaluation of the parts 
The dimensional and geometrical evaluation of the parts was 

performed using an LH54 Coordinate Measuring Machine 
(CMM) from Wenzel with the 2021 version of the Metrosoft 
QUARTIS Measurement Software to acquire and process data. 
This configuration is completed by a PH10M head and a 1.5 mm 
diameter spherical probe from Renishaw. The probe diameter 
was selected to avoid the influence of the staircase effect on the 
measurements. All cylinders were measured by taking eight 
points distributed over two circles, while hemispheres were 
measured using nine points distributed over three circles. Six 
points were used to probe the planes in general except for the 
top surface which required 40 points in the case of the Ultimaker 
S3 parts and 47 for the FUNMAT HT parts. Small features heights 
were characterized using one point. 683 and 771 points were 
probed, respectively on each Ultimaker S3 and FUNMAT HT part. 
The number of probed points allows to give sufficient precision 
to the measurements while ensuring a fast measuring: about 30 
minutes for each Ultimaker S3 part and 45 minutes for the 
FUNMAT, as required in an industrial context with limited time 
and measurement means.  

The dimensional evaluation was conducted using the ISO 286-
1 [9] method to determine the tolerance intervals (IT) achievable 
by each printer. Although this standard is dedicated to 
subtractive processes, other authors successfully applied it to 
AM printers [10]. 395 dimensional measurements were 
performed on each Ultimaker S3 part, 476 for the FUNMAT HT. 

The geometrical evaluation was performed by computing the 
angularity, coaxiality, cylindricity, position, flatness, parallelism, 

perpendicularity, profile and straightness deviations. The total 
geometrical measurement number stands at 483 (Ultimaker S3) 
and 564 (FUNMAT) on each printed part. 

3. Results and discussion 

3.1 Dimensional analysis  
Table 1 gives the average achievable IT for each dimensional 

size range of the ISO 286-1 [9]. The results were classified over 
the different printers cartesian axes (X, Y and Z). A dedicated 
category called “Other” takes into account the measurements 
according to more than one axis (e.g. diameter dimension of a Z 
axis cylinder relies on axes X and Y together). The smaller the IT, 
the more accurate the printer. The best results (IT 10 and 11) are 
coloured in blue.  

The parts manufactured in PLA and ABS on the Ultimaker S3 
allowed to see the influence of the material chosen on the 
printer dimensional performances. The parts in ABS and PLA 
exhibited the same general tendency: higher IT were achieved 
for dimensions according to the Z axis or according to a 
combination of axes (Other). This is quite logical since a 
combination of axes’ positions will result in the combination of 
their own positional errors. However, below the 18 mm to 
30 mm category, the performances of the ABS parts were lower 
than the PLA parts. Between 18 mm and 30 mm and between 
80 mm and 120 mm, the results were quite the same for the ABS 
and PLA parts of the Ultimaker S3. After 120 mm, the difference 
between the PLA and ABS parts was slightly stronger with lower 
performances according to the X axis for each material. 

The same global tendency was observed for the FUNMAT HT, 
with the worse results coming from the machine’s Z axis. 
However, compared to the Ultimaker S3 parts manufactured in 
ABS, the FUNMAT HT showed better homogeneity between the 
X and Y axes. Nevertheless, higher IT were reached for 
dimensions between 10 mm and 30 mm according to the Z axis. 
This can be explained by the locations of the measured features. 
Indeed, they are placed on the top of the part surface which 
exhibits a higher area than the Ultimaker S3. This can lead to a 
higher risk of permanent deformations of the part and, 
consequently, lower performances. 

Table 2 gives the ratios (in %) between the standard deviation 
and the mean of the number of tolerance units for each couple 
of printer-material. This number of tolerance units is defined in 
ISO 286-1 and allows to compute the IT. Each IT corresponds to 
a given number of tolerance unit thresholds [9–11]. The results 
were distributed over the different printer axes. Again, these 
ratios confirm that the FUNMAT HT printer exhibits more 
homogeneous performances for its X and Y axes compared to 
the Ultimaker S3. Indeed, with respect to its X axis, the Ultimaker 
S3 showed lower disparities of measurements (9%) than the 
FUNMAT HT (13%). However, the Y axis results of the Ultimaker 
S3 reached 18% in PLA and 27% in ABS, while the FUNMAT HT 
printer only exhibited 12%. Repeatability of positioning for the 
Ultimaker S3 Y axis was then lower compared to the X axis. The 
Z axis of both printers using ABS showed higher disparities of 
measurements (ratios of 19% and 31% respectively).  

No direct conclusion can be drawn on the quality of the 
printers axes. Indeed, linking a deviation to its cause(s) can be 
difficult, almost impossible, using benchmark artifact [3,12]. 
However, reasonable assumptions can be made to explain the 
observed difference of performances. Both printers exhibit a 
Cartesian architecture: their X and Y axes are serial, while their 
Z axis is independent. The latter is actuated by a ball screw, while 
the X and Y axes are actuated using belts. These differences of 
design can explain the lower performances reached by the Z axis 
on both printers and the possible interaction between their X 
and Y axes since they are linked. 
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Table 1. Average achievable IT for the Ultimaker S3 in PLA, ABS and the FUNMAT HT in ABS (best results highlighted in blue). 

  Ultimaker S3 PLA Ultimaker S3 ABS FUNMAT HT ABS 

ISO 286-1 size ranges/mm X Y Z Other X Y Z Other X Y Z Other 

1-3 11 11 12 10 11 11 12 11 12 13 13 12 

3-6 12 13 13 13 13 14 13 13 12 12 14 13 

6-10 12 12 13 15 13 13 13 15 11 11 13 14 

10-18 10 10 12 10 10 11 12 11 11 11 15 12 

18-30 12 12 14 10 12 12 14 11 11 11 15 12 

30-50 12 12 / / 12 12 / / 12 12 / / 

50-80 12 13 / / 13 12 / / 12 12 / / 

80-120 13 13 / 13 13 13 / 12 13 13 / 14 

120-180 12 11 / / 13 11 / / 13 13 / / 

180-250 15 14 / / 14 13 / / 14 14 / / 
 

Table 2. Ratios of the standard deviations and the average number of tolerance units according to ISO 286-1 [9].  

 X/% Y/% Z/% Other/% 

Ultimaker S3 PLA 9 18 24 18 

Ultimaker S3 ABS 8 27 19 29 

FUNMAT HT ABS 13 12 31 20 

 

 
Figure 2. Ultimaker S3 PLA geometrical performances. 

 

 
Figure 3. Ultimaker S3 ABS geometrical performances. 

 

 
Figure 4. FUNMAT HT ABS geometrical performances. 
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3.2 Geometrical analysis 
Figures 2, 3 and 4 give the geometrical performances of the 

Ultimaker S3 in PLA, in ABS and of the FUNMAT HT in ABS. Error 
bars of 2σ are displayed to show the disparity of measurements, 
while the same vertical axis scale was chosen to ease the 
comparisons. These graphs emphasise the highest observed 
geometrical deviations. Indeed, coaxiality is the common 
highest deviation for both printers and materials. However, the 
FUNMAT HT exhibited higher results with mean values of 
deviation reaching 0.759 mm, while the Ultimaker S3 reached 
0.376 mm and 0.679 mm, in PLA and ABS respectively. 
Parallelism and perpendicularity of planes according to more 
than one axes came second and third in the case of the 
Ultimaker S3 in PLA, with average values reaching 0.248 mm and 
0.229 mm respectively. Since these characteristics involve 
several axes of the machine, they suffered from a combination 
of their errors. In the case of the Ultimaker S3 in ABS, the second 
highest geometrical deviation was the parallelism of planes 
normal to the Y axis. The associated deviation reached 
0.203 mm. Perpendicularity of planes according to more than 
one of the machine axes came in third with values of 0.176 mm. 
The FUNMAT HT printer had a different behaviour compared to 
the Ultimaker S3. Angularity of planes involving different 
machine axes and parallelism of planes with a normal parallel to 
the Z axis were the second and third highest deviations with 
values of 0.251 mm and 0.195 mm respectively.  

As shown in the dimensional analysis, the FUNMAT HT had 
more difficulty in reproducing features according to the Z axis. 
Indeed, while the FUNMAT HT reached values of 0.195 mm for 
the parallelism of horizontal planes (normal to the machine’s Z-
axis), the Ultimaker S3 exhibited values of 0.098 mm and 
0.118 mm in PLA and ABS respectively. The average flatness of 
planes with a normal parallel to the Z axis was also higher for the 
FUNMAT HT with values of 0.070 mm, while the Ultimaker S3 
exhibited values of 0.029 mm (PLA) and 0.038 mm (ABS). 
However, except for the features involving the Z axis or more 
than one of the machine’s axes, the FUNMAT HT exhibited 
better geometrical performances than the Ultimaker S3 while 
ensuring the flatness, parallelism and perpendicularity of planes. 
Cylindricity is in the same order of magnitude for both printers. 
Nevertheless, the FUNMAT HT was less efficient to reproduce 
the hemispheres, slope and alignment of cylinders along the X 
and Y axes compared to the Ultimaker S3.  

General conclusions can be drawn for the Ultimaker S3. 
Indeed, almost all geometrical deviations were in the same 
order of magnitude for parts in PLA and ABS except for the 
angularity, flatness and straightness of features along the X axis. 
Features involving several axes of the printer also exhibited 
different results depending on the material chosen to build the 
part. The material in which the part is manufactured has then a 
slight influence on some of the geometrical deviations observed. 

4. Summary 

The dimensional and geometrical performances of two AM 
printers (Ultimaker S3 and FUNMAT HT) were assessed using an 
adapted version of a previously developed benchmark artifact 
[8]. The influence of the material choice on the dimensional and 
geometrical performances was also investigated. Both machines 
achieved an IT between 10 and 15. Better homogeneity of IT was 
observed for the FUNMAT HT in ABS according to its X and Y 
axes, while lower performances were achieved according to its 
Z axis. Coaxiality was the highest geometrical deviation 
observed, with average values between 0.376 mm and 
0.679 mm for the Ultimaker S3 in PLA and ABS, while the 
FUNMAT HT reached values of 0.759 mm in ABS.  

5. Conclusions 

The following are the main results of this study: 

• Depending on the size range of the measured features, 
both printers achieved IT between 10 and 15. 

• Along the X and Y axes, the dimensional performances 
of the FUNMAT HT exhibited higher homogeneity, 
while its features aligned with the Z axis were less 
accurately reproduced than with the Ultimaker S3. 

• The higher area of contact of the FUNMAT HT artifact 
with the build platform, the higher the influence on 
the dimensional performances of the printer along its 
Z axis due to a higher risk of permanent deformations. 

• Repeatability of positioning of the Ultimaker S3 Y axis 
is lower than for the X axis.  

• The FUNMAT HT geometrical performances were 
lower for features according to Z axis or a combination 
of axes. Except for this category, other geometrical 
features were more accurately reproduced on a global 
scale than with the Ultimaker S3. 

• The material choice may have a slight influence both 
on the dimensional and geometrical performances of 
the Ultimaker S3 printer. 

6. Future work 

A deeper analysis of the influence of the material choice on 
the dimensional and geometrical performances could be studied 
for this work. 
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Abstract 
Autonomous sensor nodes, enabled by the integration of energy harvesting principles, create the preconditions for a significant 
simplification and mass reduction in aircraft structural health monitoring. A promising energy harvesting approach to collect and 
convert the energy from random aircraft vibrations during operation, is to use piezoelectric energy harvesters. Due to the narrow 
operating frequency bandwidth of the considered harvesters, a frequency up-conversion mechanism, based on plucking the free end 
of the piezoelectric devices by using rotating plectra, and letting the transducers oscillate at their eigenfrequencies, is introduced in 
order to enable their utilization while operating in the considered random excitation environment. An experimental investigation of 
fused deposition modelling 3D printed plectra is therefore carried on to better understand the effects of the respective design 
parameters, i.e., their size, stiffness and material types, on the resulting performances of the piezoelectric energy harvesters in terms 
of the obtainable specific power outputs. The voltages generated by the harvesters, as well as their maximal free end deflections, 
are thus measured for different plectrum materials, different plucking frequencies and different geometries of the plectra. Design-
of-experiments (DoE) methods are employed in the setup of the experiments, whereas advanced numerical algorithms are used for 
the analysis of the hence obtained results. A comprehensive insight into the effects of plectrum properties on the responses of the 
piezoelectric energy harvesters is therefore provided, which represents another step towards the design of autonomous energy 
harvester powered sensor nodes to be used in aircraft structural health monitoring applications. 
 
Piezoelectric energy harvesting, frequency up-conversion, autonomous sensor nodes, DoE, experimental assessment, aircraft structural health 
monitoring 

 

1. Introduction 

Structural health monitoring (SHM) of aircraft components by 
using non-destructive testing (NDT) techniques, is typically 
carried out during shutdowns or maintenance procedures, when 
the utilized sensors are temporarily attached to the structure [1-
2]. On-board, in-process sensor nodes provide, in turn, means 
for real time monitoring, where SHM devices employ 
permanently attached sensors, signal acquisition and transfer 
devices, data storage and processing modules as well as 
automated diagnostic components [3]. The most promising 
approaches in aerospace SHM, including global and local 
monitoring as well as impact detection, employ then wave 
propagation, impedance and resistance technologies, optical 
fibres along with eddy current-based technologies, coating and 
vacuum monitoring systems [1, 3-4]. 

A thorough analysis of the airplane SHM state-of-the-art, 
presented in [1], clearly shows that low power requirements of 
the used components is one of the basic enabling factors for the 
development of autonomous SHM sensor nodes, comprising 
data elaboration and wireless communication systems. Such 
systems can then be integrated with devices based on energy 
harvesting (EH) technologies, allowing the SHM nodes to be 
powered by the low-level energy present in their surrounding 
environment (Fig. 1) [1, 3, 5-6]. This represents an important 
subject of the research work performed in the framework of the 
EU COST Action CA18203 “Optimising Design for Inspection” 
(ODIN) [7]. 

 
 
Figure 1. Schematic representation of an autonomous SHM node [1]. 

 
Of the energy forms available on and around an operating 

aircraft, i.e., solar, kinetic, thermal, acoustic, and radio 
frequency energy sources, kinetic energy is seen as one of the 
most viable options [1, 5-6]. Due to its simplicity, reliability, 
scalability and relatively high conversion efficiency, the most 
common EH mechanism aimed at collecting and converting 
kinetic into electrical energy, is the piezoelectric energy 
harvester (PEH) based on a bimorph cantilever [8-9]. A typical 
bimorph PEH consists of a metallic substrate between two 
piezoelectric layers, fixed on one end, and excited via oscillations 
of the clamping base (Fig. 2). The charge generated within the 
piezoelectric layers is collected via electrodes deposited on the 
piezoelectric and connected to an electrical load. 

Such a device displays, however, a significant drawback, which 
is particularly notable under random excitation. It has, in fact, a 
very narrow optimal operating frequency bandwidth around its 
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eigenfrequency [1, 8-9]. In order to overcome this issue, and 
thus broaden the PEH operative range, several approaches are 
suggested and studied in recent literature, comprising active 
tuning, optimized, nonlinear and multimodal geometries and 
frequency up-conversion (FUC) approaches [8, 10]. 
 

 
 

Figure 2. Typical bimorph PEH [11]. 
 

The FUC mechanism, addressed in this work, converts random 
ambient vibrations and/or strikes into a periodical excitation of 
the PEH free end by impacting or plucking it with a moving 
plectrum. The thus excited PEH is then allowed to freely oscillate 
at its eigenfrequency, thus maintaining the optimal operational 
conditions and, therefore, attaining the optimal conversion 
efficiency [12-14]. 

The parameters of the plucking process, as well as the 
mechanical properties, the size, the stiffness and the materials 
used to produce the plectra, have a strong influence on the 
responses of the thus excited PEH [15-16]. The understanding of 
these effects can be of particular significance especially when 
the plectra are produced by employing the cost effective and 
readily available 3D printing technologies, due to the specific 
issues innate to this technological process. In order to broaden 
the understanding of the effects of these influencing parameters 
on PEHs’ responses, a thorough experimental study focused on 
fused deposition modelling (FDM) 3D printed plectra, is, 
therefore, carried on in this work. 

2. Plectrum geometry and DoE 

In order to study the effects of the geometrical and material 
parameters of the 3D printed plectra, several shapes of varying 
dimensions are initially investigated. Rectangular, elliptical and 
triangular shapes, as displayed in Fig. 3a, produced as segments 
of a six-plectra rotor (Fig. 3b), are hence considered. Due to the 
limitations of the manufacturing process when small-size 
objects are produced, the thickness of all the studied plectra is 
kept constant at t = 0.7 mm. Since the variation of the plectrum 
dimensions mostly affects their stiffness, the range of 
dimensions is thus set in such a way that a continuous and 
uniform stiffness range can be studied. 
 

  
(a) (b) 

 

Figure 3. Different shapes of the studied plectra (a) and the six-plectra 
rotor (b) [17]. 
 

Based on the initially performed experiments, certain 
restrictions are then introduced, and a design-of-experiments 

(DoE) methodology [18] is employed as basis of the performed 
experimental measurements. 
 
2.1. Experimental setup 

The experimental setup utilized in this work to provide the 
plucking excitation of the PEHs, comprises, as shown in Fig. 4, a 
DC electric motor (denoted in the Figure with 1), to which the 
aforementioned rotor (2) is attached. On the other hand, a 
rectangular PEH (3) is independently clamped to a 3D printed 
base (4). The value of the PEH free end displacement is then 
measured by using a Metrolaser® Vibromet 500V laser doppler 
vibrometer, while the voltage generated by the plucked PEH is 
measured via an Agilent® DSO-X 2012A oscilloscope [19]. In 
order to calculate the power generated by the PEH, the 
harvester is connected to the oscilloscope via a variable 
resistance box. The rotational speed of the DC motor is, in turn, 
regulated by using a controllable laboratory voltage supply. 
 

 
 

Figure 4. Experimental setup for generating plucking excitations [17]. 
 
2.2. Initial studies 

Initial studies consisted in using the different plectrum shapes 
and sizes to excite the rectangular PEH, thus obtaining a voltage 
and power response. Due to aforementioned limitations of the 
3D printing process, the actual geometry of the elliptical and 
triangular plectra differed, however, significantly from the 3D 
model, which, in turn, significantly affected the actual stiffness 
of the respective plectra. All of this caused noteworthy 
repeatability issues noticed in the PEH response results. 

With this in mind, it was established that the rectangular 
shape most accurately corresponded to the respective 3D model 
(Fig. 5a) and it was, therefore, selected for further studies. Due 
to the fact that objects printed as segments of the six-plectra 
rotor in different positions, i.e., at different printing angles, 
possess different mechanical properties [20-21], the overall 
shape of the rotor is also changed to a symmetrical two-plectra 
design (Fig. 5b), which ultimately lead to a substantial 
improvement of the overall measurement repeatability. 
 

    

 

(a) (b) 
 

Figure 5. Illustration of the rectangular plectrum with the respective 3D 
printed version (a) and the symmetrical two-plectra rotor (b) [17]. 

 
2.3. Design-of-experiments 

In order to reduce the number of required experimental 
measurements, while maintaining the accuracy of the attained 
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results, 20 combinations of variable parameters are generated 
using the Latinized Centroidal Voronoi Tessellation (LCVT) DoE 
methodology [18]. For that purpose, four separate variable 
parameters are selected: 

- three variables defining the plectrum properties, i.e., the 
plectrum material, the area moment of inertia Ix and the 
length of the plectrum l, and 

- one parameter influencing the plucking conditions, namely 
the rotating speed n0 of the DC motor. 

The herein considered plectrum materials, defined as a 
discrete variable, are polyamide (PA), polycarbonate (PC), 
acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA). 
Albeit having all comparable mechanical properties [17], these 
materials vary in terms of the respective surface roughness 
characteristics, caused by their different behaviour as an FDM 
3D printing filament, which could have an influence on the PEH 
response as well. On the other hand, the value ranges of the 
studied continuous variables are listed in Table 1. 
 

Table 1 Value ranges of the studied variable process parameters [17]. 
 

Process parameter  

Ix, mm4 0.25 - 0.5 
l, mm 9 - 13 

n0, min-1 60 - 200 

3. Results and discussion 

For the 20 process parameter combinations, generated by 
using the LCVT DoE methodology, the resulting 3D printed two-
plectra rotors are produced by employing the FlashForge® 
Creator 3 3D printer [17, 22]. They are then used to excite the 
PEH at the corresponding rotating speeds using the described 
experimental setup. The thus generated RMS voltage in an 
oscillation cycle, subsequently averaged over 5 excitation cycles, 
and obtained at the previously determined PEH’s optimal load 
resistance of 5 kΩ [11], is finally utilized to calculate the attained 
power outputs for each parameters’ set. The average power 
values for all the LCVT-based DoE experimental design points are 
reported in Table 2. 
 

Table 2 Average power outputs for the DoE combinations of process 
parameters. 
 

Exp. # Material P, mW Exp. # Material P, mW 

1 PC 1.180 11 ABS 0.237 
2 ABS 0.713 12 PA 0.308 
3 PA 0.613 13 PC 0.482 
4 ABS 0.789 14 PC 0.838 
5 ABS 0.268 15 ABS 0.243 
6 PA 0.827 16 PLA 0.155 
7 PLA 0.764 17 PC 0.833 
8 PC 0.631 18 PA 0.510 
9 PA 0.268 19 PLA 0.662 

10 PLA 0.823 20 PLA 0.313 
 

The experimentally obtained power outputs range, thus, from 
P ≈ 0.16 mW, for a 12.2 mm long PLA plectrum with Ix = 0.25 mm4 
rotating at n0 = 144.4 min-1, up to P ≈ 1.18 mW for a 9 mm long 
PC plectrum with Ix = 0.333 mm4 rotating at n0 = 132.8 min-1. 

The thus acquired data is analysed using the response surface 
methodology, resulting in a quadratic regression equation (1) 
with three variables [23-24], while the respective constants for 
each of the four material types are listed in Table 3. 
 

𝑃 = 𝑎 − 𝑏 ∙ 𝐼𝑥 − 𝑐 ∙ 𝑛0 − 2.04 ∙ 𝑙 + 15.3 ∙ 𝐼𝑥
2 + 

 +4.2 ∙ 10−5 ∙ 𝑛0
2 + 8.79 ∙ 10−2 ∙ 𝑙2 + 0.1234 ∙ 𝐼𝑥 ∙ 𝑛0 + (1) 

 +1.305 ∙ 𝐼𝑥 ∙ 𝑙 + 2.92 ∙ 10−3 ∙ 𝑛0 ∙ 𝑙 

Table 3 Quadratic regression model constants for the four different 
studied plectrum materials. 
 

Constant PA PC ABS PLA 

a 23.5 16.7 23.9 19.2 
b 17.1 2.17 18.8 8.9 
c 0.098 0.083 0.095 0.086 

 

The obtained coefficient of determination [25-26] with a value 
of R2 = 99.4% implies a high predictive accuracy of the used 
quadratic model, which, thus, describes more than 99% of the 
variance of the studied process parameters. 

When a Generalized Reduced Gradient (GRG2) code-based 
optimization algorithm [27], having as a goal function the 
maximization of the power output, is applied to the quadratic 
model of Equation (1) within the process parameters’ ranges 
listed in Table 1, it is found that a maximal power output Pmax ≈ 
5.1 mW can be achieved with a l = 9 mm long PC plectrum having 
the area moment of inertia Ix = 0.5 mm4 and rotating at n0 = 200 
min-1. The maximal achievable power values, along with the 
corresponding values of the studied process parameters, for all 
the considered plectrum materials, are reported in Table 4. 
 

Table 4 Maximum power outputs and optimal parameters for different 
plectrum materials. 
 

Material PA PC ABS PLA 

Pmax, mW 3.72 5.06 3.85 3.46 
Ix, mm4 0.25 0.5 0.25 0.5 
l, mm 9 9 9 9 

n0, min-1 60 200 60 200 
 

Based on the data in Table 4, it can be concluded that the 
optimal process parameter values, resulting in the considered 
cases in the highest power outputs, correspond to different 
combinations of the upper and lower limits of the values of Ix 
and n0. In terms of the plectrum length, the model clearly 
converges, in turn, towards a shorter, i.e., stiffer plectrum. 

Since the minimal plectrum length is found to be the optimal 
one for all the four considered 3D printed materials, response 
surface graphs can be generated, representing the power 
outputs achievable by using the l = 9 mm long plectra, as shown 
in Figure 6. From the depicted data it is thus clear once more 
that a combination of the process parameter values at the limits 
of the specified value ranges result in maximal power outputs. 
What is more, a distinct tendency to form a sort of a “saddle” is 
observed for all the four considered materials, suggesting that 
perhaps multiple maxima could occur outside of the studied 
value ranges of the input variable parameters. It can also be 
noted that the PA and ABS plectra (depicted respectively in Fig. 
6a and 6c) favour a lower area moment of inertia Ix as well as a 
lower plucking speed, while the plectra made from PC and PLA 
(Fig. 6b and 6d, respectively) allow obtaining the maximal power 
outputs at higher values of the area moment of inertia Ix and at 
the highest considered rotational speeds. 

5. Conclusion and outlook 

With reference to the needs of on-board aircraft SHM 
applications based on EH-powered autonomous sensor 
modules, the basics of the behaviour of PEH devices is explained 
in this work, evidencing their characteristic drawbacks, as well 
as a possible solution in the form of a FUC-based plucking 
excitation. The effects of the respective 3D printed excitation 
plectra design parameters (material type, geometry and 
plucking conditions) on PEH’s responses are then investigated 
on a specifically developed experimental setup. Based on the 
initially performed experiments, a two-rectangular-plectra rotor 
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is chosen, and a LCVT DoE algorithm is used to generate random 
combinations of selected parameters for the four different 3D 
printed materials affecting the plucking process. A thorough 
campaign of experimental measurements is thus performed. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Power outputs achievable with a l = 9 mm long plectrum 
made of PA (a), PC (b), ABS (c) and PLA (d). 

The attained experimental results are utilized to develop a 
numerical quadratic regression model for each of the studied 
materials, and an excellent coefficient of determination R2 = 
99.4% is achieved. By applying a GRG2-based optimization 
algorithm to these models, the attainable power outputs are 
hence maximized. Based on this process it is concluded that in 
all the considered cases a combination of the maximal or the 
minimal values in the used set of process parameters value 
ranges results in the highest power output, and that the shortest 
considered plectrum length l = 9 mm is optimal in all the studied 
cases. What is more, from the response surface graphs 
generated for a constant l = 9 mm plectrum length, a trend to 
form a saddle is observed in all four models, most pronounced 
for the PLA plectra. This could suggest that the models might 
have additional maxima outside of the studied range of values 
of the considered process parameters, which certainly 
represents a direction for further studies. 

The results and conclusions given in this work could form the 
basis for further studies of the complex plucking mechanism, 
and help the implementation of piezoelectric energy harvesting, 
as a power source, not only into in-process non-destructive SHM 
sensor nodes aimed for the aerospace industry, but also in other 
fields such as wearable devices aimed at remote patient 
monitoring and telemedicine, or also for IoT applications. 
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Abstract 
In this study, we report on batch production and use of flexible micro-grinding tools for finishing metallic surfaces. By using photo-
structurable polyimide as a matrix material, many similar heads of these grinding tools can be produced at once using a 
photolithography process. The abrasive (silicon carbide) is easily integrated into the matrix by dispersing it into the polymer before 
applying the polyimide-abrasive-suspension (PAS) to the substrate. By varying the process parameters of batch production and the 
weight fractions of PAS, the layer thickness and material properties like the Young’s modulus are adjusted in order to optimize the 
grinding performance in a given application. After separation, the tool heads are bonded to the tool shafts. Due to the two-part 
construction, the heads can be easily exchanged after wear and the shafts can be reused. In addition, the diameter of the tool shafts 
is tuned to standardized collets. This allows the use of the grinding tools in conventional machine tools, which enables easy 
integration into existing manufacturing cycles. The flexibility of the micro-grinding tools allows high precision machining of metallic 
surfaces, which will be shown for copper. The comparison of the infeed and the material removal shows the high flexibility of the 
tool. The grinding is followed by a roughness analysis of the surface. Single grinding processes are compared to multi grinding 
processes and it is shown that multiple steps halve the surface roughness in this grinding procedure. The tool wear is measured as 
well. First, we observe a high initial tool wear by a dressing process and after that it reduces to under 1 µm for each further grinding 
step with a tool path length of 42 mm. 
 
 
Keywords: Precision engineering, micro-grinding, high precision machining, micro production technology   

 

1. Introduction 

Nowadays, micromachining is an important tool for the 
production of microsystems and can be divided into physical, 
chemical and mechanical machining [1]. The field of mechanical 
machining includes precision grinding. Some grinding tools can 
be used in CNC machine tools, which offers the possibility to 
grind more complex surfaces and thus to achieve a higher 
surface quality right in the areas where it is needed.  

A low surface roughness or high surface quality is important in 
many fields, since it determines, among other things, the 
properties of a component [2]. For example, lenses used in 
micro-optics should have a very low surface roughness so that 
less light is scattered [3], and in medical technology, surface 
roughness of an implant can lead to different reactions in the 
body [4]. 

In order to achieve a particularly low surface roughness, 
micro-grinding tools with a flexible bond matrix are suitable, as 
the bond matrix yields during the grinding process, the material 
removal is thus reduced and only the roughnesses on the surface 
are levelled. The structural accuracy is maintained [5]. 

Polyimide, which is characterized by high thermal and 
chemical resistance properties, can be used as such a flexible 
bonding matrix. Abrasive particles can be stirred into the 
polyimide during the manufacturing process. On basis of such a 
polyimide-abrasive-suspension (PAS), macroscopic grinding 
tools have already been produced [6]. However, it is not possible 
to machine microstructures on this scale. 

For this purpose, a process must be found that enables the 
structuring of the PAS. Photolithography is a suitable method, 
which also has the advantage that batch production of several 
hundreds of similar grinding heads is possible. 

2. Experimental procedures      

The following section is divided in two parts. First, the 
manufacturing process of the micro-grinding tools is described, 
which include the batchprocessing of the tool heads, the milling 
process of the tool shafts and the bonding process of both parts. 
Second, the CNC aided grinding process on copper surfaces is 
characterized. 
   
2.1. Manufacturing and characterisation process of micro-
grinding tools    

The manufacturing of the tool heads starts with a 
photolithography process. Silicon carbide (SiC) with a grain 
diameter of around 4 to 6 µm is used as abrasive grains and a 
polyimide as flexible binding matrix. A silicon wafer with a 
thickness of 500 µm is used as substrate. The PAS is spin coated 
onto the substrate, followed by a softbake, an exposure step, a 
development of the non-exposed areas and a hardbake. A 
variation of the mass percentage of silicon carbide (0,8-25 wt% 
while mixing manually), the speed while spin coating (1 000-
2 000 rpm) and the hardbake temperature (200-350 °C) should 
reveal the influence on the layer thickness. Measurements were 
performed tactile, a first time after the development step and a 
second time after the hardbake. The produced grinding heads 
have a diameter of around 1 mm.  
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The photolithography process is followed by deep reactive ion 
etching to increase the possible depth of grinding to around 
250 µm. Then the tool heads can be separated by dicing into 
squares with an area of 1.2 x 1.2 mm². With the actual design, 
236 grinding heads are manufactured out of one substrate with 
high potential for optimizing the mask design to produce more 
tool heads at a time. 

Furthermore the influence of curing temperature and abrasive 
content on the Young’s Modulus was measured on free standing 
films of the functional layer by tensile testing. In order to obtain 
free standing films, samples in the form of a flat specimen with 
a geometry of 50 x 6 mm were produced as described above. 
They were then anodically removed from the substrate. The 
analysis were performed with the test tool until the sample 
broke.  

Simultaneously the tool shafts are milled in a 5-axis CNC 
milling machine (C5, Datron). As material aluminium is used for 
its great machinability. The shaft diameter is tuneable for 
standardized collets. For the investigations, a diameter of 4 mm 
is chosen. The top is structured with a milled circular bag in the 
middle so the tool heads auto align in the centre.  

A two component epoxy resin adhesive (Plus Endfest 300, 
UHU) is used for bonding manually, its curing is aided by 
temperature (150 °C, 5 min). The placement is done manually. 
To test the adhesion strength, shear tests are performed. For 
this purpose, the grinding heads are exposed to different 
temperatures (50-400 °C, for 30 min) in order to investigate the 
influence of possible heat development during grinding and to 
test the maximum heat resistance of the glue. Furthermore, the 
influence of the cooling lubricant used (Pro Cut 200, Datron) is 
investigated with exposure times up to 60 min and a 
combination of cooling lubricant and heat treatment (100 °C, 
30 min) is investigated. Additionally thermal shock tests are 
carried out (low temp. -20 °C, high temp. 220 °C, 20 cycles of 
60 s). For each experimental set-up, five samples are prepared, 
from which the mean value for the adhesion strength is 
calculated. Furthermore, five reference specimens are prepared 
to compare the adhesion strength of untreated and treated 
samples.  

 
2.2. CNC grinding on copper surfaces      

To test the functionality, the micro-grinding tools with 25 wt% 
abrasive are used on prepared copper surfaces. The copper 
workpieces are face milled and grinded with FEPA P 1200 
grinding paper to generate a comparable surface for every 
experiment. The parameters are a cutting speed of about 
62 m/min, a feed rate of 100 mm/min and an infeed of 5 µm. 
The analysis of the surface roughness of grinded spots is 
performed optically in two different areas by confocal 
microscopy. The mean roughness Ra and the mean roughness 
depth Rz are recorded. The result after grinding is compared with 
the surface roughness before grinding. A comparison of single 
step grinding with multi step grinding is done as well. Multi step 
grinding is done with 4 or 7 steps of grinding the same area with 
the same tool. For each step an area of 12,57 mm2 is ground with 
a tool path length of 42,14 mm After every grinding step, the 
tool wear is measured, so that the machine can correct the 
infeed with the tool wear. Besides that, a tactile measurement 
of the height difference between the grinded area and the 
original surface takes place to analyse the flexibility of the micro-
grinding tool by the comparison of infeed and material removal. 
Every grinding approach is carried out three times. 

3. Results and discussion      

Experimental results are described and discussed below. 
These are divided into the analysis of the manufacturing process, 

the characterization of the adhesion strength and the evaluation 
of the grinding tests. 

 
3.1. Influence of manufacturing parameters on tool heads      

The influence of the manufacturing process parameters on the 
resulting layer thickness of the PAS is analysed as described 
above. The coating thickness is higher with increasing abrasive 
mass fraction and with decreasing rotation speed and hardbake 
temperature. Thus, the highest film thickness of 66.9 µm was 
detected at the lowest rotation speed of 1 000 rpm, the highest 
mass fraction of 25 wt% and the lowest hardbake temperature 
of 200 °C. Furthermore, it was observed that the hardbake 
resulted in a shrinkage of the film thickness. This can be 
explained by an increased polymerization of the polymer and a 
stronger outgassing of solvent, monomers and oligomers 
remaining in the PAS after softbake. Since a higher mass 
percentage for grinding experiments later on was used, a high 
temperature for the hardbake step was selected for the further 
grinding tests in order to ensure the strongest possible linkage 
and thus incorporation of the abrasive grains into the bond 
matrix. This should lead to a lower outbreak of the grains out of 
the bond matrix prematurely, thus minimizing tool wear but it 
also increases the chance that the grains will not break out soon 
enough and become dull. The grinding performance would thus 
be greatly reduced.  

 

 
Figure 1. SEM pictures of the side view of a ready to use micro-grinding 
tool head (A) and the top view (B) 

 
Figure 1 shows scanning electron microscopy (SEM) pictures 

of a grinding head that is ready to use. In the side view (Fig. 1 A), 
the PAS layer adhering to the etched silicon base can be seen 
very clearly. In addition, a magnified top view image (Fig. 1 B) 
clearly shows the SiC grains. Only a small amount of bonding 
matrix can be seen, which was reset by the etching process due 
to the significantly higher etch rate of polyimide compared to 
SiC. This is advantageous because the grains have thus been 
uncovered before the first grinding process. It can be seen as a 
kind of conditioning of the grinding head. However, a 
disadvantage is that the grains are more likely to break out due 
to poor anchoring in the matrix. 

 

  
Figure 2. Results for Young’s Modulus after tensile tests with different 
abrasive mass percentage and hardbake temperatures 
 

The parameters selected during the manufacturing process also 
have an influence on the mechanical properties of the grinding 
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tool heads. Especially the Young’s modulus is of interest. The 
results of the tensile tests are shown in Figure 2. They show that 
the hardbake temperature has very little effect, provided that 
the same baking duration is kept. In contrast, a higher abrasive 
content shows a significant rise of the Young’s modulus. Here, a 
particle reinforcement occurs to the composite material 
consisting of polyimide and silicon carbide. Compared to a mass 
fraction of 0.8 wt%, the Young’s modulus increases by a factor 
of approximately 2 at the highest mass fraction of 25 wt%. This 
can have a negative effect on the flexibility of the grinding head. 
However, a higher mass fraction of abrasive can also lead to an 
increased metal removal rate due to an increased number of 
cutting abrasive grains on the surface.  
 
 

3.2. Shear strength of epoxy resin adhesive      
In order to characterize the assembly process, the bond 

strength was investigated by shear tests. Initially, untreated 
joints were examined in a first test. Here, five samples yielded a 
mean bond strength of 47.7 MPa and a standard deviation of 
7.5 MPa. This shows exceptionally high adhesion strength of the 
tool heads to the tool shafts. 

 

 
Figure 3. Shear strength between tool head and tool shaft by shear tests 
after heat treatment for 30 min at different temperatures 
 

Subsequently, the grinding tools were exposed to higher 
temperatures. After an effective time of 30 min, shear tests 
were carried out immediately. The results can be seen in 
Figure 3. The measured values at 20 °C represent the untreated 
reference samples. Up to a temperature of 200 °C, no effect on 
the bond strength could be detected. Above 300 °C, there were 
already two failures that no longer showed any adhesion. 
However, the remaining three specimens also showed a 
significantly reduced value down to a bond strength of only 15 % 
in comparison to the reference samples. At a specific point, 
which seems to be between 200 °C and 300 °C in this case, the 
molecular structure can not withstand such high temperatures. 
This leads to chemical rearrangements and so to a change in 
mechanical properties. After the treatment at 400 °C, bonded 
joints could no longer be detected. The influence of cooling 
lubricant and temperature shock tests was also tested as 
described above. These showed no change in adhesion strength 
for the used time intervals compared to the reference samples. 
Also no decrease in bond strength could be detected when the 
tools were treated with a combination of cooling lubricant and a 
temperature of 100 °C for 30 min. 

The results show a high resistance of the adhesive joint to 
temperature and cooling lubricant. The grinding experiments, 
which will be discussed below, confirm the suitability of the 
adhesive during the use of the tools. 

  
 
 

3.3. Grinding Process on copper surfaces      
The surface quality after grinding describes the functionality of 

the tool. An improvement of the roughness values compared to 
the unground surface is expected. For this purpose, the grinding 
tests are carried out as described and the roughness values Ra 
and Rz are compared before and after grinding.  

An example of a comparison before and after the grinding is 
shown in Figure 4. In this example an unground (reference) 
surface is compared to a seven times grinded one to see how 
good the surface quality can get. 

 

 
Figure 4. Analysis of surface roughness with confocal microscopy for 
reference surface and a seven times grinded surface. 

 
On the left, deep furrows in the surface can be seen in the 

height profile before grinding, which lead to high roughness 
values. On the right, the surface that has been ground seven 
times, shows no more deep scratches, but smaller punctual 
heights (white). This is also reflected in the roughness values. In 
comparison, Ra decreases to 15 % and Rz to 34 % of the original 
values. The local heights are presumably remnants of the silicon 
carbide that have splintered off from grains or have completely 
detached from the bonding matrix. This is supported by energy-
dispersive X-ray spectroscopy (EDX), by which particles on the 
workpiece surface could be identified as silicon carbide. Since 
they can still be detected on the surface despite the cleaning 
process after grinding, it can be assumed that they were pressed 
into the soft surface of the copper by the contact pressure 
between the tool and the workpiece. Despite the negative effect 
of the remaining grains on the roughness values, a strong 
improvement in the surface finish can be seen.  

The following investigations should reveal the influence of the 
number of repetitions of the grinding process on the roughness 
values and the tool wear. Figure 5 shows the influence of the 
multi step grinding process on the surface roughness and as it 
can be seen, the surface quality improves with each further 
repetition of the grinding process. However, the highest 
improvement were already achieved after the first grinding step, 
where the Ra and the Rz values are approximately halved. One 
factor for this is the more exposed abrasive grains, which lead to 
a higher metal removal rate in the first repetitions. The further 
improvement is significantly smaller. Depending on the 
application, single step grinding processes could therefore 
already provide sufficient surface quality, but more iterations 
are recommended for the highest surface quality with mean 
values of Ra = 0.038 µm and Rz = 2.4 µm after seven repetitions.  

For tool usage, the tool wear plays a major role. The first two 
grinding steps showed the highest impact on the tool wear. On 
average, the tool loses approximately 5.1 µm of length here. 
Subsequently, the tool wear is significantly lower, on average a 
tool wear of 0.9 µm is detected for the iterations three to seven. 
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This can be explained by the etching process. The resulting 
conditioning leave the uppermost grains exposed and decrease 
their contact area with the binding matrix as can be seen in 
Figure 1B. Besides the advantageous higher number of cutting 
edges the grains break out easier, resulting in increased tool 
wear. The newly exposed grains are integrated stronger into the 
binding matrix and the tool wear decreases. This is supported by 
the SEM images in Figure 5 compared to Figure 1B. Already after 
the first grinding step, for the most part only strongly integrated 
abrasive grains can be observed. This intensifies after four and 
seven repetitions. Nevertheless, the analysis of the grinding 
tests and the steady improvement of the surface roughness 
indicate that sufficient new cutting abrasive grains are exposed. 
This can be described as a kind of self-conditioning of the 
grinding tool. However, this should be investigated in more 
detail in connection with the maximum tool life. 

 

 
Figure 5. Comparison of surface roughness for Ra and Rz after no grinding 
(0), single step grinding (1), four iteration multiple grinding (4) and seven 
iteration multiple grinding (7). SEM pictures of the tool head surface 
added for every grinding strategy showing the difference in topography. 
Compared to Fig. 1B, a higher proportion of binding matrix can be seen 
and the grains are more integrated in it. 
 

Another aspect to be investigated is the flexibility of the tools. 
For this purpose, the height difference between the ground 
surface and the original surface were compared. The infeed of 
the machine tool was 5 µm. For all specimens, the 
measurements showed significantly smaller height differences. 
On average, these were slightly less than 1 µm. Only a marginal 
difference could be detected between single step and multi step 
grinding. Presumably, the largest cutting effect occurs during the 
first iteration. Here the abrasive grains are strongly exposed 
from the bond matrix as said before. Subsequently, the surface 
tends to be levelled instead of being cut deeply, which is an 
advantage because the structural accuracy remains. However, 
by comparing removed material and infeed, it can be assumed 
that the micro-grinding tools are flexible to a certain extent. 
Further investigations are necessary regarding possible plastic 
deformations and the maximum usable contact pressure. 

Furthermore, copper could be observed on the tool surface at 
about half of the tools after the grinding process. The detected 
copper was confirmed by EDX images. This could indicate an 
insufficient coolant supply or poor accessibility of the tool 
surface for the coolant. It should be investigated further to see 
if it is a problem for the self-conditioning of the grinding tool. 

4. Conclusion      

This work shows that hundreds of flexible micro-grinding tool 
heads can be produced by batch production. Therefore, 
polyimide was used as a binding matrix mixed with SiC abrasive 

grains. The investigations show that the mixing ratio in particular 
plays a major role for the properties of the final tool. Specimens 
produced with a higher mass percentage of abrasive have a 
higher PAS layer thickness of up to 66.93 µm in total and also a 
higher Young’s modulus in the range of 4 000 MP, which is twice 
as high as for samples with lowest abrasive mass percentage. To 
have enough abrasive edges for grinding, a ratio of 25 wt% of SiC 
grains was used for mechanical processing of copper 
workpieces. After that, the grinding tool was bonded on an 
aluminium shaft with a two component epoxy resin adhesive 
proved to be very resistant to temperature up to 200 °C, rapid 
temperature changes (-20 °C to 220 °C), the used cooling 
lubricant and a combination of cooling lubricant and heat 
treatment. Only longer exposure to higher temperatures 
(> 200 °C) caused the adhesive to fail. However, subsequent 
grinding tests showed that the shear strength of the bond was 
more than adequate for the application with mean values 
between 44.3 MPa and 54.7 MPa for the given temperature 
range. Analysis of the ground copper surfaces showed that the 
surface roughness decreased significantly after the first grinding 
step, and the values for Ra and Rz were halved. Further iterations 
of a multi-step grinding process showed less serious 
improvement, but an improvement in surface finish was also 
evident after the seventh iteration. Tool wear showed a similar 
behaviour. Initially, the tool length decreased by several 
micrometres per grinding step after the first two iterations, but 
afterwards the wear reduced to less than 1 µm on average per 
iteration. This can be attributed to some kind of conditioning of 
the grinding tool. The uppermost abrasive grains have a poorer 
integration into the binding matrix because of the etching step 
and break out easier. Finally, the flexibility was investigated. It 
could be demonstrated on the basis of the ratio of material 
removal and infeed (different by a factor of about 5). Thus, it 
could be shown that the developed micro-grinding tools fulfil 
the demand of mechanical stability, grinding properties and 
flexibility. However, further analyses are still pending. In the 
future, the grain size and tool head diameter will be. The 
maximum tool life has yet to be determined. Additionally, the 
developed process chain can be used with other abrasive grain 
types, such as cBN or diamond. Furthermore, copper is more 
difficult to machine than its oxides, so prior oxidation of the 
areas to be machined could also lead to a better grinding result. 
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Abstract 
To satisfy the increasing demands for adjusting sensitive precision engineering devices, a torque-compensating adjustment drive was 
developed in previous work. A counter torque compensates the applied torque through an appropriate coupling of the adjustment 
drive to the device. Within this work, a prototype of the adjustment drive was fabricated and put into operation. Investigations 
focused on determining the prototype's specifications and reducing undesirable influences. Primarily, the mechanical model of the 
drive was derived from its simplified working principle for adjustment. The overload protection that intervenes when the drive and 
the device are incompletely coupled, and also the torque-compensated adjustment are discussed theoretically and then investigated 
experimentally. Thus, the maximum transmitted parasitic torque is determined and lateral forces are detected. In an iterative 
process, the adjustment drive is optimized to minimize the transmitted parasitic torque and lateral forces impacting on the 
mechanically sensitive device. Further investigations include determining the specifications of the drive such as the nominal 
adjustment torque, the angular resolution at the output shaft and the backlash to be considered for precise adjustments.  
 
Keywords: torque compensation, adjustment, mechanical model, torque measurement      

1. Introduction  

The increasing demands for adjusting sensitive precision 
engineering devices such as mass comparators or nano-
positioning and nano-measuring machines led to the 
development of a torque-compensating adjustment drive [1]. 
The drive uses a counter torque to compensate for the 
transmitted torque of the adjustment motion. Within this work, 
the mechanical relations of the overload protection and the 
torque compensation are considered. Then, a prototype of the 
adjustment drive is optimized, commissioned, and tested. 
Investigations include determining the adjustment parameters 
and measuring the transmitted parasitic torque and lateral 
forces impacting on the mechanically sensitive device (MSD).  

2. Theoretical considerations  

To derive the interrelationships during adjustment, the system 
is analyzed using the simplified working principle shown in Fig. 1, 
in which the coupling mechanism is omitted. The compensation 
forces (Fcomp), the friction torques of screw gear (Mf,sg) and 
bearing (Mf,b), the resisting torque of the electrical connections 
(Mr,c), the torque of the drive unit (Mdr), and the transmitted 
parasitic torque (Mt) were added. During adjustment, two 
phases differ: complete coupling with intervening overload 
protection, and torque compensated adjustment. 

 
2.1. Complete coupling with intervening overload protection   

The coupling mechanism extends the drive and positions the 
tool and the reaction arms to transmit a torque-compensated 
rotary motion to the adjustment gear of the device. Due to 

dissimilar clearance of several form-fit couplings, drive and 
device coupling is incomplete over a small angular range. The 
rotary adjustment motion would be transmitted non-torque-
compensated, but the overload protection intervenes [2]. 

 

 
Figure 1. Simplified working principle. (*shiftable form-fit coupling) 

 
To determine the parasitic torque transmitted to the device 

during that period, the mechanical models of the system’s 
components were developed. They are shown in Fig. 2. In case 
the sphere-plane contact pairs of the torque compensation are 
not engaged (Fcomp = 0), the equilibrium of moments for the x-
direction of the stator (1) and the rotor (2) of the drive and the 
device (3) is derived.  

- JS · φ̈3
 = - Mdr + Mf,b + Mr,c (1) 

(JR + Jsg ) · φ̈2
 = Mdr - Mf,sg (2) 

0 =  Mf,b - Mt (3) 

Since the friction in the bearing is significantly lower than the 
friction in the screw gear, the rotor of the drive can be 

81

http://www.euspen.eu/


  

 

considered fixed (φ2 = 0). That results in equation (4) for the 
rotor side. 

0 = Mdr - Mt (4) 

After substituting equation (4) into equation (1) and converting, 
equation (5) is derived for the transmitted parasitic torque. 

Mt = Mf,b + Mr,c + JS · φ̈
3
 (5) 

 
2.2. Torque compensated adjustment    

After the drive and device coupling is completed by rotation of 
the whole drive unit, the precision engineering device is 
adjusted torque-compensated [3]. 

 

 
Figure 2. Mechanical model of a) stator. b) rotor. c) MSD. 

To determine the parasitic torque transmitted during 
adjustment, the mechanical models from Fig. 2 are used to 
derive the equilibrium of moments for the x-direction of the 
stator (6) and the rotor (7) of the drive and the device (8). For 
clarity, Mcomp summarizes the torques caused by Fcomp and -Fcomp. 

-JS · φ̈3
 = -Mdr + Mf,b + Mr,c + Mcomp (6) 

(JR + Jsg ) · φ̈2
 = Mdr - Mf,sg  (7) 

0 =  Mf,b - Mt - Mcomp (8) 

Due to the complete coupling of the drive and the device, the 
torque compensation supports the stator (φ3 = 0). Equation (6) 
is thus simplified to equation (9). 

 0 = Mdr - Mcomp (9) 

Substituting equations (7) and (9) into equation (8) provides the 
parasitic torque transmitted to the device during adjustment. 

Mt = (JR + Jsg ) · φ̈2
 (10) 

3. Commisioning and initial optimization 

A prototype of the torque-compensating adjustment drive was 
fabricated and after commissioning, the overall operating 
principle was validated. To use the drive to adjust precision 
engineering devices, initial optimizations were carried out. Thus, 
the transmitted parasitic torque could be minimized according 
to equations (5) and (10). The pre-tension of the drive’s fixed 
bearing was decreased after statically balancing the drive by 
subsequently added balancing mechanisms. Replacing the 
original motor cable with 50 µm copper wires minimized the 
resisting torque given by the mechanical stiffness of the 
electrical connections. A suited acceleration start-up curve 
reduced the dynamic torque caused by inertias close to zero. 
Combining tool and tool holder led to a strongly reduced run-out 
error, which resulted in decreased lateral forces. 

4. Specifications of the prototype  

A motor-gear combination allows a nominal torque of 
1796.27 N mm and an angular resolution of 9.69’’. For an 
environmental pressure of up to 0.01 bar, the usage for vacuum 
applications is granted. The design space of the whole drive unit 
amounts to (243x99x95) mm3. 

To determine the transmitted torque, the impact of lateral 
forces, and the backlash contributing to the adjustment 

uncertainty, the measuring setup shown in Fig 3. was used. A 
specially designed coupling point (1), which represents the MSD, 
is mounted to a 3-component force sensor (2) and a fixed torque 
sensor (3) via adapters. A pre-tensioned screw (4) simulates the 
adjustment gear to be moved. The tool (5) and the reaction arms 
(6) of the drive are coupled for the initial state. To check the 
phase described in chapter 2.1, the reaction arms were removed 
for several measurements.  

 

 
Figure 3. Measuring setup.  

The maximum measured values for the impact on the device 
are below 1.5 N mm for the transmitted parasitic torque and 1 N 
for lateral forces. By reversing the motion and determining the 
encoder steps until the torque sensor detects a peak in the 
measurement signal, a highly reproducible backlash of 
330.95° ± 4.2’ could be calculated.  

5. Conclusion and Outlook  

After developing a torque-compensating adjustment drive for 
precision engineering applications in previous work, a prototype 
was fabricated and its adjustment parameters were determined. 
To minimize impacts on the device, theoretical considerations 
were carried out to identify the major contributions to the 
transmitted parasitic torque. Based on these considerations, the 
adjustment drive was optimized after commissioning. Prototype 
investigations revealed the real adjustment parameters. Minor 
parasitic impacts such as the transmitted parasitic torque and 
lateral forces confirm the proper applicability of the drive for 
mechanically sensitive devices. 

Ongoing optimization of the adjustment drive allows further 
minimization of the transmitted parasitic torque and lateral 
forces. The electrical connection can be replaced by wireless 
power and signal transmission and inertias can be reduced by 
lightweight design. To minimize lateral forces, two universal 
joints between the drive unit and the tool could be integrated. 
The design as flexure hinges with concentrated compliance 
enables precise angular transmission of the adjustment motion 
while minimizing the lateral stiffness of the component. 

The system’s applications will be extended by using it as a low-
impact fastening system for screws in sensitive precision 
engineering applications. 
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Abstract 
In recent years, a large variety of approaches have emerged in the field of Raman spectroscopy, especially in the biomedical field. 
The non-contact and non-destructive measurement method is suitable for characterising and analysing tissues as well as cells and to 
detect molecular changes within the samples. As part of this scientific work, it was investigated whether the Raman spectroscopy 
can quantify the grade of decellularisation of allogeneic tissues based on bone tissue-specific components. For this purpose, the 
rinsing fluid, which was generated during the decellularisation process, was analysed to verify the suitability of an in-line Raman 
system to monitor the rinsing set up. Samples of the rinsing fluid were taken at various times and examined with a conventional 
Raman microscope by using a self-developed flow cell cuvette. The results were subsequently compared and validated with the 
deoxyribonucleic acid (DNA) content. Our results revealed a temporal increase of intensities of tissue-specific peaks in the measured 
Raman spectrum during the rinsing process followed by a decrease after 15 mins. Based on the results of the examinations, in which 
the decrease of the DNA content was measured, the potential of the method as a monitoring tool for the decellularisation process 
of allogeneic tissues could be shown. For a mobile in-line Raman setup, which is planned as a later application, further verifications 
and optimisations with regard to the measurement settings as well further comparative tests of individual bone tissue components, 
are necessary. 
 
Keywords: Raman spectroscopy, in-line monitoring, decellularisation, allograft transplants 
 

1. Introduction 

1.1 Background  
Tissue transplants may be essential if, for example, various 

defects or diseases such as tumours or congenital malformations 
occur. Sometimes the human body is not able to repair large 
defects on its own due to a large defect size or chronic wound 
healing disorders. The replacement materials (synthetic, 
allogeneic, xenogeneic) have advantages and disadvantages 
with regard to mechanical properties, biological tolerance, cost 
and availability due to the source [1]. In the case of bone grafts, 
considered in this study, the use of allografts, which for example 
reduces both the patient's comorbidity and the operating time, 
requires suitable pre-processing of the tissue. During this 
process the tissues are decellularised by means of applying 
different, mostly combined, mechanical and chemical as well as 
enzymatic protocols. Hereby, cells and cell residues that contain 
donor antigens have to be flushed out of the tissue without 
damaging the extracellular matrix (ECM) in order to prevent a 
severe immune reaction after implantation. The increasing 
demand for tissue replacement materials requires constant 
further development and optimisation of existing 
decellularisation (DC) methods [2]. Before a method can be used 
for clinical applications, the approach has to be checked for 
suitability and validated, for example, by applying histological 
analyses or residual DNA content measurements.  

 

As a result of biological variance of each individual, their 
specifications such as age, gender and general health of the 
donor affect negatively the interpretation of the results. 
Optimisation in terms of time and digitalisation of the data to 
support the interpretation of the results in view of improved 
diagnostics is therefore difficult. In most cases, after the ex-vivo 
investigations, the tissues cannot be replaced back in an 
organism due to damage or destruction [2]. Modern analytical 
measurement methods can remedy these issues. Non-contact 
and non-destructive spectroscopic methods such as the Raman 
spectroscopy are capable of generating information about the 
chemical composition and properties of substances, structures 
and bondings, orientations and changes within [3]. In addition, 
since the end of the 1990s, research works have shown the 
potential for in-situ or in-line applications, in order to 
characterise substances and control and monitor processes. The 
aim of the present study was to prove if the Raman spectroscopy 
provides an alternative to the existing biological DC analyses. 
Furthermore, it was to examine whether the use of an in-line 
Raman setup is capable of monitoring the DC of allografts. Based 
on the results, a mobile Raman system will be developed to 
monitor DC processes in a novel rinsing chamber in-line. 
 
1.2 Decellularisation of bone allografts  

In Germany around 50 000 tissue grafts are used annually in 
regenerative medicine [4]. 
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In particular, allogeneic bone grafts are used in a variety of 
surgical procedures including joint replacement, spinal fusions, 
oral and tumour surgeries. In clinical applications the 
decellularisation takes place based on different strongly 
chemical and physical DC methods, whereby cells and cellular 
residues are flushed out of the tissue to produce an 
immunologically safe scaffold. A successful DC of the bone graft 
is achieved when the Deoxyribonucleic acid (DNA) content is less 
than 50 ng/mg dry tissue weight. As part of the joint project 
HOGEMA, through high hydrostatic pressure (HHP), devitalised 
tissues were decellularised in the current rinsing chamber by 
using ultrasound and fluid jets (5]. To validate the grade of DC, 
biological analysis (e. g. histology, DNA content quantification), 
which involve many manual steps, are essential. 
 
1.3 Raman spectroscopy 

The Raman effect or Raman scattering is an inelastic scattering 
of light by molecules in gases, liquids or solids. In most cases the 
sample is irradiated by monochromatic light and the inelastic 
scattered light have lower or higher frequencies compared to 
the incident light. These frequency shifts (Raman shift) are 
caused by molecular vibration-rotation transitions and provide 
detailed information about the chemical structure as well as the 
molecular state and dynamics, known as biochemical 
fingerprint. The Raman effect is weak, only one of 106 photons 
is scattered, whereby fluorescence and heating of the sample 
can overlay the spectrum [6]. In the last decades since the 
experimental evidence of the Indian scientist C.V. Raman in 
1928, the development of new lasers, charge-coupled device 
detectors and optical filters, Raman spectroscopy is successfully 
used in areas such as chemistry, geology, biology, pharmacy and 
medicine for a wide variety of applications. The non-contact and 
non-destructive method allows a quick analysis of molecules in 
micro-scaled samples without the need for time-consuming 
sample preparation, as compared to histochemical analyses. In 
addition, sample mapping of the spatial distribution of the 
molecules within the sample is possible [7,8]. Due to its 
advantages, Raman spectroscopy is also used for biomedical 
applications such as cell studies, analyses of tissues and organs 
by observing tissue-specific Raman bands of collagen, proteins 
and DNA. In bone tissues, which consists of 50 % minerals, 25 % 
water and 25 % organic matter, Raman spectroscopy is mainly 
used for the diagnosis of a range of human bone diseases such 
as osteoporosis, osteomalacia and osteogenesis imperfecta 
[4, 8]. 
 
1.4 In-line Raman spectroscopy  

In-line Raman spectroscopy is mainly used for process 
engineering applications to observe chemical processes or in the 
pharmaceutical industry in the production of medicines [10]. In 
these applications the laser beam and scattered light are guided 
through an optical fibre into the process room using an optical 
probe. Another research approach for in-situ or in-line scopes is 
the use of flow cell cuvettes which can be integrated directly into 
the microscope. Post et al. [11] demonstrate the potential of 
Raman spectroscopy for real-time measurements for detecting 
various substances by using a sensor system consisting of a flow 
cell cuvette as well as a neural network. For the analysis of 
pharmaceuticals, microplastics and their additives, different 
concentrations, spectral masking of solvents and flow velocities 
in a flow cell were investigated. Nevertheless, the study showed 
the limitations of the method at lower concentrations and 
demonstrated the probability of detecting a particle. Hansson et 
al. [12] developed a flow cell that is characterised by 
reproducible Raman spectra with a high signal-to-noise ratio and 
low data acquisition time to record the smallest age-related 

changes in the spectral characteristics of the oxygenation status 
of blood. The flow cuvette, consisting of a quartz capillary tube, 
was fixed under a conventional microscope and made it possible 
to reproducibly examine the smallest quantities < 100 µl with an 
accuracy greater than 90 %. On the one hand, only a few 
publications show the potential of this method, but due to the 
complexity of this technique, especially for biomedical 
applications, further research is required. Besides, to the best of 
our knowledge, there is still no application for the special case 
of monitoring decellularisation processes of allografts in a 
rinsing system. 

2. Methods 

For the initial spectroscopic investigations, rinsing fluid 
samples were taken from a previously published rinsing 
chamber described in [5] and were examined for the tissue-
specific Raman bands described in the literature. As rinsing fluid, 
sterile phosphate buffered saline was used (PBS, Sigma-Aldrich, 
St. Louis, USA). Here, the main component is water, which 
provides a clear Raman spectrum with peaks at 1665 cm-1 and 
3605 cm-1 [7]. Table 1 lists the Raman bands that are assumed to 
allow conclusions to be drawn about molecules and thus the 
main components of bones such as phosphates (PO43−), 
carbonates (CO32−) and proteins (amides I and III). These Raman 
bands should be suitable for evaluating the rinsing process. As 
mentioned previously, essential factors such as the complete 
removal of cellular components while preserving the 
extracellular matrix, are decisive for a successful DC. Therefore, 
peaks were selected dominating the spectral region from 
800 cm−1 to 900 cm-1, that represent tyrosine ring breathing 
and O-P-O asymmetric stretching and are all indicative of the 
nucleic acid component of a cell. In addition, the bending and 
stretching modes of CH groups (1448 cm-1 and 2800 cm−1 to 
3100 cm−1), assigned to organic substances, were chosen. 
 
Table 1 Spectral interpretation and Raman band location of relevant 
components in human bones. 
 

Assignments Raman band 
location (cm-1) 

Reference 

tyrosine ring and O-P-O asym- 
metric stretching (DNA/RNA) 

833 [13] 

phosphate group (PO43−) 858 [4, 13] 
phosphate group (PO43−) 960 [4, 14-15] 
phenylalanine  1002 [4, 14-15] 
phosphate group (PO43−) 1073 [4, 14-15] 
carbonate group (CO32−) 1073 [4, 14,15] 
amide III  1257 [4, 14-15] 
C-H bending 1448 [4, 14-15] 
amide I 1665 [4, 13] 
C-H stretching  2940 [4, 13] 

 
For sample preparations, cancellous bone of femoral heads from 
patients, who had undergone a total hip joint replacement, were 
used (ethics approval number A 2010–0010). The femoral heads 
were cut into blocks with a side length of 5 mm using a diamond-
coated saw and incubated at 4 °C in sterile phosphate buffered 
saline until HHP procedure. During the HHP process, the bone 
specimens were treated with 250 MPa for 20 mins in sterile PBS. 
During the subsequent DC process, bone samples were treated 
in pairs within the rinsing chamber for 20 mins, each with 
ultrasound ( P = 200 W, f = 40 kHz, 0.5 cycle, 100 % amplitude) 
and fluid jet (�̇� = 30 ml/s, f = 3 Hz), and with exchange of the 
rinsing fluids every 5 mins. For the in-line measurements, a flow 
cell cuvette was developed and manufactured additively using 
stereolithography, shown Fig. 1.  
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Due to the accurate manufacturing process, a flow cell with an 
internal diameter of 0.5 mm could be manufactured very 
precise( ±25µm). 

 
Fig. 1 Self-developed flow cell cuvette made of a photopolymer (clear 
resin, formlabs) by using stereolithography process (Form 3B, formlabs). 
1) CAD data of the cuvette with: fluid channel, inlet and outlet for the 
fluid as well as a measurement chamber. 2) holder for fixation. 3) 
microscope glass. 4) cuvette with fluid adapters.  
 
The printed cuvette is equipped with fluid connections, an 
internal channel with a diameter of 3 mm, as well an opening for 
the beam inlet and outlet, which is covered by a microscope 
glass and a seal. 
 
The flow cell cuvette was fixed in a Raman microscope (inVia, 
Renishaw plc, England) and was connected to a peristaltic pump 
(�̇� = 400 ml/min) with a control system (Raspberry PI 4B, 
python). Background correction and automatic peak search of 
the generated raw spectra were then processed with the native 
software of the microscope (Wire SW, Renishaw plc, England). 
Peaks which were not found by the software due to low 
intensities were added manually for the analysis if necessary. To 
validate the results from the spectroscopic examination, the 
residual DNA contents of the HHP-treated samples and those 
samples with a subsequent rinsing treatment were determined. 
For the DNA content quantification the previously stored 
samples (-80 °C) were analysed with a Zymo Research DNA 
MidiPrep Kit (Zymo Research, Freiburg, Germany), that followed 
the manuafacturer instructions. The total DNA content was 
measured at a wavelength of 2460/280 nm using a Tecan Infinite 
Reader. 

3. Results and discussion 

Fig. 2 (a) shows the Raman spectrum of the HHP-treated human 
bone specimens and the spectrum of the specimen after the 
rinsing process together with the assignments of the Raman 
bands.  

 
Fig. 2 Raman Spectra of human HHP-treated bone (red) as well as 
additionally decellularised bone (black) with tissue-specific peaks. 
Obtained with 532 nm laser excitation, laser power 0.05 mW, exposure 
time 0.01 s and 300 accumulations. The two obvious peaks for 

phenylalanine, tyrosine (C-C, C-N stretching, 1156 cm-1 and 1517 cm-1) 
are not decisive for the analysis and were not considered. 

Raman peaks at 858 cm−1 and 960 cm-1 are characteristic for the 
oscillation modes of phosphate and Raman peaks at 1073 cm−1 
for the carbonate group. The band positions have changed 
slightly. The protein-related amide I + III Raman bands at 
1257 cm−1 as well as 1665 cm−1 show substantial changes. The 
CH deformations in areas 1488 cm−1 and 2940 cm−1 (wagging), 
which are assigned for proteins and DNA, were reduced after the 
rinsing treatment, but also with a clearer spectra correspond to 
the literature. The changes in signature of the Raman spectrum 
around 2940 cm−1, due to the previous high pressure treatment 
in which cells in the tissue were destroyed, disappears after the 
DC process. 
 
During the measurements with the flow cell cuvette at various 
times, all chosen components could be detected. The results 
were analysed taking into account the individual intensities that 
were recorded with the same measurement settings, as well as 
the intensities of the treated and untreated samples (Fig. 3). In 
the case of the bone samples, as shown in the previous 
spectrum, the phosphate and carbonate groups were only 
slightly reduced compared to the protein-related amide groups. 
 
It was assumed that the substantial reduction in the range of 
833 cm-1 is related to the removal of cells and cell residues that 
contain DNA that have been flushed out. Furthermore, there 
was an increase in intensities at 5-15 mins for all components 
examined, before lower intensities could be measured after 
20 mins. The decrease of the intensities can be traced back to 
the changed quantities of components in the rinsing liquids. 

 
Fig. 3 Time dependence of Raman intensities of the individual 
components of bones measured with the flow cell cuvette (5, 10, 15 and 
20 mins). All measurements were carried out with the same 
measurement settings and with a sample number of n = 5 (532 nm laser 
excitation, 50mW laser power, exposure time 0.1 s and 300 
accumulations, �̇� = 400 ml/min). 

In Fig. 4, the Raman spectra of a measurement series of 5-
20 mins are shown as an example, with the other four series 
giving the similar results. Particularly in the areas around 
1448 cm−1 and 2940 cm−1, which are characteristic for C-H 
bending and stretching modes, the greatest time-dependent 
difference in the intensities can be detected. A temporary 
increase up to a point (15 mins) during the rinsing treatment was 
followed by a decrease. With regard to Fig. 1, due to changes in 
signature of the spectra in the area of 2940 cm-1, it can be 
assumed that the destroyed cells and cell debris were flushed 
out by the rinsing process. 
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Fig. 4 Raman spectra from 600 cm−1 to 1700 cm−1 (a) and 600 cm−1 to 
3100 cm−1 (b) with a series of measurements with the examined rinsing 
liquids 5 mins (black), 10 mins (blue), 15 mins (green) and 20 mins (red). 
The Raman bands at 1448 cm−1 and 2940 cm−1, which are characteristic 
of the bending and stretching modes, show the greatest time-dependent 
difference in the intensities. 

However, this assumption still needs to be investigated in 
further studies. The results from the DNA quantification of the 
decellularised tissue specimens show a reduction of the content 
up to 5 ng/mg tissue weight (Fig.5). Whether the DNA quantities 
can be assigned to the detected amount in the rinsing fluid in 
the ranges of 833 cm−1 and 2940 cm−1, have to be evidenced by 
further investigations. 
 

 
Fig. 5 Total DNA content of human bone w/o application (control), after 
HHP application (HHP) and treatment with HHP and rinsing chamber 
(HHP + DC). Statistical analysis was performed with One-Way-ANOVA 
(n=4). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. 

4. Conclusion 

In this pilot study it was investigated whether the Raman 
spectroscopy is suitable for the in-line monitoring of the 
decellularisation process of devitalised allografts in a rinsing 
chamber. For this purpose, fluid samples were taken at different 
time intervals during the rinsing process. Hereby, bone specific 
tissue components such as phosphates and carbonates, amide I 
and III as well C-H vibrations were examined by applying Raman 
spectroscopy by using a flow cell cuvette. The results, which 
were compared with HHP-treated and additional decellularised 
bone samples as well as by a DNA content quantification, 
confirmed substantial time-dependent differences during the 
rinsing process, especially in areas that are characteristic for 
DNA and in the location assigned of amide and C-H groups. The 
results presented show that Raman spectroscopy could provide 
a method to quantify the decellularisation processes of bone 
tissues. In addition, an in-line Raman setup as a process 

monitoring tool for this application, is conceivable. 
Nevertheless, our preliminary Raman approach requires 
modifications and optimisations with regard to the setup and 
measurement settings as well as further comparative tests of 
individual bone tissue components. 
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Abstract 
Nanofabrication machines such as those developed at Technische Universität Ilmenau require an improved reproducibility of 
automated tool changing systems under vacuum conditions. Common designs based on kinematic couplings are limited by the sliding 
friction at the contact points. For the estimation of the reproducibility of the kinematic coupling, a simplified model is created. This 
model is based on the approach that the coefficient of friction varies at the point contacts and changes over coupling cycles due to 
the acting forces and further numerous influencing parameters. Since the load on the kinematic coupling is comparatively small these 
further frictional effects are expected to be most influential on reproducibility. During the coupling process, a force equilibrium is 
established at the final position of the coupling element between the forces resulting from the preload force, the centering force, 
and the frictional force. The analysis is performed utilizing a FE model to also consider the correlations between frictional effects and 
elastic deformations at the contact points. By varying the coefficient of friction at the individual contacts within defined limits, the 
reproducibility can be estimated. 
For the evaluation of the results obtained with this model, reproducibility tests will be performed experimentally. The vacuum-
compatible, automated measurement setup used for this purpose allows the measurement of the spacial position of the movable 
coupling half with a measurement uncertainty of less than 10 nm in length and less than 11 nrad in rotation. Based on the obtained 
reproducibilities for individual material pairings, the FE model can be adjusted accordingly. To refine the accuracy of the model further 
experimental investigation of different arrangements, material pairings, and different preload forces of the kinematic coupling is 
necessary. 
 

Keywords: kinematic coupling, nanofabrication, tool changing system, highest reproducibility, modeling approach 

 

1. Introduction 

Nanofabrication machines such as those developed at the 
Technische Universität Ilmenau require a highly reproducible 
tool-changing system, that is based on kinematic couplings. In 
this paper, a model for estimating the reproducibility of 
kinematic coupling is presented. By this, different design 
variants of the kinematic coupling can be investigated and, thus, 
the experimental effort can be reduced since only promising 
variants have to be considered further. To determine the 
reproducibility for those experimentally, a measurement setup 
with measurement uncertainties of less than 10 nm in each 
coordinate direction and 11 nrad around two coordinate axes 
was developed [1]. 

2. Modeling approach 

The kinematic couplings used for the tool changing system in 
the nanofabrication machines consist of six contact points 
arranged in a way that each DOF is blocked exactly once (see 
Figure 1). Since this is an open paired situation, a preload force 
is necessary, which is assumed to be applied in negative z-
direction exactly at the geometric center and center of gravity of 
the kinematic coupling, without any deviations in amount and 
angle. Since the operating forces in the nanofabrication 
machines are negligible, a low preload force of about 20 N in 
sum is sufficient. Due to this, friction at the contact points 
between the movable and fixed contact halves has the most 
significant influence on the reproducibility of the coupling [2]. 

 
 
Figure 1. An exemplary design of a kinematic coupling with A) fixed 
coupling half consisting of three fixed contact halves and B) moving 
coupling half consisting of three balls. The preload force is applied in the 
negative z-direction. 

 
The simplified modeling approach for an exemplary ball V-

groove contact can be seen in Figure 2. This approach is based 
on a variation of the friction coefficient over several coupling 
cycles within predefined limits [3]. This variation is caused by 
local surface properties since the contact between the ball and 
the fixed contact element deviates slightly in its position during 
each coupling cycle. However, a position deviation of the moving 
coupling half, as well as any wear and run-in effects are not 
modeled. In the final position of the ball within the fixed contact 
half, a force equilibrium is established between preload force FP, 
elastic counterforce FN, and frictional force FF. For this reason, 
only the part of the movement in which the ball is in contact with 
the fixed contact half at both points that solely results from the 
elastic deformation is considered in the modeling approach. The 
position of the balls, which deviates due to the variation of the 
friction, is then evaluated for the entire kinematic coupling. By 
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variations of the friction coefficient within the defined limits, the 
reproducibility of the kinematic coupling can be determined. 

 

 
 
Figure 2. Modeling approach based on the variation of the friction 
coefficients (a) Initial state with the acting forces; (b) exemplary state for 
µ1 < µ2 resulting in different elastic deformations due to different 
friction forces, which are counter-directed to the respective part of the 
preload force 

 
While resulting displacements were calculated based on just 

one value for the coefficient of friction in previous works [4], the 
modeling approach presented here allows conclusions on the 
reproducibility under variation of the friction coefficients. 

3. Modeling 

The calculation of the reproducibility can be done analytically 
or numerically. 

 
3.1. Analytical model 

An analytical model is a simplified approach in which a force 
and moment equilibrium is established for the whole kinematic 
coupling. The friction force FF acting against the centering is also 
taken into account. The resulting deformations are determined 
based on the calculated acting forces according to Hertzian 
theory. The displacement of the moving coupling half of the 
kinematic coupling is then specified. 

A complete consideration of a contact point including friction 
and tangential contact stiffness is possible, but very complex [5]. 
Furthermore, the interactions between the total of six contact 
points cannot be taken into account without difficulty. 
 
3.2. Numerical model 

In contrast to previous works, the numerical model is based on 
a transient, structural-mechanical analysis, which is realized 
using the FE software ANSYS. The specific control of small time 
increments of the transient analysis is crucial to allow the 
contact initiation between the ball and fixed contact half. In 
analogy to the measurement setup, a preload force is 
introduced in the center of gravity of the moving half of the 
kinematic coupling, starting at zero and increasing with every 
time increment up to the final value of 20 N. 

A frictional contact is used, whereby the transition between 
static and sliding friction is considered by a sudden change [6]. 
By this, even stick-slip effects are modeled. The contact 
formulation is carried out using the Augmented Lagrange 
Method since this is recommended for frictional contacts [7]. In 
comparison to the Pure Penalty method, it is less sensitive to the 
selection of the normal contact stiffness. In addition, unlike the 
Normal Lagrange method, symmetrical treatment of the contact 
is also possible, which means that deformations of both the ball 
and the fixed contact half are considered [7]. 

 
Furthermore, integration point detection is used instead of 

nodal detection, which increases the number of detection points 
and improves contact finding [7]. The contact is adjusted for 

touch, which means the FE program controls the contact offset 
in such a way that a possible initial gap due to geometric or 
numerical inaccuracies of the CAD model is closed. A mesh 
refinement at the contact surfaces using tetrahedral elements is 
selected. Since the size of the elements at the contact surface 
has a significant influence on the results, a mesh convergence 
analysis is carried out in chapter 3.3. 

The results of the displacements are evaluated at an external 
point located in the center of the moving coupling half in the 
plane of the three balls’ centers. Because the center of rotation 
of the kinematic coupling is close to this point, the translatory 
displacements of the moving coupling half are not influenced by 
rotations. 

 
3.3. Comparison and validation of the models 

In the analytical model, the tangential stiffness of the contact 
can be taken into account, but the sliding motion within the 
contact cannot be modeled without further effort. Thus, the 
distinction between sticking and sliding motion is not possible. 
Furthermore, initial calculations with the analytical model also 
show a significantly varying reproducibility in the x- and the y-
direction, which is not expected for the symmetrical design of 
the kinematic coupling. The transient FE model offers the 
possibility to represent sticking and sliding. For each of the 
program-controlled time increments of the transient FE analysis, 
the contact status is calculated and it is evaluated whether a 
sticking or a sliding motion is occurring. Figure 3 shows the 
contact modeled with the FE software. At the beginning of the 
preload force application (F = 0.1 N), the contact has a small area 
of sticking in the center, and sliding occurs around that. With 
increasing preload, the sliding region spreads inside towards the 
center of the contact, as described in [5]. For the reasons 
mentioned, the analytical model is not investigated 
furthermore. 
 

 
 

Figure 3. One of the ball-V-groove contacts of a kinematic coupling with 
a fine-meshed area from 200 µm in diameter. Sticking (red) and sliding 
(orange) are shown for (a) F = 0.1 N; (b) F = 20 N 

 
To exclude the influence of the meshing on the displacement 

of the moving coupling half, a convergence analysis is 
performed. The element size at the contact points is varied 
incrementally from 100 µm to 2 µm and the stresses and 
deformations at the contact points are evaluated. It can be 
proven that the results for stress and deformation are nearly 
independent of the meshing when the element size is 5 µm or 
less. The maximum stress had to be evaluated within the body 
since stress singularities occur at the contact surfaces. These are 
no further relevant since convergence could be shown and 
deformations at the locations of the stress singularities are still 
correct. Thus, these singularities do not influence the calculation 
of reproducibility [8]. As a result, an element size of 5 µm is 
chosen as a good compromise between mesh independence and 
computing time. 
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To prove that the targeted reproducibilities of the kinematic 
coupling in the range of 50 nm can be simulated with this FE 
model, the numerical uncertainty of the model is investigated. 
For this purpose, a friction coefficient of zero is set at all six 
contact points. In doing so, the displacement of the moving half 
of the coupling is expected to be zero in five directions except 
for the z-direction. The result of the simulation is a displacement 
of the moving coupling half in the order of 10-11 m, which 
represents the numerical uncertainty of the model and is 
significantly below the targeted reproducibility. 

4. Results for the reproducibility 

The design of the kinematic coupling has been taken from the 
developed measurement setup for the determination of 
reproducibility [1]. This results in a coupling diameter of 80 mm, 
whereby the kinematic coupling can be designed in form of a 
Maxwell or Kelvin clamp (see Figure 4). Furthermore, the V-
grooves can be realized via planes, cylinders, or balls. The default 
opening angle of the V-groove is specified at 90° within this work 
since this results in a uniform stiffness of the kinematic coupling 
in all directions [9]. Using the same opening angle for all 
arrangement variants also provides the best comparability of the 
results between the individual variants. The materials of the V-
groove and balls can also be varied. For each of the variants 
resulting in Table 1 and Figure 4, a separate simulation model 
was created. 

 

 
 

Figure 4. A kinematic coupling as (a) Maxwell Clamp and (b) Kelvin Clamp 
with the possible designs of the fixed contact half (the numbers refer to 
the variants presented in Table 1) 

 
Table 1. Investigated combinations 
 

# arrangement material pairing; 
diameters 

coefficient 
of friction 

1 Maxwell clamp  
(V-groove) 

steel/steel 
ball = 10 mm; 
V-groove = ∞ 

0.5 ± 0.05 

2 Maxwell clamp 
(cylindrical pins) 

steel/steel 
ball = 10 mm; pin = 4 mm 

0.5 ± 0.05 

3 Maxwell clamp 
(cylindrical pins) 

steel/silicon carbide 
ball = 10 mm; pin = 4 mm 

0.6 ± 0.05 

4 Maxwell clamp 
(balls) 

steel/steel 
ball = 8 mm;  
ballV-groove = 6 mm 

0.5 ± 0.05 

5 Maxwell clamp 
(balls) 

steel/silicon carbide 
ball = 8 mm;  
ballV-groove = 6 mm 

0.6 ± 0.05 

6 Kelvin clamp steel/steel 
ball = 8 mm;  
ballfixed contact half = 6 mm 

0.5 ± 0.05 

7 Kelvin clamp steel/silicon carbide 
ball = 8 mm;  
ballfixed contact half= 6 mm 

0.6 ± 0.05 

 

The coefficient of static friction for the steel-steel pairing is 
given in the literature as a value of approximately 0.5 for a dry 
pairing [10]. For the dynamic coefficient of friction, 80% of the 
static coefficient of friction is assumed. Since the kinematic 
coupling in the nanofabrication machine is operated in a rough 
vacuum, the liquid lubricating film of the air is absent, resulting 
in a dry pairing. Due to the vacuum environment and required 
clean environment for nanofabrication, no use of lubricants is 
intended. A value of ±0.05 with a rectangular distribution is 
assumed as the variation of the coefficient of friction for the 
simulations. For the ceramic/steel pairing, a coefficient of static 
friction of 0.6 is specified in a datasheet of a ball manufacturer, 
and the dynamic coefficient of friction is again estimated at 80% 
[11]. A value of ±0.05 with a rectangular distribution is specified 
as the variation of the coefficient of friction here as well. 
 
4.1. Calculation of the reproducibility 

To perform the simulations, the six friction coefficients at the 
V-grooves must be varied in such a way that the maximum 
displacement of the moving coupling half can be determined. 
This is realized using the design of experiments based on an 
Advanced Latin Hypercube experimental plan [12]. A total of 25 
simulation cycles are performed for each investigated 
combination. Analogous to the measurement setup for 
determining the reproducibility, the reproducibility of the 
kinematic coupling around the tool axis, which is the z-axis, is 
not considered any further [1]. 

 
4.2. Analysis of the obtained results 

Based on the simulations performed, the standard deviations 
shown in Table 2 are generated. The reproducibility can be 
calculated for a confidence interval of ±3σ. In general, the 
minimum and maximum values of the displacement of the 
moving coupling half are symmetric around the zero position for 
all five analyzed freedoms. Likewise, the simulated standard 
deviations for σx and σy, and σϕx and σϕy, respectively, are almost 
identical for all variants. In addition, the mean value between 
the maximum and minimum displacement of about 10-10 m 
again almost corresponds to the numerical accuracy of 10-11 m 
specified in chapter 3.3. The minimal degradation caused by the 
used experimental plan based on statistical methods is accepted 
to reduce the number of simulations significantly. Based on 
these results, the fundamental capability of the simulation to 
determine the reproducibility can be confirmed. 

 
Table 2 Results of the reproducibility simulations (the numbers refer to 
the variants presented in Table 1). For #6 and #7, the values in the 
brackets correspond to an evaluation directly in the sphere-tetrahedron 
pairing. 
 

# σx [nm] σy [nm] σz [nm] σϕx [nrad] σϕy [nrad] 

1 6.2 6.2 3.8 139.7 139.7 

2 8.2 8.2 4.9 179.5 178.9 

3 6.6 6.6 5.1 184.1 183.3 

4 9.5 9.4 5.5 194.6 198.3 

5 6.1 6.2 4.2 161.2 158.5 

6 7.1 (7.1) 5.3 (7.9) 3.9 (6.0) 142.6 130.5 

7 4.3 (4.3) 3.2 (4.2) 2.2 (3.4) 81.6 76.2 

 
It can be concluded that a higher stiffness, in general, leads to 

a higher reproducibility. This higher stiffness can be achieved 
either by the material pairing or by the design of the fixed 
contact half. The fixed contact half becomes stiffer as it 
approaches a plane. Due to the higher stiffness, elastic 
deformations and the variation of elastic deformation resulting 
from the variation of friction are smaller. The variant presented 
in [2] of realizing the target bodies with curved surfaces was not 

(a) (b) 

1 2/3  4/5  6/7  6/7 6/7  
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investigated in this paper, since the manufacturing of this 
geometry is very difficult. In addition, when cylindrical pins and 
balls are used instead of V-grooves, due to the curvature in one 
or two directions, a movement of the ball in one direction leads 
to a movement in other directions. Furthermore, due to its 
design, the fixed contact half has always a higher stiffness in the 
z-direction than in the x- and y-direction. This leads to a slightly 
higher reproducibility in the z-direction for all investigated 
variants. 

The Kelvin arrangement shows a non-uniform reproducibility 
in all spatial directions due to the non-uniform distribution of 
the stiffness of the fixed contact halves. When the evaluation is 
made in the sphere-tetrahedron pairing instead, it shows a 
uniformly distributed reproducibility. 

The simulation results obtained can be used to derive general 
design guidelines and properties for highly reproducible 
kinematic couplings: 

• The coefficient of friction and difference of the 
coefficient for sliding and sticking of the material 
pairing should be as low as possible since this also 
reduces the variation of the coefficient of friction [13] 

• The stiffness of the used materials and design should 
be as high as possible for the highest reproducibility 

• Curved V-grooves consisting of cylindrical pins or balls 
result in slightly lower reproducibility 

• The reproducibility needs to be determined in the 
plane of the three ball-centers to ensure that the 
translatory reproducibility does not contain any 
rotatory components 

• The reproducibility in the z-direction is slightly higher 
than in the x- and y-direction since friction effects have 
a higher influence in these directions 

• The Kelvin clamp shows a non-uniform reproducibility 
in all special directions when the evaluation is carried 
out in the center of the moving coupling half 

 
The next steps are the experimental verification of these 

design guidelines with the developed measurement setup [1] 
and an extension and adaptation of the model. Preselection of 
the combinations to be investigated experimentally can be done 
based on the results of the model. This allows a reduction of the 
experimental effort. Furthermore, the variation of the 
coefficient of friction in the model can be refined based on 
measurement results. This allows the model to be used to make 
predictions about the reproducibility of kinematic couplings with 
other arrangements, sizes, and loads. However, so far the 
modeling was based on an ideal coupling process without 
geometric deviations of the moving coupling half. In the next 
steps, it will be investigated how geometric deviations of the 
moving coupling half during the coupling process influence the 
reproducibility of the model and how they can be integrated into 
the model in a simplified way. This may allow further variants of 
the kinematic coupling to be simulated with the model. 

5. Summary and outlook 

In summary, the numerical FE-model created is very well 
qualified for estimating the reproducibility of the kinematic 
coupling. The analytical model, on the other hand, is not 
applicable because it does not show the symmetrical 
distribution of the deviations and does not represent the 
transition between sticking and sliding nor interactions between 
the contacts. The numerical model has been used to calculate 
and compare the reproducibility of a total of seven promising 
variants of the kinematic coupling. From this, initial design 
guidelines for highly reproducible couplings are derived. Due to 

the large uncertainty in the friction coefficients, however, the 
model cannot be used to make any predictions to absolute 
values of reproducibility. 

In the next steps, the results obtained must be investigated 
experimentally by use of the developed measurement setup [1]. 
This allows the overall number of experiments to be reduced. 
Furthermore, the model parameters can be adapted in such a 
way that predictions concerning the reproducibility of kinematic 
couplings with other arrangements, dimensions, and loads are 
possible. An extension of the model to include geometric 
deviations and displacements of the upper coupling half during 
the coupling process may be considered as well. 
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Abstract 
Femtosecond (fs) laser ablation of metals is gaining popularity in surface texturing and micro-machining applications thanks to its 
high precision and negligible heat affected zone. However, the wide variety of phenomena influencing the ablation, as well as the 
non-linear nature of the process, makes finding the adequate laser parameters a difficult task. A model can be used to predict the 
outcome of the laser ablation process and thus to reduce the experimental costs linked to the research of the optimal process 
parameters to create a desired geometry. Femtosecond laser ablation can be represented by the two-temperature model, where, 
due to the very short pulse duration (shorter than the electron-phonon relaxation time), a difference between the temperature of 
the electrons excited by the laser pulse and the temperature of the lattice is assumed. This two-temperature model has been used 
to predict the ablation profiles created by percussion drilling in a low corrosion tool steel. In this paper, we present the validation of 
this modelling approach for percussion drilling with a circularly polarized laser beam. The model is first fitted with material 
parameters found in the literature, then the material parameters are modified to generate an optimal match with the experimental 
results. Micro-computer tomography was used for the experimental analysis of the ablated geometries. The results show a good 
overall correspondence between the simulation and the experimental data. 
 
Femtosecond laser modelling, ultrafast laser ablation, percussion drilling 

 

1. Introduction 

Femtosecond (fs) laser ablation, also referred to as ultrafast 
laser ablation, is gaining popularity in micromanufacturing and 
texturing applications due to its high flexibility and accuracy. 
However, the non-linear nature of the process complicates the 
task of finding the right laser parameters and laser strategy for a 
desired geometry. As a result, researchers and operators often 
rely on long and costly trial and error before they find the 
optimal process parameters. Predictive models can shorten this 
process significantly. Chichkov et al. [1] introduced a two-
temperature model describing the evolution of the temperature 
of the electrons and the lattice during ultrashort pulse ablation. 
This model leads to the following equation describing the 
ablation depth z for pulses shorter than the electron-phonon 
relaxation time: 

                                         𝑧 = 𝛿 ∗ 𝑙𝑛 (
𝐹

𝐹𝑡ℎ
)  (1) 

where F is the laser fluence, Fth the threshold fluence and 𝛿 
the penetarion depth of electromagnetic waves into the target 
material. Important to note is that the penetration depth 𝛿 is 
inversely proportional to the extinction coefficient 𝜅, where 𝜅 is 
defined as the imaginary part of the refractive index of the target 
material. The threshold fluence is defined as the minimum 
fluence needed for ablation. For a low number of pulses, Fth and 
𝛿 are described by the following equations: 
                                  𝐹𝑡ℎ(𝑁) = 𝐹𝑡ℎ(1) ∗ 𝑁𝑆−1 (2) 
                                     𝛿(𝑁) = 𝛿(1) ∗ 𝑁𝑆−1 (3) 

with N the number of pulses and S the incubation factor, 
usually equal to 0.8 for metals [2]. For a high number of pulses 

(N > 20), Fth and 𝛿 become constant and equal to Fth(> 20) and 
𝛿(> 20), respectively. 

Cangueiro et al. [3] presented a two-dimensional approach 
based on the two-temperature model for high aspect ratio 
features. This approach includes the angle of incidence 
dependent reflectivity and a correction factor taking into 
account the local fluence. The authors validated their model 
using a plane-polarized beam, a fixed value for 𝛿, and they 
performed exclusively line scanning experiments.  

In this work, the two-temperature model will be used in 
combination with the reflectivity and fluence corrections 
presented in [3] for percussion drilling experiments with circular 
polarization. 

2. Materials and methods      

2.1. Materials 
A low corrosion tool steel (grade 1.2083, soft annealed to 

approx. 190 HB) was used as target material for the fs laser 
percussion drilling experiments. The 20 mm thick sample was 
first grinded and then polished with a 6 µm diamond paste.  The 
low corrosion tool steel is assumed to have similar optical and 
thermal properties as stainless steel (AISI 316L), which has been 
more widely studied and referenced in the scientific literature. 
The constants describing the behaviour of the material during fs 
laser ablation as found in databases and scientific literature are 
given in Table 1. After the laser ablation process, the plate 
thickness was reduced to 2 mm to improve the sensitivity of the 
µ-CT detector (see Section 2.3).  
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Table 1. Material properties of stainless steel. 
 

Threshold fluence Fth(1) [4] 0.1001 J/cm² 

Fth(> 20) [4] 0.055 J/cm² 

Complex refractive 
index 

𝜅 [5] 4.49 

n [5] 3.81 

Penetration depth 𝛿(1) [4] 32.77 nm 

𝛿(> 20) [4] 18.00 nm 

Incubation factor S [2] 0.8 

 
2.2. Laser machining     
Four experiments were performed to assess the validity of the fs 

laser ablation model with different numbers of pulses. Each 

experiment was repeated three times to average material 

inhomogeneities and laser instabilities. A Lasea LS5 machine 

equipped with a Satsuma HP femtosecond laser from Amplitude 

Systems was used to perform these experiments. This laser 

generates a beam with gaussian profile at 1030 nm wavelength 

and circular polarization. The maximum average power 

delivered on target is 7.7 W, and the pulse length is 250 fs. The 

repetition rate was kept at 500 kHz for the entirety of the 

experiments, and the power was kept at the maximum. The 

beam focus radius is 8.2 µm. For the experiments, the number 

of pulses was varied between 2000 and 5000 in steps of 1000 

pulses. The percussion drilled holes were separated by 2 mm to 

prevent any interaction between craters. 

2.3. Topography characterization 
Micro-CT was used to characterize the craters. The µ-CT 

system (Phoenix Nanotom) consisted of a diamond target, a 0.1 
mm thick Cu-Zn filter, and a nanofocus X-ray tube. The top 2 mm 
of the lasered plate were first separated from the bulk with wire-
EDM, then this thin plate was cut into strips of 2 mm wide and 
approximately 20 mm long. Each strip included four craters. 
Each scan consisted of 
2400 images and was 
taken with the “fast-
scan” function active. The 
acquisition parameters 
were: current = 80 µA, 
voltage = 120 V, voxel size 
= 1.5 µm. GE phoenix 
datos|x REC was used as 
reconstruction software 
to generate slices, and 
the slices were analysed 
with Fiji ImageJ. Figure 1 
shows a slice of a 
percussion drilled crater. 

3. Results and discussion 

The depths of the percussion drilled craters were first 
compared to the depths of the simulation results with the 
constants from the literature (see Table 1). Afterwards, the 
extinction coefficient was slightly modified to achieve a better 
fit for the penetration depth as is shown in Figure 1. 

It can be observed from Figure 1 that the original simulation 
results underestimate the final crater depths for all numbers of 
pulses, except for the 5000 pulses crater. This point shows a 
sudden decrease in the growth of the crater above 4000 pulses. 
This decrease can possibly be due to the saturation 
phenomenon for high aspect ratio features mentioned by 
Nasrollahi et al. (2018) [6] and Audouard et al. (2016) [4]. 

However, it should be confirmed by experiments at higher 
number of pulses. The average error on the depth is 7 %. To 
compensate for this error, the imaginary part of the complex 
refraction index, also called the extinction coefficient, can be 
lowered. This has a direct influence on the two following 
phenomena: (i) the reflectivity decreases, meaning that more 
energy is used for ablation, and (ii) the penetration depth, which 
is inversely proportional to the extinction coefficient, increases, 
which results in a higher ablation depth. An improved fit is found 
for 𝜅 = 4.0 instead of 4.49. The penetration depths are modified 
according to the inverse proportionality between 𝛿 and 𝜅, and 
become 𝛿(1) = 37.31 nm and 𝛿(> 20) = 20.49 nm. The results of 
the simulations with optimized extinction coefficient are also 
shown in Figure 2 and have a better fit with the experimental 
crater depths. The average error on the depth is decreased to 1 
%, but the error on the last point (5000 pulses) increased, which 
could be due to the already discussed saturation phenomenon.  

 
Figure 2. Percussion drilled crater depths for varying numbers of pulses. 
The error bars represent the standard error of the mean (SEM). 

4. Conclusion      

In this work, the validation of a two-dimensional approach for 
the modelling of percussion drilled laser ablated holes is 
presented. The simulations show a good correspondence with 
the experimental values after optimization of the extinction 
coefficient: the average error on the depth is 1%. Further 
research is necessary to prove the saturation at higher number 
of pulses, and eventually adapt the model accordingly. Also, this 
model should allow the simulation of more complicated laser 
strategies, but would require modifications for the 
implementation of three-dimensional laser strategies. 
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Figure 1. Reconstructed µ-CT slice of a 
percussion drilled crater. Black = air, 
grey = steel. 
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Abstract 
The objective of the simulation concept for the design of surfaces is the prediction of trends relating to the coefficient of static fric-
tion of two friction partners. For the overall consideration, further influencing variables have to be considered, since an exclusive 
focus on the coefficient of static friction can only inadequately describe the complex tribological behaviour when two surfaces 
come into contact. To calculate these characteristic values, a multi-stage simulation and calculation approach was developed in 
which, starting from the generation of experimentally measured or artificially generated surface topography data (stage 1), the true 
contact area as well as the stress and deformation behaviour when two surfaces come into contact are simulated in contact simula-
tions (stage 2). Finally, the coefficient of static friction is calculated based on a micro-roughness model taken from the literature 
and statistical homogenization (stage 3). The accuracy and validity of the workflow was demonstrated in the experimental valida-
tion using ground sample surfaces. Trends with regard to the coefficients of static friction were reliably represented. In addition a 
method for generating synthetic stochastic surfaces as simulation input was developed. Due to the given comparability with experi-
mental surfaces in terms of the geometric properties and the resulting friction behaviour, virtual surfaces can also be used in the 
future as input of the multistage calculation workflow and applied in simulative parameter studies. 
 
Keywords: Friction, Roughness, Simulation, Surface 

 

1. Objectives and design strategy 

In accordance with the function of a tribological system, appli-
cations such as clamping systems for fixing rotary axes in ma-
chine tools require an increase in the coefficient of static friction 
µs or the frictional force Ff in order to realize a minimization of 
the construction space or an increase in the tolerable process 
forces. Against this background, the functionalization of the 
surfaces of the friction partners is to be investigated by means 
of a defined finishing.  

With the aim of increasing the static friction, numerous scien-
tific investigations have been carried out in the past. These 
showed that the increase of the static friction coefficient requi-
res a complex application-specific design of the tribological sys-
tem under consideration, since the interactions between the 
mechanical boundary conditions, the material properties of the 
friction partners and their surface topography must be compre-
hensively considered [1,2,3,4].  

The basic research approach for increasing the static coeffi-
cient of friction while avoiding wear processes is to increase the 
elastic deformation components of the true contact area so that 
lower local stress concentrations and thus a lower probability of 
the onset of plastic deformation of the surfaces of the friction 
partners result in stable friction behavior over many load cycles. 
Against this background, the complex interrelationships for the 
formation of the static coefficient of friction are to be modeled 
in the best possible way on the basis of a multistage simulation 
environment in order to enable a targeted design of the friction 
partners on the basis of defined parameters. Since the mecha-
nism of static friction still is an current field of research, the 
presented simulation approach is aiming to show qualitative 
trends in contact mechanical behaviour and static friction 
between different friction partners and not to calcute the coef-
fizient of static friction in an quantitative precisely way. 

2. State of the art 

The determination of the true contact area Atrue, as the sum of 
the areas of all microcontacts, forms the basis for the considera-
tion of solid state friction. In the past, various approaches have 
been developed for this purpose, which are essentially based on 
the finite element method (FEM) and on elastic-plastic half-
space models. The latter are increasingly used in tribology, since 
only a two-dimensional mesh has to be created. In this way, eit-
her larger surface sections can be considered or existing surface 
sections can be discretized more finely with the same computing 
time. Both increase the representativeness and informative va-
lue of the simulations based on the considered surface segments 
while maintaining a high computational efficiency. A half-space 
is assumed to be semi-infinite, with the space defined as infinite 
in the plane and bounded in the normal to the plane. The mate-
rial behavior is assumed to be linear elastic - ideal plastic. 

The adaptation to surfaces of tribological contact partners is 
achieved by assigning discrete height values (e.g. experimentally 
determined surface topography data) to the mesh nodes. At the 
beginning of the calculation, both contact surfaces are assumed 
to be opposite each other with a defined distance. The number 
of contacting surface points is successively increased by the 
gradual approach of both surfaces, resulting in a normal force 
and deformation distribution (cf. Figure 1). The solid contact 
pressure results from the integration of the normal forces over 
the calculation area. To represent the mechanical material be-
havior, the indentation modulus EIT (function of the elastic mo-
dulus) and the plastic yield pressure plim (yield criterion) are in-
tegrated as input variables. These quantities originate from 
ultra-microhardness measurements and reflect the material be-
havior of near-surface regions under a triaxial compressive loa-
ding condition. 
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Figure 1. Schematic illustration of the model setup of the contact simu-
lation with the simulation software Tribo-X. 
 

 As a result of the contact pressure simulation, parameters 
such as the true contact area Atrue, the locally acting solid contact 
pressures pc and the local elastic deformations wel can be deter-
mined [4].  

The friction force required by Coloumb's law to calculate the 
static friction coefficient can be estimated on the basis of a semi-
empirical micro-roughness model and a statistical homogeniza-
tion based on it. Examples of microroughness models derived 
from FE calculations are the parameterized models of Kogut and 
Etsion (KE model) [5] and the model of Li, Etsion and Talke based 
on them (LET model) [6]. Their basic assumption is based on the 
fact that the real motion or the loosening of the friction partners 
when a critical tangential force is exceeded causes a local plastic 
failure of interacting roughness peaks. The magnitude of the to-
lerable tangential force depends on the one hand on the mecha-
nical properties of the surface materials and on the other hand 
on the geometry of the roughness peaks.  

3. Methodology and Validation 

3.1. Multi-stage calculation approach 
A multistage model and simulation approach was developed 

to calculate the static friction coefficient and other target vari-
ables for characterizing the tribological behavior of two friction 
surfaces. Figure 2 shows the sequence of steps in the calculation 
process. 

 
 
Figure 2. Developed multi-stage calculation workflow 

 
The representative surfaces or topography data of the friction 
partners either originate directly from experimental measure-
ments using confocal laser scanning microscopy or are genera-
ted virtually or synthetically (stage 1). 
For the contact simulation, the commercial calculation software 
Tribo-X from Tribo Technologies GmbH was used to calculate the 
true contact area and the solid contact pressure curve derived 
from it (stage 2). The software is based on the elastic-plastic half-
space model approach presented in Chapter 2. The following va-
lues derived from the results of stage 2 were included in the de-
sign as optimization criteria:  

 Proportion of true contact area At,rel = Atrue/Anominal 

 Stress state β, as quotient of acting mean solid 
contact pressure pc,r and plastic flow pressure plim 

The calculation of the static friction coefficient µs (stage 3) was 
performed by linking the contact simulation with the presented 
parameterized micro-roughness models (KE and LET models) 
and a subsequent statistical homogenization over the computa-
tional domain. The programming was carried out in the environ-
ment of the commercial software Matlab. To apply the micro-
roughness model, the roughness peaks are first identified from 
the height values of the surfaces and their geometric properties 
(roughness peak height, slope and radius of curvature) are deri-
ved. Then, depending on their position in the computational do-
main, their respective deformations w, calculated in stage 2, are 
assigned to them. On this basis, the deformation state of each 
identified roughness peak can be estimated depending on the 
roughness peak geometry and the material properties according 
to the KE or LET model. This allows the calculation of the indivi-
dual maximum tolerable friction force Ff and adhesion force Fa 
for each roughness peak.  

Since each roughness tip contact makes its own contribution 
to the macroscopic adhesion of the friction partners, the static 
friction coefficient µs is first determined individually for each 
roughness tip contact according to Coulomb's friction law 
µs = Ff / (Fn-Fa). The transfer of the calculated static friction coef-
ficient from the local contact of the roughness tips to the re-
presentative surface segment and beyond that to the complete 
contact surface is carried out by averaging and weighting the in-
dividual static friction coefficients as well as by a final statistical 
homogenization, i.e. by linking with determined statistical 
surface characteristics of the total surface. 
 

3.2. Experimental validation 
The objectives of the experimental validation were, on the one 

hand, to demonstrate the error-free feasibility of the multi-stage 
workflow on the basis of experimentally determined topography 
data of real specimen surfaces and, on the other hand, to il-
lustrate trends in the resulting static friction values for the de-
sign. For this purpose, the static coefficients of friction were de-
termined experimentally in a test rig on the basis of a total of 20 
grinded specimen pairs of the material 1.0037 for three grinding 
grains of surface S II, corresponding to the root mean square 
roughnesses of Sq = 0.38, 1.19 and 1.50 µm, for contact with the 
grinded mating body S I with Sq = 1.19 µm.  

The topography data of the contact surfaces of both friction 
partners required for stage 1 of the multistage approach were 
determined experimentally by confocal laser scanning 
microscopy to measure surface sections of the area 1 953 x 1 
953 µm² on all sample variants with a resolution of Δx = Δy = 
0.556 µm. In a further step the S-F surface was calculated, ele-
minating short scale measurement errors and skewness as a re-
sult of the orientation whilst measuring. Figure 3 compares 
exemplary recorded surface sections and the respective rough-
ness levels in the initial state. 

 

 
 
Figure 3. Measured surface topographies (S-F) as input for simulations 

and derived root mean square roughness (Sq) of the investigated sample 

surfaces (exemplary). 

Sq = 0.38 µm Sq = 1.5 µm 
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The required mechanical material properties were obtained 

from ultramicrohardness measurements and were taken from 
the literature.   

In the contact simulation, the average distance between the 
two surfaces was gradually reduced until the specified break-off 
criterion was reached at a resulting solid contact pressure of 
pc = 20 MPa. 

 

 

 

 
 

Figure 4. Results of contact simulations based on experimentally mea-
sured ground surface topography with the determined characteristic va-
lues a) stress ratio β b) proportion of the true contact area At,rel, and c) 
coefficient of static friction µs. 
 

The contact simulations within the multilevel model were nume-
rically stable even when including experimentally determined 
topography data for surfaces of large dimensions and resolution. 
Based on the presented results (Figure 4), a high repeatability 
and representativeness of the surfaces can be concluded. Regar-
ding the trends, the increase of the propotion of the true contact 
area At,rel with smaller Sq values as well as the reduction of the 
mean stress ratio β acting on the true contact area and the in-
creasing adhesive fractions could be observed. Comparison with 
the experimentally determined µs values showed an analogous 
increase in the static friction values calculated in stage 3 with 
increasing Sq values, but the static friction values determined 
from the multistage approach were on average about 0.1 higher 
than the values determined experimentally in the test rig. The 
quantitative deviations between the experimentally and simula-
tively determined static friction values can be explained, among 
other things, by the fact that material characteristic values from 
the literature were used. Against the background of mapping a 
trend in the static friction coefficient between different friction 
partners, the calculation approach could be assumed to be valid. 

4. Generation of synthetic stochastic surfaces 

 Numerical parameter studies, which can be carried out in an 
increasingly time- and cost-efficient manner, represent a supp-
lement to experiments on real components with the possibility 
of investigating the influence of specifically set component and 
surface properties. In the application outlined, the influence of 
roughness (described by Sq) on the static friction coefficient, the 
true contact area and the stress state was to be investigated, 
building on the validation studies on grinded specimens. For this 
purpose, virtually generated synthetic surfaces served as input 
for stage 1 of the multistage simulation approach. In the follo-
wing, the methodology for their generation as well as the com-
parison with the experimentally measured surfaces included in 
the multistage calculation approach in stage 1 will be presented 
in more detail. 

 

 
 

Figure 5. Virtually generated synthetic surfaces with Sq = 0.38 µm and 
1.50 µm (exemplary) as input for friction partners S I and S II of the 
contact simulation (stage 2) within the multi-stage calculation workflow. 

 
 Figure 5 shows the virtually generated synthetic surfaces. 

These were designed with the open-source software Gwyddion 
[7], which was specially developed for the evaluation and data 
processing of a wide variety of surface topography data. Grinded 
surfaces are characterised by the advantage of being less com-
plicated and more economical to produce. Nevertheless, due to 
the interaction of the abrasive grain with the surface material, 
they have a very complex surface fineness, which means that 
any direct attempt at replication carries the risk of simplification. 
For this reason, no attempt was made to reproduce the surface 
fineness in a direct way, but to abstract it in terms of statistical 
parameters. A methodological approach was developed for this 
purpose. The main focus was to give the artificial surfaces a cha-
racter as close as possible to reality and comparable with the ex-
perimental surfaces in terms of contact behaviour. This refers to 
their behaviour with regard to the development of the true 
contact area and the stress-deformation behaviour within the 
contact simulations as well as characteristic values necessary for 
the application of the micro-roughness model (e.g. mean rough-
ness tip radius R). For this purpose, the scale invariance (fracta-
lity) of the experimental surfaces was taken into account. In ad-
dition, the generated surfaces are free of possible measurement 
errors and residual form deviations, which can influence the re-
sult of the contact simulation away from the actually interesting 
influencing variable - in this case the surface roughness. 

 
For this purpose, the autocorrelation function of the grinded 

surfaces was evaluated. On the basis of the correlation length 
determined in each case, the spectral moments of the 1st, 2nd 
and 4th order could be determined, on the basis of which the 
variance of the height data, the average slope of the surface and 
the average curvature of the roughness peaks were derived [8]. 

 

Sq = 0.38 µm Sq = 1.5 µm 
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Figure 6. Comparison of a) mean tip radius R b) stress ratio β c) propotion 
of true contact area At,rel and d) coefficient of static friction µs of experi-
mental ground and synthetic surfaces. 
 

The autocorrelation length shows a proportionality to the 
mean peak height and the true contact area and thus directly 
influences the friction behaviour [9]. Another characteristic va-
lue for quantifying the scale invariance, the Hurst exponent, was 
determined from the slope of the power spectral density [10]. 
Both parameters -autocorrelation length and Hurst exponent- 
were plotted over the Sq value for the grinded surfaces and ext-
rapolated via fit functions in both directions for further Sq values. 
Finally, based on the geometric data of the surface, the autocor-
relation length, the Hurst exponent and the desired Sq value, 
synthetic surfaces were created using Gwyddion and the three-
step calculation workflow was carried out for them. 

Figure 6 shows the comparison between experimentally mea-
sured surfaces and the synthetically generated surfaces used as 
input to the contact simulations (stage 2). The synthetic refe-
rence surfaces show similar values and trends in the microgeo-
metric properties (e. g. R) compared to the experimental 
surfaces wich leads to a comparable mechanical behaviour in 
the contact simulation (e. g. β and At,rel) and also similar trends 
in the calculated coefficient of static friction µs. Thus, the most 
important precondition for the following performance of para-
meter studies is fulfilled. 

5. Summary and Thanks 

A multi-stage simulation and calculation approach was 
presented which, on the basis of experimentally measured or 
virtually generated synthetic surfaces (stage 1), links the results 
of the contact simulation carried out (stage 2) with a micro-roug-
hness model taken from the literature (stage 3) to calculate the 
static friction coefficient. The workflow was experimentally vali-
dated on the basis of grinded surfaces and is capable of reliably 
representing trends with regard to the coefficients of static fric-
tion that occur and will be used in future to carry out simulative 
parameter studies. 

Its implementation for the investigation of the influence of the 
roughness value Sq by means of the multi-level simulation and 
calculation approach requires the input of suitable surface topo-
graphy data, which show a comparable behaviour to experimen-
tal surfaces in the contact simulations.  For this purpose, a me-
thodology for generating virtually generated, synthetic surfaces 
was developed. These are based on the evaluation of the au-
tocorrelation function and take into account the fractality of 
surfaces, which is important for the application of micro-rough-
ness models and the prediction of plastic deformation. The com-
parison with the results from calculations with experimentally 
measured surfaces of real sample surfaces shows a good agree-
ment in the contact behaviour for the virtually generated 
surfaces and, based on this, comparable determined static fric-
tion values. Due to the given comparability with experimental 
surfaces, parameter studies can be carried out in the future u-
sing the virtual surfaces as input for stage 1 of the multi-stage 
calculation workflow. 
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Abstract 
 
In the forthgoing work on a device that enables subatomic resolved highly reproducible positioning, a first prototype is here 
presented. The entire positioning system including the actuator, sensor and guiding mechanism, is realized as a micro-electro-
mechanical system (MEMS) on chip level, based on silicon-on-insulator (SOI) technology.  
A modular printed circuit board acts as the mechanical as well as the electrical contacting interface for the silicon chip. First variants 
of a linear positioning system comprising axisymmetric double parallel crank structure are investigated. Pivot joints as flexure hinges 
with concentrated compliance are deployed. These hinges show minimal rotational axis displacement for small angles of deflection, 
thus ensuring smallest deviations to a straight-line path of the linear guiding mechanism. An electrostatic comb actuator transmits 
forces contactless to minimize over constraints. A measuring bridge in differential mode utilizes the same comb structures to measure 
the table position based on the capacitance change. Estimating the position resolution, limited by the resolution of the capacitive 
sensor, a measurable step width below 50 pm can be expected. In further steps, the device will be a platform to be equipped with a 
lattice-scale-based position measurement system according to achieve an even higher resolution and reproducibility. 
 
 
Subatomic positioning, compliant mechanism, MEMS 

1. Introduction 

The following work intends to introduce the prototype of a 
positioning system which was presented in a concept paper in 
[1]. Combining the strengths of microsystems technology and 
Precision Engineering, the demonstrator enables 
unprecedented accuracy in a positioning system. For this 
purpose, the device is manufactured as a micro-electro-
mechanical system (MEMS) in chip format based on silicon-on-
insulator technology (SOI). The distinctive aspect here is the 
compactness of the device, whose footprint is no larger than a 
pinkie fingernail. This allows shortest loops to be achieved in the 
metrologically relevant structure. The material used, 
monocrystalline silicon, offers the benefit of having almost ideal 
elastic characteristics. Compared to conventional materials such 
as aluminium or steel alloys, it exhibits far less residual stresses. 
This enables predictable mechanical behaviour of the device 
over long periods of operation. Compliant mechanisms are used 
to ensure the highest possible guidance performance for this 
purpose.  
The goal of this work is to provide a working linear positioning 
system as a feasible platform for the ongoing development of a 
lattice-scale-based position measurement system. In the 
following sections, the synthesized functional structure of the 
device is presented first. Subsequently, the focus is put on the 
methodology and description of the developed approaches to 
the partial functions of the positioning system based on 
electrostatic actuation and position detection. First results are 
presented on the integration of a scale entity, for the lattice-
scale-based position measurement approach. Finally, an 

overview of the results and an outlook on further development 
goals is given. 

 

Figure 1 Image of PCB-mounted electrostatic positioning device 

2. Functional structure 

The development of a positioning device with subatomic 
resolution faces complex requirements. To enable a systematic 
approach the overall function of the positioning system is 
divided into sub-functions as shown in (Fig. 2). Two subsystems 
are initially distinguished here. First, there is the periphery used 
for signal processing as well as for a control interface between 
the system and the operator. This peripheric system is widely 
decoupled from the positioning system. The latter comprises, on 
the one hand, a lattice-scale-based position measurement 
system including an extended metrological frame, a mounting 
and a drive for the approach motion of the scanning probe 
microscope (SPM), which is intended for the pickup of active 
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cantilevers. On the other hand, there is the electrostatic 
positioning system. This includes the electrostatic actuator and 
position sensor, the compliant guiding mechanism and the 
positioning table. The table provides the interface for the scale 
entity. In the state presented here, the MEMS is mounted on a 
printed circuit board (PCB). 

 

 

Figure 2 Scheme of functional structures 

3. Electrostatic positioning system design  

The entire structure of the MEMS is manufactured as a 
monolithic system. The underlying manufacturing process is 
derived from the flow chart as published in [2], which has been 
optimized for active MEMS based on SOI technology. In this 
technology, two silicon wafers (device and handle wafer) are 
bonded isolated by a thin silicon dioxide layer (buried oxide 
layer) to form an SOI wafer unit. 
The functionally important structure of the positioning device is 
fabricated from monocrystalline silicon on the device layer, 
whereas the handle layer serves as the frame. The developed 
fabrication process is based on gas chopping and reactive deep 
ion etching. Structures with an aspect ratio of up to 1:20 can be 
reliably created [2]. Assuming a 100 µm thick device layer, 
structures as thin as 5 µm like the joints, for example, can be 
realized. An example from the first batch, a flexure hinge with 
10 µm thickness is shown in (Fig. 3).  
 

 

Figure 3. SEM image of flexure hinge with 10 µm thinnest section 

The actuators and sensors described in the following sections 
must be electrically contacted individually. To insulate the 
conductive parts (channels) from each other, these structures 
must be separated on the device layer. Each channel is provided 
with at least one contact pad, which connects to the adjacency 
electronics. These are located on a PCB, which also serves as a 
socket for the MEMS chip (see Fig. 1). Gold wire bonding is used 
to create an electrical connection between them. Low ohmic 
contact pads of a metal stack with an aluminium and p-doped 
silicon interface [3] are deployed to minimize the effect of 
intrinsic thermal run-up during operation. 

3.1. Guiding mechanism and table 

The linear guiding mechanism satisfies the requirements from 
[1] by combining two self-compensating double-parallel crank 
mechanisms. The guided table is placed in the centre of the 
mechanism. The size is specified to (3000 × 1000) µm². The 
chosen area size provides a sufficient platform for the transfer 

of scale substrates. Within the stroke of  ± 10 µm, the guide 
shows a linear stiffness characteristic. The stroke is limited in 
both directions by hard end stops. 

The method of pseudo-rigid body modelling (see Fig. 4) is used 
to lay out the total stiffness. The flexure hinges are modelled as 
compliant joints with a bending stiffness independent of the 
angle of rotation which is valid for small angles of deflection 
[4,5]. The individual stiffness of all 16 joints is assumed to be 
equal. The design of the individual joint stiffness is determined 
using the detasFlex programme [6] developed at the TU Ilmenau 
based on analytical model equations. This represents the 
fundament for the iterative design of the necessary drive force 
(see section 2.2) for the desired position resolution and the 
maximum addressable stroke before failure of the joints.  

The results of the analytical stiffness calculation are compared 
with a non-linear 3D FEM reference model (ANSYS Workbench) 
of the guiding mechanisms with thoroughly modelled hinges for 
precision applications [7]. The results of the analytical and 
numerical stiffness calculations deviate from each other by less 
than 3 %, which is within the acceptable range [8]. An important 
still unknown aspect of the described mechanisms is the 
deviation of the real joint widths from the modelled nominal 
values due to the manufacturing process. Also, for the contour 
of the joints, this deviation has a strong influence on the 
expected value of the stiffness. Therefore, four different designs 
are prepared to characterise this influence empirically. Shape 
deviations are estimated to have an evenly distributed effect on 
the overall geometry. Thus, the influence on the quality of the 
guide is assumed to be negligible. 
 
 

 

Figure 4. Schematic illustration of a half section of a pseudo-rigid body 
model of the guiding mechanism 
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3.2. Electrostatic drive 
 

The electrostatic actuator comprises a comb structure with 
two stationary electrodes and the moving neutral electrode, 
which is fixed to the positioning table. This enables contactless 
induction of actuation forces as it is required for the precise 
motion of the positioning table [1]. In interaction with the 
overall stiffness of the guiding mechanism, a force-controlled 
actuation principle is obtained. The calculation of the necessary 
actuation force is iteratively coupled to the calculation of the 
stiffness of the guiding mechanism. 
The goal is to achieve a stroke of ± 10 µm at a maximum voltage 
of 200 V, as well as the highest resolution possible. A resolution 
of at least 100 pm has to be achieved. For the electrostatic 
principle of operation in the lateral mode of the comb actuator, 
the following relationship applies between the generated 
Coulomb force 𝐹actuator and the voltage 𝑈 [8]. 

𝐹actuator =
𝑈2∙ℎ∙𝜀0𝜀r∙𝑛act

2𝑑
  {3.2.1} 

𝑠 =
𝐹actuator

𝑐guiding
=

𝑈2∙ℎ∙𝜀0𝜀r∙𝑛act

2𝑑∙𝑐guiding
  {3.2.2} 

Where 𝑠 is the position, represented by the sign and magnitude 
of the position vector of the table with respect to its neutral 
centre position, 𝑐guiding is the total stiffness of the compliant 

guiding, ℎ is the plate height, 𝑑 is the spacing of the electrodes, 
𝑛act is the number of effective electrode gaps and 𝜀r and 𝜀0 
describe the permittivity. 
The secondary goal of the iterative dimensioning between the 
drive and the compliant guide mechanism is to achieve a 
minimum footprint of the MEMS chip. The spacing and height of 
the electrodes are set by manufacturing specifications. For this 
reason, the number of electrode teeth is considered a variable 
for optimisation. This scales proportionally with the area of the 
footprint. 
The actuation voltage is generated in the first experimental 
setup using a Keithley 2450 SourceMeter® precision source, 
which allows steps of Δ𝑈 = 5 mV and an adjustment in the 
range of up to 𝑈max = 200 V. This corresponds to a relative 

resolution of 2.5 × 10−5 [9]. Inserted in Eq. 3.2.2 and derived 
with respect to the voltage, a linear characteristic of the 
resolution of the force-controlled actuator system is obtained 

with the slope 𝑘 = Δ𝑈
ℎ⋅𝜀0𝜀r⋅𝑛act

𝑑⋅𝑐guiding
. The step with the highest 

resolution is found around the zero point of the characteristic 
graph. This decreases linearly towards the outer limits of the 
control range. In differential operation of two oppositely 
coupled actuators, this behaviour can be improved, but not 
completely avoided. The position resolution of the actuator-
guide combinations ranges from 6 fm to 550 pm within the 
addressable stroke of ± 10 µm.  
 
In the present configuration incorporating the compliant 
mechanism, restoring forces act on the system as a parasitic 
influence on the positioning performance. Thus, the approach of 
a position is not directly depending on the stiffness of the 
guiding mechanism. Additional energy buffers could balance out 
the stiffness depending on the position of the table [10]. 
Furthermore, a path-controlled drive principle should be 
targeted in further development. This could be realized by 
deploying an electrostatic stepper motor as it is shown 
exemplarily in [11] as a MEMS application. 
 
 
 

3.3. Position Sensing 
 

The electrostatic position sensor, like the actuator, is 
integrated directly into the MEMS. In this way, the metrological 
loop for the electrostatic positioning system is formed within the 
MEMS chip via the integral frame. Two stationary electrodes are 
placed on opposite sides to detect the direction of movement 
contactless. Between them, the neutral electrode can be found, 
which is rigidly attached to the positioning table and thereby 
also connected to the ground potential of the MEMS. 
 
Each gap of the combs acts as a plate capacitor. The motion of 
the electrode causes a change in the capacitance. This is 
measured by an electronic evaluation system, which is divided 
into two stages. The first stage generates an alternating 
generator signal. This is divided into two measuring channels for 
the dynamic measurement of the capacitance between a 
stationary and the neutral electrode. In the second stage of the 
evaluation electronics, the differential signal of the two channels 
is generated. This is then transmitted back to the first stage, 
where it is amplified and read out by the control interface. Only 
the electronic components of the second stage are placed 
directly on the circuit board in which the MEMS is mounted 
(see Fig. 5). Heat sources near the stage can be minimised by 
placing the first stage thermally decoupled in the peripheric 
system. 
 
Such an evaluation electronics ideally allows a resolution of the 
differential capacitance of up to 5 aF. The geometry and a 
number of up to 600 combs per channel result in a position 
resolution of the electrostatic system of approx. 50 pm. The 
ratio between the capacitive base load and the variable 
capacitance is approx. 10−6. The total capacitance of the circuit 
between the second stage and the moving capacitor should be 
limited to approx. 5 pF. Significant influences on this arise from 
the overlapping of the capacitor plates in the neutral middle 
position and parasitic capacitances on lines and contacts of the 
PCB and the MEMS itself. Furthermore, various noise sources 
must be considered and appropriate methods have to be 
elaborated to avoid and compensate parasitic capacitances and 
noise sources on the sensor signal. 
 

 
 
Figure 5. 3D model of PCB for mounting of MEMS, capacitance 
evaluation electronics, and connection to the peripheric system 

4. Results and further steps 

The upcoming work aims for the integration of the lattice-
scale-based measurement system into the positioning system, 
as outlined in [1]. In the long term, even higher resolutions 
should be achievable that can be metrologically traced back to 
the lattice constant of crystalline scale entities. 
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Based on the functional structure in (Fig. 2), it is necessary to 
have a carrier for the scale entity. In the simplest case, this can 
be the substrate of the MEMS in which periodic structures are 
created. As a first approach, line patterns with a pitch of 200 nm 
and a depth of approx. 0.25 µm were etched directly in the 
positioning table using focused ion beam (FIB) etching. First 
results are shown in (Fig. 6). Due to the storage of silicon under 
ambient conditions, a thin native silicon-oxide layer is formed 
that in principle must be also considered.  
 
The variety of other available manufacturing processes for the 
direct fabrication of nanostructures is rather limited, because 
the exposed microstructures of the MEMS are mechanically 
highly sensitive. A promising approach seems to be the transfer 
of a separate chip as a carrier for the scale entity. Hence, this 
chip could individually serve as a platform for a wider choice of 
processes for nanomaterials as scale entities. The challenge 
here, however, is the development of a suitable joining 
technique between the carrier chip and the positioning table. 
Studies on the transfer of compatible materials to 
microstructures are already in progress. 

Figure 6. SEM image of FIB-structured periodic lines as a scale on the 
surface area of the positioning table 

5. Summary 

A first prototype of a linear positioning device with subatomic 
resolution is presented here for a stroke of ± 10 µm and an 
absolute positioning resolution extending into the femtometer 
range. A force-controlled drive principle is used, which is based 
on electrostatic force generation. The position is measured by 
evaluating the variable capacitance of a moving plate capacitor. 
Both sensor and actuator are comb-shaped structures made 
from an SOI wafer by using conventional microtechnologies. The 
kinematic loop of the electrostatic positioning system is closed 
within the inner frame of the MEMS device. 
In further work, the device error will be determined empirically 
and influences on the accuracy will be systematised and 
characterised. The main focus will be on the calibration of the 
actuator and sensor behaviour as well as the signal conditioning 
of the measurement systems. The developed system represents 
the basis for the subsequent extension to a lattice-scale-based 
position measurement system. This requires the integration of 
an extended frame, which enlarges the metrological loop 
compared to the electrostatic positioning system. An additional 
drive for the approach of the measuring tip to the scale is 
required.  
As a first preliminary work for the integration of a scale, line 
patterns have been generated in the silicon substrate of the 
positioning table by using FIB. Due to the lack of long-term 

stability of the material, more suitable materials and 
manufacturing processes for scale entities must be applied in 
the future. If necessary, the substrate of the scale carrier may 
have to be processed separately and afterwards be attached to 
the positioning table. 
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Abstract
In more than half of the stroke survivors aged 65 or more, serious long-term disability is developed. Patients’ arms are often affected,
resulting in a partial or complete loss of motor functions. Therapy waitlists, influenced also by the global population ageing, are
therefore growing, while the sessions last too short. A possible solution to these challenges is the development of active rehabilitation
devices that enable more frequent and intensive rehabilitation sessions. A concept of a compact rehabilitation device for the elbow,
the forearm and the wrist, with an additional hand module treated as an end-effector, is proposed in this work. The device has five
active and three passive joints. The dimensions of the exoskeleton links are designed by using a fully functional human arm model
corresponding to the 50th percentile male; the installation can, however, be adjusted to a wider range of dimensions via configurable
prismatic joints. The device is conceptualized and modelled by using Blender. Its configuration is based on kinematic analyses and
compared to the ranges of motions of each forearm joint. The concept and its kinematics are structured as a transformation tree and
implemented via the Unified Robot Description Format in the Robotic Operating System. An inverse kinematics problem is formulated
next by employing homogenous transformation matrices; a custom-made closed-form analytical solver is generated to obtain faster
and more consistent real-time solutions. To validate the suitability of the device for sensory-motor rehabilitation of the activities of
daily living, a reachability analysis is finally performed by using reachability maps implemented in the open-source library OpenRAVE.

Forearm rehabilitation, kinematic analysis, closed-form solver, reachability analysis, ROS implementation

1. Introduction

Stroke is one of the major causes of impaired brain areas
related to fine movements. According to the National Institute
of Health (NIH) scoring system, strokes can range from minor to
severe, but in all cases patients’ recovery depends on the extent
and timing of the rehabilitation process [1]. Introducing active
rehabilitation devices helps to compensate for the lack of
therapists and the overloaded healthcare systems, hence
enabling earlier and more intensive rehabilitation, leading to
significantly better long-term recovery. An additional benefit of
such devices is the customisation of the rehabilitation sessions
to the individual patients by adapting the assistance provided,
as well as by adhering to the recovery process models.

The approach proposed in this work is to develop an active
forearm rehabilitation device with an added hand rehabilitation
module. It is an improved version of a previously conceptualized
full arm rehabilitation exoskeleton [2] in terms of weight, size,
portability, usability and controllability. The proposed solution
allows also reducing the number of actuators and moving the
passive compliant hinge closer to the hand module at the end of
the kinematic chain.

An essential step in modelling the newly-proposed device is
the adequate representation of the human forearm throughout
the design process. A functional 15 degrees of freedom (DOFs)
biomechanical model of the entire arm [3], based on
experimental measurements, is used herein in the iterative
design process. An open-source approach is employed in this
frame to model and simulate the rehabilitation device.

After the conceptualisation and the description of the forward
kinematics, the device has to be properly integrated in the

motion planning framework. A closed-form solution to the
inverse kinematics problem is thus developed and verified
numerically, as well as via the reachability analysis. Together
with the description of the proposed device in the Unified Robot
Description Format (URDF) [4], implemented in the Robotic
Operating System (ROS) [5], this constitutes the basis for the
prototyping of the device itself.

2. Conceptualization and modelling of the rehabilitation device

Within the used open-source framework, the concept of the
forearm rehabilitation device is modelled in Blender [6]. The
proposed device, shown in Fig. 1, is interfaced to the model of
the 50th percentile male human forearm [3]. Rigid links, or
girders (shown in the Figure in blue) are mutually connected
with movable joints enabling their relative motion.

It is foreseen to activate the installation by using five synchro-
nously operated actuators (coloured in black). These provide an
optimal active support and guidance during the different
forearm’s motions. The device is interfaced to its foundation via
a rotating base used as the elbow carriage. The base supports
also the whole arm during the rotations of the shoulder. The
connected rigid and length-adjustable girder provides the
support during the flexion and extension of the elbow. The
generated rotary motion is transmitted from the device, through
the forearm interface (coloured in yellow), onto the human
forearm itself, enabling its pronation and supination.

The flexion and extension of the wrist, as well as its radial and
ulnar deviations, are enabled by using two of the envisioned
actuators.

The interactions with the hand and the fingers are achieved via
the hand interface, i.e., the end-effector (EE). The latter is
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connected to the rest of the device by using another length-
adjustable mechanism and a compliant hinge that aids the
correct alignment of the device with the hand. The EE can be
used for the rehabilitation of the complete hand or in the finger-
by-finger modality, while its stiffness can be adjusted to the
various operating modes and the specific rehabilitation needs
via built-in springs.

All the motions resulting from the illustrated setup of the
device, are summarised in the second column in Table 1.

Figure 1. Model of the devised forearm rehabilitation device.

3. Kinematic description of the forearm rehabilitation device

3.1. Kinematic tree and forward kinematics
Three different movable joint types, revolute active (RA),

revolute passive (RP) and prismatic passive (PP), are incorpo-
rated into the device. The resulting kinematic tree, depicted in
Fig. 2, comprises eight joints, corresponding to the minimal
number of DOFs needed for assuring assistance, while
maintaining the required person-to-person adaptability during
the foreseen motions. To enable the fitting to the different
forearm anthropometric sizes, two PP joints are used as the
length adjustment components. Five RA joints enable, in turn,
the forearm movements necessary for rehabilitating and
reinforcing patients’ visual-to-motion sensory connections. The
remaining RP joint, connecting the EE, is modelled as the
mentioned compliant hinge.

The previously used Denavit-Hartenberg kinematic description
of the full arm rehabilitation device [2] can be mapped to the
herein proposed forearm device with minor modifications. The
implementation of the resulting kinematics in ROS is performed
by employing the transformation trees and the tf2 library [7].

To configure the link frames and visuals, as well as the joint
types and motion constraints, the device is modelled in Blender
via the Neurorobotics platform’s [8] BlenderRobotDesigner
addon [9]. For the integration in the Gazebo [10] simulation
framework, the ensuing model is exported to the structured
Simulation Description Format (SDF) [11]. The integration in ROS
[5] is, in turn, attained by exporting the model into the URDF
format [4].

The relationships between the various used coordinate
frames, also shown in Fig. 2, are stored in a graph data structure
together with their timestamps. This effectively solves the
forward kinematics problem, where the position and the
orientation of the EE is obtained from the current joint positions
or rotations.

3.2. Ranges of motion
The reference position of the device in Fig. 2 corresponds to

the neutral position of the human forearm [3], allowing the
comparison between the ranges of motion (ROMs) of the joints
of the device and of the human arm. The joint numbers in the
same figure are acquired by sequentially traversing through the
transformation tree from the base towards the EE.

The PP3 and PP7 joints are kept herein fixed during a specific
rehabilitation sessions, while their position is predetermined
according to the patient’s forearm and hand sizes. The spatial
position and orientation of the EE depend, therefore, on the
transformations between the six revolute joint frames in a
distinct timestamp. The resulting optimal ROMs for PP3 (± 5 cm)
and PP7 (± 2.5 cm), determined from the variations in forearm
sizes, are listed in Table 1.

Following the same principle, a ROM of ± 5° is selected for RP8

to compensate for the nonconformities of the elliptical
trajectory during the wrist radial and ulnar deviations [12].

The RA joints support, finally, the forearm motions in the
complete ROMs. RA1 supports the shoulder internal and external
rotation between - 20° and 90°. RA2 enables, in turn, the elbow
flexion and extension between 0° and 130°. RA4 makes possible
the forearm pronation and supination in the range ± 90°, while
RA6 allows the radial and ulnar deviation between - 25° and 10°.
Due to design constraints, the RA5 joint enables the wrist flexion
and extension between - 55° and 70°, while the human wrist
itself can usually be flexed another 15°, i.e., up to - 70°.

It is to be noted here that an extremely important and
indispensable characteristics of the active rehabilitation devices
are also the safety features. The final design of the proposed
device will encompass therefore also hard stops that will
preclude the possibility to reach dangerous positions of the
device, consequently preventing accidental strains and injuries.

Figure 2. Kinematic tree with joints’ frames and types.

Table 1. Specification of the joints of the devised forearm rehabilitation
device (SH: shoulder, EL: elbow, FA: forearm, HD: hand, WR: wrist).

Joint
Type

FA motion support or length
adjustment

FA ROMs
[3]

Rehabilitation
device ROMs

Min. Max. Min. Max.
RA1 SH internal/external rotation - 20° 90° - 20° 90°
RA2 EL flexion/extension 0° 130° 0° 130°
PP3 FA length fitting - - - 5 cm 5 cm
RA4 FA pronation/supination - 90° 90° - 90° 90°
RA5 WR flexion/extension - 70° 70° - 55° 70°
RA6 WR radial/ulnar deviation - 25° 10° - 25° 10°
PP7 HD-WR length fitting - - - 2.5 cm 2.5 cm
RP8 HD-WR misalignments - - - 5° 5°

3.3. Inverse kinematics
Having obtained the kinematic chain of the devised

rehabilitation device, its integration in motion planning
frameworks such as MoveIt [13] makes it necessary to solve the
challenging inverse kinematics (IK) problem. The positions of all
the described joints must be derived here from the position and
orientation of the EE. This can be approached either analytically

Rotating
base

Hand interface
(end effector)

Forearm
interface

(EE)

Upper extremity model

Rigid links Length
adjustment

Compliant
hinge

Actuator
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or numerically, with each of these approaches having its own
benefits and drawbacks. Regardless of the used approach, the
problem implies the usage of the known homogenous
transformations (mapping) from the base to the EE, as the left-
hand part of the set of equations defined as:= 0 0 0 1 (1)

where R is the matrix describing the overall rotation:= (2)

whereas T is the vector describing the device’s translations:= (3)

The right-hand side of the equation set must, in turn,
encompass the unknown joint variables, that define completely
robot’s pose. Since, as stated, PP3 and PP7 are kept fixed, these
joints can be excluded from the formulation of the problem,
treating, therefore, the device as a six DOFs manipulator.

The resulting IK problem is fully formulated as a system of
equations with six known variables (three rotations and three
translations of the EE) and six unknown (joints’) variables:0 0 0 1 = (RA , RA , RA , RA , RA , RP ) (4)

The IK analytical solution does exist for such a six DOFs system,
even though it can be quite complex and hard to acquire. For
devices with seven or more DOFs there is an infinite number of
solutions. For the over-constrained systems with ≤ 5 DOFs some
of the translations or rotations of the EE must, in turn, be fixed
to obtain a closed-form solution.

In fact, the main advantage of an analytical IK solution is that
it can be reduced to a closed-form set of equations, which
speeds up the motion planning algorithms. Generating the pose
parameters of the device analytically is therefore approximately
one order of magnitude faster than numerically, i.e., the pose
can be computed analytically in microseconds, as opposed to
millisecond for the numerical solutions [14].

Another significant advantage of analytical solvers is the
possibility to attain more than one robot pose for a given set of
EE coordinates. This is not possible when employing numerical
solvers due to their backend optimizations. Numerical solvers
provide also approximate solutions and can give rise to
instabilities during computations. Numerical solvers can,
however, sometimes provide smoother solutions.

Given these considerations, the analytical IK approach is
adopted in the herein considered case. Two solving techniques
are compared: a recent IK behaviour tree (IKBT) solver [15], and
the widely accepted IKFast solver, developed in the open-source
Robotics Automation Virtual Environment (OpenRAVE) [14].

IKBT developers claim that, by using human expertise, they
have developed a generalized algorithm that is applicable to
most robots with up to six DOFs. The technique is, in turn,
presented only as a proof-of-concept and an educational tool.

In the OpenRAVE case-specific hybrid approach, the IKFast
solver can, in turn, be easily integrated in the MoveIt motion
planning framework [13], and in the ROS ecosystem [5] as a
whole. Although discontinued, OpenRAVE has also a wide
repository of successful IK solutions applied to actual robot
implementations.

3.4. Obtained solutions
To acquire the closed-form IK, OpenRAVE [14], a ROS release

called Indigo [16], and Ubuntu 14.04 [17] are therefore
employed in this work on a customised docker image [18]. This

enables the usage of symbolic manipulations without human
supervision to solve via the IKFast solver the set of equations
defined in (4).

The resulting kinematic chain patterns are analysed, and a C++
file is constructed generating stable IK solutions. The whole set
of ensuing custom solutions for the forearm rehabilitation
device proposed in this work, containing over 1,900 parameters,
is provided in the open-access GitHub repository [19].

To verify the precision of the obtained robot joint parameters,
and of the resulting robot configurations, the solver stability and
success rate are examined. On a set of 105 tests with different
EE positions and orientations, it is therefore empirically
determined that the solver is highly efficient and no computing
errors or wrong solutions are returned, i.e., the solver has a
success rate of 100 %. A set of merely seven of the hence
obtained possible configurations is presented in Fig. 3.

Figure 3. Device configurations obtained during the verification of the
validity of the solver.

4. Reachability analysis of the forearm rehabilitation device

In the final verification step, the kinematic compatibility of the
devised rehabilitation device with the human forearm is also
considered. The available workspace and the spatial distribution
of the possible device configurations are therefore visualized.

This phase of the work is conducted by using reachability
analysis [20] - a powerful tool for generating reachability maps
and visualizing the poses of the EE. As shown in Fig. 4, all the
feasible device poses for each EE position in space, attained by
using the above analytical IK solver, can be counted and
represent in a colour scale. Comparable possible poses are
clustered here in spherical structures, while the respective value
of the number of the poses in a cluster is coloured. Low
reachability with a small number of different poses is
represented here in blue, medium reachability in green and
yellow, and the largest reachability in red.

Dome-like shapes of the reachable space can be clearly seen
in Fig. 4, with two distinct parts. The larger part is located on the
anterior of the body, between the sagittal plane and the lateral
left side. A smaller domain is, in turn, located above the
shoulder, between the sagittal plane and the lateral right side.

The figure plainly demonstrates the conformity of the device
and the right forearm workspace, extremely dependant on the
constraints of the used joints. This kind of conformity is crucial
for safety-critical applications of robotic devices, such as the
rehabilitation ones. In fact, an eventual absence of conformity
would lead to an overstretching of the muscles, causing
uncomfortable and painful strains. The colour maps also show a
relatively uniform distribution of the obtained number of
configurations for each specific EE spatial coordinate, indicating
that there are no extremes that would imply singularities. The
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latter usually occur when two or more axes in robot’s pose align,
resulting in a virtual loss of DOFs, which could induce a sudden
increase in velocity while traversing such poses, or locking the
device in a position. Both these events could cause serious
control problems. The reachability maps also reveal also that the
number of possible configurations is smaller near the endpoints
of the reachable workspace, confirming once more the
compatibility with the human forearm kinematics.

(a)

(b)

Figure 4. Top (a) and perspective (b) view of the rehabilitation device’s
reachability maps (with ROMs: SH internal/external rotation: - 20 – 90°,
EL flexion/extension: 0 – 130°, FA pronation/supination: - 90 – 90°, WR
flexion/extension: - 55 – 70°, WR radial/ulnar deviation: - 25 – 10°, HD-
WR misalignments: - 5 – 5°).

5. Conclusions and outlook

The conceptual design and a thorough kinematic description
and implementation of an eight-DOFs active forearm rehabilita-
tion device is presented in this work. The concept of a previously
proposed full arm device [2] is improved and focused on the
forearm, the wrist and the hand, resulting in a lightweight,
efficient, affordable and easy to control device. The proposed
design configuration is described and analysed following an
open-source paradigm in the ROS ecosystem. The direct, as well
as the more challenging inverse kinematics of the device are
solved, implemented and verified. The reachability analysis,
together with the ROMs of all the active joints, are also thor-
oughly analysed. The conformity with respect to the reachable
space of the human forearm is validated as well. It is hence
established that the proposed device is clearly compatible with
the human kinematics, with a potential for further improve-
ments only in an additional  15° wrist flexion. While planning
for a proper rehabilitation process with the best possible long-

term mobility restoration outcomes, the safety, the usability and
the patient-device interactions are also considered. As a final
safety layer, mechanical hard stops are envisaged so as to limit
the maximal magnitudes of the foreseen motions.

To enable the real-time control of the developed device, and
to ensure the possibility to track the rehabilitation process
outcomes, an integral part of the final implementation of the
devised installation is the collection of the respective data by
using electromyographic (EMG) sensors. Other sensing
modalities, such as absorbed motor currents or visual servoing,
are also being considered. This part of the work, being carried
on in parallel to the herein illustrated design, should also allow
the adaptation of device’s control to the factual capabilities of
each patient, providing assistance only when necessary, and
promoting patients’ maximal volitional efforts.

The focus of future work will be on the development of a
separate haptic device for hand rehabilitation, that will be based
on soft robotics principles [21], and shall enable various grasping
postures. To obtain a predictive model of the gripping and of the
patient volitional efforts, the signals of the used sensors will be
processed, correlated, and integrated in the control loop. The
integration of the functional musculoskeletal model of the
human arm and of the rehabilitation device into the overall
simulation system, implementing their dynamics, will also be
conducted.

The whole system will therefore be simulated and verified
prior to the production itself. The latter will be based on the
detailing of the parts of the device, including the nonlinear
modelling of the foreseen compliant hinge, the selection of the
appropriate actuators, and the development of the overall
system’s architecture. The detailed specifications of the
materials to be used in the 3D printing process will also be part
of this process, finalised at obtaining a lightweight, versatile,
efficient and cost-effective active forearm rehabilitation device.
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Abstract 
In recent years, crystalline silicon (Si) has been used as a promising material for precision X-ray mirrors and Bragg optics. These devices 
require extremely well-ordered surfaces without crystallographic damage. Thus, we applied an ultra-precision polishing method 
called catalyst-referred etching (CARE) to planarize crystalline Si substrates. CARE is a catalyzed chemical etching method that uses 
pure water as an etchant and a catalytic pad that promotes the designed reactions. Owing to its abrasive-free nature, the polished 
surface reaches an atomic-level smoothness suitable for application to excellent optical devices, particularly in the X-ray regime. 
Understanding the mechanism of this method is essential for its wide practical application. CARE has been successfully applied to 
silicon dioxide (SiO2) optical glasses, and the removal mechanism has been clarified to be an indirect hydrolysis reaction using first-
principles calculations. In the case of Si CARE, because Si is easily oxidized by dissolved oxygen (DO) in pure water, the removal 
pathway may involve oxidation reactions, which may be similar to the removal mechanism of SiO2 CARE. Clarifying the role of DO is 
essential for understanding the mechanism of Si CARE. In this study, we evaluated the processing characteristics under different DO 
concentrations and investigated whether the accompanying oxidation induced by DO is critically required. It was observed that Si 
CARE does not require oxidation. The surface roughness was observed to be drastically improved in low-DO water. We conclude that 
the etching mechanism of Si CARE is different from that of SiO2 CARE. Thus, a first-principles investigation is possible, except for the 
O2 molecule from relevant reactions. 
 
Si, X-ray mirror, Bragg optics, catalyst-referred etching, indirect hydrolysis reaction   

 

1. Introduction 

In recent years, crystalline Si has been used in X-ray reflective 
optics and Bragg optics owing to its excellent crystallographic 
properties and precision machinability. In Si-based X-ray optics, 
the optical surface must be smooth at the atomic level without 
any crystallographic damage. Chemical mechanical polishing and 
elastic emission machining are generally used to produce 
precision surfaces of Si [1]. However, these surfaces are still 
rough, leading to a reduction in their X-ray reflective efficiency. 
Here, we propose the application of an abrasive-free polishing 
method called catalyst-referred etching (CARE) for crystalline Si 
substrates [2]. CARE employs pure water as an etchant and an 
elastic pad with a thin platinum (Pt) film deposited on its surface 
as a catalyst to induce an etching reaction. Etching occurs only 
at the sample surface in contact with the catalyst. Accordingly, 
the topmost site of the sample is preferentially etched off, 
leading to an effective ordering of the surface. We have already 
applied CARE to silicon carbide, gallium nitride, and quartz to 
obtain an atomically smoothed surface with a step-and-terrace 
structure [3]. Recently, an ultra-precision surface of Si(100) has 
been realized using CARE, as shown in Fig. 1. An atomically 
ordered surface is expected to produce excellent optical 
properties, particularly in the X-ray regime. Understanding the 
mechanism of CARE is critical for its wide application. 

The removal mechanism of SiO2 CARE has been clarified to be 
an indirect hydrolysis reaction using first-principles calculations, 
and the corresponding reaction pathway is shown in Fig. 2 [4]. 
The Pt surface assists the dissociation of water molecules, and  

  
Figure 1. Optical profiler images of the (a) preprocessed surface (peak 
to valley (P-V): 2.48 nm, root mean square (RMS): 0.44 nm) and (b) 
CARE-processed surface of Si(100) (P-V: 1.02 nm, RMS: 0.08 nm) 

 

 

Figure 2. Reaction pathway of SiO2 etching under the Pt catalyst in 
pure water 

 
OH- is adsorbed at the step-edge Si atom as a strong Lewis base 
and forms a hypervalent silicate. The back-bond of Si becomes 
unstable and weakened, leading to cleavage. In the case of 
crystalline Si, the Si surface, particularly the Si(100) surface, is 
easily oxidized in pure water by dissolved oxygen (DO). To 
understand the reaction pathway of Si CARE, it is important to 
know whether the accompanying oxidation is critical and 
whether the removal mechanism is related to that of SiO2 CARE. 
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In this study, to investigate the role of DO in Si CARE, we 
designed a CARE apparatus with a degassing system that can  
adjust the DO concentration in the CARE process and evaluated 
the characteristics of the etching rates and surface properties in 
relation to the DO concentrations. 

2. Experimental methods 

The schematic of the experimental setup with the degassing 
system is shown in Fig. 3. Pure water circulates between the 
CARE machine, rotor pump, pre-filter, and degassing module 
connected by polybutylene terephthalate tubing, which has low 
oxygen permeability. The degassing module consists of hollow 
fibers with the inner and outer diameters of 100–140 µm and 
180–220 µm, respectively. In this module, pure water flows 
inside the hollow fibers, and high-purity nitrogen flows outside 
them to reduce the DO concentration through Henry’s law. The 
DO concentration was monitored in situ and adjusted using the 
flow rate of pure water. By maximizing the flow rate, the DO can 
be reduced below 9 ppb. At this concentration, the 
hydrophobicity of the Si surface does not change even after 
immersion for longer than 20 h, enabling an investigation of the 
CARE characteristics without surface oxidation. Hereafter, a 
concentration of less than 9 ppb is defined as 0 ppm. 

The details of the CARE apparatus and the processing 
parameters are shown in Fig. 4 and Table 1, respectively. A p-
type Si(100) substrate with a size of 30 mm was polished using 
CARE. The Si substrate was placed in the processing tank and 
was in contact with a catalytic pad at a pressure of 60 kPa. Both 
the substrate and pad were immersed in DO-controlled pure 
water and rotated independently around their own axes. The 
etching rate was calculated from the depth of the etching mark 
as the footprint of the pad on the substrate. The surface 
morphologies of the Si substrate before and after the CARE 
process were observed using an atomic force microscope (AFM, 
Shimadzu; HT 9700). 

 

 
Figure 3. Schematic of the experimental setup with the degassing 

system 
 

 
Figure 4. Schematic of the CARE apparatus 

 
Table 1. Processing parameters 

Dissolved oxygen 
Concentration 

0 ppm, 2.5 ppm,  
5.0 ppm, 7.5 ppm 

Processing pressure 60 kPa 
Relative speed 5.0 cm/s 

Processing time 2 h 

3. Results and discussion      

The etching rates at different DO concentrations are shown in 
Fig. 5. The etching rates were normalized to that at 0 ppm. The 
etching rate decreased as the DO concentration decreased, but 
these two parameters did not have a strong relationship. 
Moreover, nearly the same rate is observed also at 0 ppm, the 
removal rate of which is about 5 nm/h. The results show that Si 
was etched without accompanying oxidation. Figure 6 shows the 
AFM images before and after the CARE process in low-DO water. 
As expected, the surface roughness was markedly improved.  

 

 
Figure 5. Dependency of the etching rate of Si(100) on the dissolved 
oxygen concentration 

 

  
Figure 6. AFM images of the (a) preprocessed surface (P-V: 1.56 nm, 
RMS: 0.178 nm) and (b) CARE-processed surface (P-V: 0.345 nm, 
RMS: 0.035 nm) 

4. Summary 

The CARE method, which is an abrasive-free chemical etching 
method, can realize the atomic-scale planarization of Si(100) 
surfaces. It has been applied as a promising method for 
producing high-precision X-ray optical elements for next-
generation synchrotron radiation sources. In this study, to 
confirm whether there is a similarity between the CARE 
processes of Si and SiO2, we investigated whether the 
accompanying oxidation induced by DO is critically required. It 
was observed that Si CARE can proceed only with water 
molecules without DO and that the removal mechanism is 
different from that of SiO2 CARE.  

In preparation for future studies, we are attempting to reflect 
this result to propose a guess model of the reaction pathway for 
first-principles simulations. At the EUSPEN conference, we will 
present the performance and removal properties of Si CARE, 
including the latest status of the simulation research. The full 
elucidation of the mechanism will enable the wide application of 
this method not only to optical devices but also to the field of 
atomically controlled precision surfacing. 
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Abstract 
      
Investigation of in-plane vibration modes has huge benefits in the predictive maintenance of industrial machines. Besides, this kind 
of study shows an interesting field of work in precision measurement. As an example, in-plane vibration modes of a quartz tuning 
fork (QTF) recently used for multi-frequency scanning near-field optical microscopy and the mode sensing performance of the QTF-
prob is an important issue for characterizing the tip-sample interactions and achieving higher resolution microscopic imaging. 
However, the study of in-plane vibration mode shape was limited to using the finite element method. Recently, some optical 
methods were developed for vibration investigation which sampling moiré method was exclusively developed for in-plane vibration 
investigation. In this study, we introduced a new discussion on the capability of the sampling moiré method on the detection of in-
plane vibration natural frequencies and mode shapes of a tuning fork. The reason for using a tuning fork as a specimen in this study 
is the appearance of two symmetrical in-plane vibration modes during its vibration. The in-plane symmetrical vibration modes of 
tuning forks are also audible, which made it suitable for acoustic analysis. In this study, in-plane vibration frequencies and mode 
shapes of an under struck tuning fork detected using an optical method named sampling moiré method. Then, extracted 
frequencies compared with Fast Fourier Transform (FFT) results of tuning fork’s recorded sound during its vibration. Furthermore, 
mode shapes extracted from sampling moiré experimental results, which are phase distribution graphs in each frequency, 
compared with predicted natural frequencies and mode shapes using the finite element method. This study shows good potential 
in the newly developed optical method for in-plane vibration detection as the first in-plane vibration mode (fundamental mode) of 
the tuning fork and its harmonics were completely detectable. However, the second in-plane mode was not detectable due to its 
short amplitude which makes room for more future works. 
 
Keywords: sampling moiré, vibration frequency, frequency mode shape, finite element method (FEM), quartz tuning fork, optical microscopy   

 

1. Introduction   

Vibration frequency mode shapes allow the evaluations of the 
displacement amplitude in the whole sample’s surface. Besides, 
this kind of information is used as a maintenance factors in 
industrial point of view. Using mechanical or electrical devices 
for detecting mode shapes is expensive in terms of both money 
and time. In addition, it cannot provide accurate results in mode 
detection as they must be attached to the surface of the 
specimen.  Optical methods, on the other hand, shows much 
capability and resolution as these techniques do not need any 
attachment to the surface of the sample. As an example, the 
optical method which is used recently for out of plane vibration 
analyzing in [1], shows one of the most powerful analyzing 
methods in measuring vibration frequencies and mode shapes.  

The only known method for in-plane frequency mode shapes 
investigation of specimens is finite element method (FEM) [2,3]. 
The FEM is a general numerical method for solving partial 
differential equations in two or three space variables. It uses 
theoretical algorithms in finite subdivided elements of a large 
system and approximate the behavior of that system during 
vibration. Although, FEM works like a calculator in measuring 
mechanical behavior of variety of speciemens; however, it can 

be very inaccurate in the hands of the inexperienced 
engineer.This fact, makes scientists to think about experimental 
approaches as an alternative. 

The author recently developed one optical method for 
measuring the in-plane vibration of a healing tuning fork [4] 
which sampling moiré method used for in-plane frequency 
mode shap’s recognition of a tuning fork during attack by a 
hammer. As the tuning fork shows two symmetrical in-plane 
vibration modes, it uses as a popular speciemen for in-plane 
vibration and/or displacement studies. In this article, capability 
of new in-plane vibration analysing method [4] and FEM 
simulation of same tuning fork is studied more deeply. At first, 
the experimental results of frequency amounts is compared with 
post processing of recorded sound data. Then, the extracted 
frequency mode shapes of experimental data is compared with 
result coming from finite element method.  

The outline of this paper is as follows: In section 2 we 
discussed the steps toward the whole in-plane vibration 
detection through the theory of sampling moire method, and 
the principle of in-plane vibration detection besides the finite 
element method which used for comparison, explained in detail. 
The experimental setup and results is addressed in section 3. 
The whole study is concluded in section 4. 
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2. Method 

2.1. In-plane vibration analysing using sampling moire method    
In sampling moiré method, a cross grating is attached to the 

specimen surface and a camera would take the images and 
transfer them to a computer for post-processing. Then down-
sampling is performed on the captured image, i.e. every N-pixel 
(in this figure1, N = 1) from the first column of camera pixel is 
chosen and recorded as first moiré fringe pattern (figure 1(c)). 
Then, sampling is shifted to the second column of camera pixels, 
and the second moiré fringe which has 2π/N phase shift appears 
(figure 1(d)).  

 

Figure 1. Principle of sampling moiré method: (a) attached grating on 
the surface of specimen; (b) intensity of recorded image by camera; 
(c, d) down-sampled intensity; (e, f) moiré fringes 

As [4] completely explain, using the intensities of sampling 
moiré fringes, the phase of moiré fringes can be calculated, as 
shows in equation (1) and (2). 

I𝑑(𝑗, 𝑗) =  I𝑎(𝑗, 𝑗) cos [∅𝑚(𝑖, 𝑗) + 2𝜋
𝑑

𝑁
] + I𝑏(𝑖, 𝑗) 

𝑑 = 0,1, … , 𝑁 − 1 

(1) 

∅𝑚(𝑖, 𝑗) =  − 𝑡𝑎𝑛−1
∑ I𝑑(𝑖, 𝑗)sin (d

2𝜋
𝑁

)𝑁−1
𝑑=0

∑ I𝑑(𝑖, 𝑗)cos (d
2𝜋
𝑁

)𝑁−1
𝑑=0

 (2) 

Using equation (2) and subtract phase data before and after 
displacement will give the accurate amount of displacement 
which uses for measuring in-plane vibration. A software is 
developed based on LABVIEW software for post processing of 
the recorded images. 
 
2.2. FEM analysis    

The finite element (FE) technique is a numerical technique in 
which a continuous elastic structure, or continuum, is 
discretized into small but finite substructures, known as 
elements. Elements are interconnected at nodes. In this way, a 
continuum with infinite number of degrees of freedom can be 
modeled with a set of elements having a finite number of 
degrees of freedom. It is noted that while each finite element 
represents a continuous system by itself possessing infinite 
number of DOF, we can choose the size of the element to be 
small enough, so that the deformation within the finite element 
can be approximated (interpolated) by relatively low-order 
polynomials. 

In this study SolidWorks software is used for analyzing FEM of 
a tuning fork as can be seen from figure 2.  

           

 

      

 
(a)  (b)  

 

Figure 2. Experimental devices: Under experiment tuning fork 
(a) and CAD design of the tuning fork (b) 

 

3. Experiment and results 

3.1. Acoustic analysis of tuning fork’s recorded sound 
Russell et al [5] study shows that, when a tuning fork struck 

softly, the resulting sound is a pure tone at the frequency of the 
fundamental symmetrical mode of the tines. But, when this 
same fork is given a slightly harder impact at the tip of the tine, 
both the fundamental and also the second modes are excited. 
The second mode called the “clang” mode, wich has a frequency 
of slightly more than six times the frequency of the fundamental 
(when both end of the fork be free). The 136.1 Hz tuning fork 
which is shown in figure2(a) hitted hard enough that signal 
analysing of its recorded sound showed the two fundamental 
and clang frequency modes in 140 Hz and 1324.3 Hz, 
respectively (figure 3). The fundamental frequency has less than 
3% error compare with fork’s real frequency. The clang mode 
appeared in a different frequency compaered by what Russel et 
al claimed which is because in this experiment the stem of the 
fork is fixed by some fixture. This frequency results shows the 
vibration frequencies (most audible frequencies) that a tuning 
fork shows during the vibration. In the following, frequency 
mode shapes come from the finite element analysis is 
investigated. 

 

 
 
Figure 3. Frequency spectra resulting from a hard blow at the 
tip of the tines. Green signal is the recorded sound and the red 
one is the FFT of the recorded signal. 

 
3.2. FEM results of tuning fork vibration modes 
 

Fundumental 

Clang 
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(a) Mode1, 101.62Hz (b) Mode2, 127.71 Hz (c) Mode3, 135.45 Hz 

  
 

(d) Mode 4, 206.08 Hz (e) Mode5, 900.92 Hz (f) Mode6, 1067 Hz 

 
 

(g) Mode7, 1133.8 Hz (h) Mode8, 1303.6 Hz 
 

Figure 4. FEM mode shapes of tuning fork. (a) and (e) nonsymmetrical in-plane modes; (b) and (d) out of plane 

modes; (c) fundamental mode; (f) and (g) tortional mode; (h) clang mode 

Accurate CAD design of tuning fork is used for finite elements 
frequency analysis. The tuning fork is simulated using aluminum 
alloy (7079) as its material. Two solid plate plus rubber is 
simulated as a fixture of the fork and high quality curvature-
based mesh with total elemnt numbers of 97099 is used in 
frequency analysing of the fork.The extracted frequency modes 
are shown in Figure 4.  

When the fork is held at the stem, the normally observed 
vibrational mode shapes, the shapes that give rise to the sound 
of the fork, are symmetrical modes in which the tines move in 
opposite directions (figure 4(c) and (h)). Using FEM, the 
fundamental and clange modes are 135.45 Hz and 1303.6 Hz, 
respectively.  FEM shows a good match with signal processd data 
(section 3.2), in formation of two in-plane frequency modes. 
Besides, the frequency amounts have less than 4% difference 
and less than 1% error compare to fork’s real frequency. In the 
following, experimental results using sampling moire method is 
compared with section 3.1 and 3.2 results. 
 
3.3. Sampling moire analysing for investigation of in-plane 
frequency modes      

 

 
 

Figure 5. Specimen with attached grating on the surface 
  

 

In this section accuracy of new developed method for in-plane  
vibration analyzing is checked. The same tuning fork as what 
studied in [4] is used in this experiment. 

A cross grating with the pitch of 1 mm attached to the surface 
of tuning fork. The in-plane displacement can be measured with 
the accuracy corresponding to 1/1000 of grating pitch [7,8] so in 
this experiment the displacement accuracy using sampling 
moire method would be 1 micron. A high-speed camera 
captured images of tuning fork after being struck by hammer for 
1 second. The camera captures 4000 images per second.  

 

 
(a) brightness intensity/displacement graphs and waveform 

for all captured images 
 

 
(b) power/phase distribution graphs and waveforms  

 
Figure 6. Front panel of developed Labview software 

Position of 
hammer attack 
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(a) 137 Hz  (b) 275 Hz (~137 × 2) (c) 412 Hz (~137 × 3) 

   

(d) 549 Hz (~137 × 4) (e) 687 Hz (~137 × 5) (f) 824 Hz (~137 × 6) 

 
 

(g) 961 Hz (~137 × 7) (h) 1096 Hz (~137 × 8) 

 

Figure 7. sampling moire method, phase distribution graph; (a)fundamental frequency mode; (b-h) harmonics caused 

from non-linear behavior of tuning fork 

Recorded images possed processed using method mentioned 
in section 2.1. Figure 6 shows the LabVIEW software front panel 
developed for in-plane vibration measurement.  

Detection of frequency modes is possible using both power 
and phase distribution graphs. In Figure 7, extracted phase 
distribution data in frequency range of 0-2000Hz is shown.  

Regarding figure 7 results, using sampling moire, fundamental 
frequency mode of tuning for is clearly detected in 137 Hz 
(figure7(a)) which has less than 1% error compare to the fork’s 
reall frequency. Also, the non-linear behavior of the tuning fork 
is also detected as some random patterns in phase distribution 
graph. When the fork is struck vigorously. In that case, the elastic 
restoring forces become non-linear and the resulting radiated 
sound contains clearly audible integer multiples of the 
fundamental which are not frequency modes [5]. In this 
experiment, eight harmonics was detectable which FEM is not 
capabale for detecting this harmonics. The clang mode was not 
detectable due to the small amplitude amount of this frequency 
which should be around 1300 Hz. 

4. Conclusion     

The in-plane vibration analysing method described has been 
shown to have the same accuracy with FEM in detecting 
fundamental frequency mode of a tuning fork. This method 
showed capability in detection of non-linear behaviour of tuning 
fork during the vibration which is not detectable in finite 
element method. The second in-plane frequency mode was not 
detectable using sampling moire method due to its small 
amplitude. This will be a good topic in future analysing of the 
vibration using proposed method. Also, accuracy of FEM is highly 
related to the accuracy of the user in simulation of speciemen. 
But sampling moire method which has been explained in this 
article is a powerful optical method which doesn’t need any data 
of speciemen like it’s mass, material ,etc. This facts makes 
analysing much faster, cheaper and also accurate. Study of in-
plane vibration of a tuning fork opend doors on investigation of 

vibration behaviour of mechanical vehicels due the predictive 
maintenance of them. Besides, this kind of study shows an 
interesting field of work in precision measurement. As an 
example, in-plane vibration modes of a quartz tuning fork (QTF) 
recently used for multi-frequency scanning near-field optical 
microscopy and the mode sensing performance of the QTF-prob 
is an important issue for characterizing the tip-sample 
interactions and achieving higher resolution microscopic 
imaging.   
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Abstract 
In recent years, polymer materials with excellent properties, such as chemical resistance, heat resistance, and high insulation, have 
been produced. These materials have been widely used in advanced devices. For example, polycarbonate (PC), polymethyl 
methacrylate (PMMA), and polyimide (PI) are used as insulating films in microelectromechanical systems (MEMSs), and 
polytetrafluoroethylene (PTFE) is a promising substrate for next-generation high-frequency devices exceeding 5G. To exploit the 
excellent properties of these polymer materials, well-ordered surfaces are required. However, because polymer materials are 
extremely soft, conventional polishing methods that use abrasives cannot produce a damage-free surface. We present an abrasive-
free polishing technique called catalyst-referred etching (CARE). In this method, the top surface of the workpiece is preferentially 
removed via an indirect hydrolysis reaction promoted by a metal catalyst. The surfaces of the amorphous and single-crystalline 
samples processed using CARE exhibited atomic flatness. We discuss the polishing characteristics and material removal mechanisms 
of polymers in CARE. The PC and PMMA were polished using Pt and pure water as the catalyst and etchant, respectively. An atomically 
smooth surface, which could not be fabricated by mechanical polishing, was obtained. Based on observations of the surface, the 
removal mechanism was estimated as follows. Molecule chains entangle to form clusters that constitute the surface of the polymer 
and determine the surface roughness. In CARE, the top of this cluster was selectively removed, forming a flat surface similar to that 
obtained on a single-crystalline polymer material. Therefore, CARE is a promising polishing method for polymer materials. 
 
Polymer materials, polishing, chemical wet etching   

 

1. Introduction 

Polymer materials are widely used in various advanced devices 
because of their chemical stability, heat resistance, and high 
insulation properties. For example, polycarbonate (PC), 
polymethyl methacrylate (PMMA), and polyimide (PI) are used 
as insulating films in microelectromechanical systems (MEMSs), 
and polytetrafluoroethylene (PTFE) is a promising substrate for 
next-generation high-frequency devices exceeding 5G [1-3]. To 
exploit these properties, a high-precision flat surface is required. 
However, because the surface of polymer materials is extremely 
soft, many scratches are introduced on the surface of the 
material by conventional polishing techniques that use 
abrasives. 

We proposed using an abrasive-free polishing technique called 
catalyst-referred etching (CARE) for atomic planarization of a 
polymer material that is based on chemical wet etching assisted 
by a metal catalyst [4]. A conceptual diagram of the CARE is 
shown in Fig. 1.  A polishing pad with a thin metal catalyst layer 
was used in CARE. The sample and polishing pad were pushed 
against each other in pure water while rotating. The topmost site 
of the sample surface, which is frequently in contact with the 
catalyst layer, was preferentially removed by a catalytic 
reaction. We have previously reported the fabrication of an 
atomically smooth surface by CARE using Pt and pure water on 
a functional material such as SiC and GaN [5, 6]. Each surface has 
a step-terrace structure with a height of one atomic layer. These 
results indicate that the step edge atom was preferentially 
removed, resulting in step-flow etching.  

CARE is a promising technique for the atomic-order 
planarization of polymer materials because it is abrasive-free. 

 
 
 
However, from the viewpoint of the material structure, the 

etching mechanism is considered to be very different from that 
of a single crystal, which we have already clarified. In this paper, 
we describe the possibility of an atomic planarization of polymer 
materials using CARE and discuss the etching mechanism. 

2. Experimental method  

PC and PMMA, which are highly versatile polymer materials, 
were prepared as the samples. Fig. 2 shows the schematic of the 
CARE apparatus. The sample substrate was placed in a holder 
and pressed onto a polishing pad. The sample and pad rotated 
independently around each axis. Pt and pure water were used 
as the catalyst and etchant, respectively. The processing 
pressure and time were 10 kPa and 1 h, respectively. The 
processed surface was observed using a white light interference 
microscope (ZYGO NewView200 HCR) and an atomic force 
microscope (AFM; SHIMADZU 9700HT). 

Figure 1. A conceptual diagram of the CARE 
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Figure 2. Schematic of the CARE apparatus 

3. Result and discussion 

Fig. 3 shows the white-light interferometric images of the PC 
and PMMA surfaces. Figs. 3 (a) and (b) show the as-received 
surfaces, and Figs. 3 (c) and (d) show the surfaces processed by 
mechanical polishing with silica abrasive. After mechanical 
polishing, several scratches were introduced. In the case of using 
CARE, the surface roughness of PC and PMMA drastically 
decreased to 1.609 nm and 0.702 nm, respectively, leading to 
high-precision flat surfaces without scratches, as shown in Figs. 
3 (e) and (f). Such a flat surface wasn’t obtained without Pt 
catalyst. 

AFM images of the PC surface before and after applying CARE 
and the cross-sectional profiles are presented in Fig. 4. Notably, 
the convex part with about 3 nm height was removed from the 
topmost site owing to the progress of chemical reaction. 
Although the number of atoms removed at once in an etching 
reaction is not clear from the AFM image, it is expected that at 
least a few monomers are removed chemically. 

These results indicate that in the CARE process, the polymer 
material surface was removed by chemical etching, as well as 
crystalline materials, leading to an ultra-smooth surface without 
any mechanical damage.  

4. Summary 

In this study, we proposed the use of CARE, which is an 
abrasive-free polishing technique, for the planarization of PC 
and PMMA. The surface roughness was significantly improved, 
and a smooth surface without any mechanical damage was 
obtained. AFM observation indicated that the topmost site was 
preferentially removed by chemical etching with a few 
monomers. The results show that the CARE enables the 
realization of atomically flat polymer surfaces that cannot be 
achieved by the latest polishing techniques. The polymer 
material treated with CARE improves the performance of 
various devices. 
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Figure 3. White-light interferometric images of PC and PMMA 
surfaces. As-received surfaces of (a) PC (rms 15.103 nm) and (b) 
PMMA (rms 23.259 nm). Silica abrasive polished surfaces of (c) PC 
(rms 17.354 nm) and (d) PMMA (rms 9.588 nm). CARE polished 
surfaces of (e) PC (rms 1.609 nm) and (f) PMMA (rms 0.702 nm).  

 
(a) (b) 

  
(c) 

Figure 4. AFM images of the PC surface (a) before and (b) after CARE. 
(c) The summary of cross-sectional profile of A to B shown in (a) and 
(b) 
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Abstract 
In the life science sector, increasing demands on the reproducibility and accuracy of lab-on-chip systems require new manufacturing 
technologies for the production of polymer films with multifunctional surfaces. A mass-production capable and cost-effective way to 
pattern microfluidic films is the manufacturing process of UV injection molding. Therefore, the aim of the project is to develop 
microstructured polymer films with multifunctional surface properties by means of an injection molding UV plate-to-plate (P2P) 
replication process. For this purpose, a special film injection molding system was developed that allows filling with different 
formulations, curing by UV light and molding of the required microstructures. In respect to the application of the microstructured 
polyacrylate  films in cell-based assays as well as biosensor disposables, microstructures of various geometries were designed and 
produced in the P2P process. In addition, cell tests were performed in this study in order to evaluate the biocompatibility and optical 
quality of the substrates, and to verify the functionality of the microstructures. Here, we show that the structured polyacrylate foil is 
a suitable substrate that can be implemented in plastic microfluidic chips for cell-based assays and biosensor disposables. 
 
Keywords: replication, biomedical disposables, UV-Imprint 

 

1. Introduction  

The development of smart diagnostic medical devices, 
accompanied by a growing share of integrated functionalities 
and decentralization in their application (Point of Care), poses 
major challenges to the transformability of corresponding value 
chains in production. On the one hand, additive manufacturing 
of complex diagnostic medical devices requires new production 
technologies to address adequately the increasingly complex 
product functions in the future. On the other hand, small and 
medium-sized companies face enormous challenges in 
integrating completely new production technologies aimed at 
miniaturizing and extending the functions of existing product 
lines with regard to high-throughput systems and single-cell 
analytics. 

For example, hot embossing and injection molding are 
currently used for the production of microfluidic films in 
particular. However, a major limitation of hot embossing is the 
long cycle time of at least 10 min, which is required regardless 
of the number of individual structures on the film for their 
replication. Injection molding has limitations in terms of 
miniaturization (mold filling capacity) and surface modification 
or functional integration. Compared to hot embossing and 
injection molding, UV-Imprint offers not only working under 
ambient conditions, but also a reduction of cycle time up to 50 % 
as well as flexibility regarding adjustment of the mechanical 
and/or chemical properties of the resulting polyacrylate film. 
However, shrinkage as a function of the formulation must also 
be taken into account when designing the molds for UV injection 
molding. 

Therefore, we aim to develop UV replication as a P2P 
production process for microfluidic film fabrication. For this 
purpose, a new tooling concept for P2P UV injection molding has 
been developed, which enables the production of polymer films 

with multifunctional surface properties. The polyacrylate film 
was qualified for use for cell-based assays and biosensor 
disposables based on investigations of, for example, molding 
quality, transparency, shrinking, cytotoxicity test, cell staining, 
autofluorescence, live cell imaging. 

2. Design and development of tool system 

2.1 Layout microstructure and cell cultivation 
In respect to the application of the microstructured 

polyacrylate films in cell-based assays as well as biomedical 
disposables, microstructures of two different geometries were 
designed and produced in the P2P process. The microstructures 
were 1) pyramidal wells (400x400x800 µm) for culturing 3D cell 
aggregates (e. g., tumor spheroids), and 2) arrays of 
30x30x30 µm microwells for immobilising and culturing single 
suspension cells. 

The structured films were combined with plastic microfluidic 
chips of specific geometries corresponding to the planned 
applications (Figure 1). The pyramidal microwells were 
integrated into a perfundable chip for long term cultivation of 
3D tissue samples (µ-Slide III 3D Perfusion, ibidi). Supplementing 
the cultivation chambers of the chip with an array of the 
pyramidal microstructures makes it possible to generate 
spheroids directly in the chip by self-organisation of the cells. 
Besides, positioning of the spheroids in the microstructures 
facilitates optical analysis of the cells. Since the spheroids can 
not escape the field-of-view, the image acquisition and analysis 
can be automated. Similarly, single suspension cells can be 
immobilized in the arrays of the smaller, square microstructures. 
The immobilisation on an array facilitates an automated, high-
throughput evaluation of cell dynamics by fluorescent or phase 
contrast microscopy, for example upon addition of drugs [1, 2].  
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Figure 1. Structure 1: Arrays of pyramidal wells for spheroid culture 
under flow were integrated into the cultivation chambers of the µ-Slide 
III 3D Perfusion (ibidi)  

2.2 Development of tool system 
In order to meet the existing technological challenges, such as 

the realization of reliable filling and venting of the mold system 
as well as the implementation of the demolding device, the 
existing mold system [3] was fundamentally redesigned and 
further developed. Polyacrylate films were prepared using a 
customized mold made of tool-steel with a float glass slide on 
top, as shown in Figure 2.  

 
Figure 2. Developed tool system for plate to plate UV imprint 

 

The mold consists of a mold base with integrated vacuum 
channels, ejectors, a lifting device for the center part and has a 
needle valve gated system for filling the mold. The mold can be 
filled via several acrylic filling channels (1), which are opened and 
closed by means of a needle valve gated system (2). The main 
mold insert (3), in which the microstructure to be molded is 
placed, was equipped with a movable center part (4) for multi-
component filling. Due to the significant differences in 
microstructure layouts, various technologies were used to 
machine the microstructure. In particular, micromilling and µ-
laser ablation in combination with laser polishing processes in 
special areas were used, as explained in [3].The inserts were 
coated with a non-adhesive coating (Dursan®, SilcoTek) and the 
glass slide was silanized with Dynasylan®F 8263 (abcr GmbH, 
Karlsruhe, Germany) in order to facilitate the demolding of the 
polyacrylate film.  

The glass plate together with the frame is lowered onto the 
main mold insert. By applying a vacuum between the two sealing 
cords (5), the glass plate is sucked onto the main mold insert. 
This creates a mold cavity of 350 µm and closes the system. By 
opening the feed needles, the acrylate flows into the resulting 
mold cavity and is molded by closing without the feed point 
shown. Filling of the mold is ensured by injecting the acrylate 
through syringe pumps. In order to cure the first component, it 
is necessary to irradiate the acrylate with UV light at 395 nm 
(100 % intensity) moving the UV lamps with a velocity of 
10 mm/s. Therefore, two UV LED lamps (12 W/cm2, 395 nm, 
Firejet FJ 200, Phoseon Technology, Hillsboro, Oregon, USA) 
were mounted on a linear stage with a stepper motor in order 
to move the lamps over the mold. Vacuum, stepper motor, 
lamps and syringe pumps as well as pneumatic cylinder were 
controlled by a programmable logic controller.  

After completion of this process step, the movable center part 
is lowered by 150 µm via a slide mechanism and pneumatic 
cylinder to release the second mold cavity for the second 

acrylate. This mold cavity is also filled by a needle valve gated 
system. Once the second UV irradiation is complete, the mold is 
ventilated and the glass plate is lifted off the bottom part by 
means of an ejector movement. Finally, the one-sided 
structured, multifunctional polyacrylate film can be removed.  A 
more detailed description of the process steps is given in [4]. 

Since the final mold concept was developed iteratively, the 
polymer films were initially molded with corresponding test 
molds in the study. Therefore, the results presented below refer 
to polymer films molded with the test molds. For example, the 
acrylate mixture was injected into the mold using a plastic 
syringe connected to the acrylate filling channel. 

3. Material and methods      

3.1 Preparation of acrylate mixture 
A typical acrylate mixture was composed of a urethane 

acrylate main compound at 40 wt% to 80 wt%, a diluting 
acrylate at 5 wt% to 50 wt% and a polythiol at 0 wt% to 15 wt%. 
Acrylate samples were received from Allnex (Allnex Germany 
GmbH, Wiesbaden, Germany), Sartomer (Sartomer, Cedex, 
France) and Miwon (Miwon Europe GmbH, Straelen, Germany). 
Polythiols were sample orders from Bruno Bock Thiochemicals 
(Bruno Bock Chemische Fabrik GmbH & Co. KG, Marschacht, 
Germany). 1 wt% of photo-initiator Omnirad TPO-L (IGM Resins, 
Waalwijk, Netherlands) was added to the mixture, followed by 
stirring for 30 minutes at 5000 rpm using a lab disperser. In a 
next step, air bubbles were removed by centrifugation 
(4700 rpm, 2 min) and degassing under reduced pressure 
(30 mbar). 

3.2. Characterization of the polymer films for application in 
biosensor disposables  

For application in biosensor disposables, the structured 
polyacrylate films were compared to reference standard hot-
embossed polycarbonate (PC) samples. They had to fulfill the 
following requirements: high optical transparency, low 
shrinkage, high molding quality and mechanical properties 
comparable to those of polycarbonate, i.e. a high stiffness at 
moderate flexibility that makes the material well suitable for the 
preparation of mechanical stable sensors on the one hand, but 
without causing problems during the final cutting process on the 
other hand. 

Molding quality, transparency and shrinking 
Transparency, shrinking and filling behavior of the prepared 

films were investigated using a stereo microscope (Stemi 2000-
C, Fa. Zeiss) combined with an additional video camera system 
(AVT-Horn, MC009/S). Shrinking of the polyacrylate film was 
measured by a glass scale of the type 1972-200 (Fa. M-Service & 
Geräte Peter Müller e.K., Meckenheim, Germany) enabling a 
resolution of 0.1 mm.  

Wetting properties 
Wetting properties of the double measuring chamber was 

monitored using a dye test solution containing a volume fraction 
of 0.01 % of the surfactant Triton X-100 (Sigma Aldrich GmbH, 
Steinheim, Germany) and Coomassie Brilliant Blue R-250 (Merck 
KGaA, Darmstadt, Germany). In order to ensure equal 
measurement conditions, the flow rate was determined in a 
defined section of the channel (here length of the working 
electrode). All measurements were analyzed by counting the 
frames of the video sequences (Software Debut Video Capture 
and Virtual Dub 1.9.11). 

Mechanical properties 
Brittleness of the polymer films was evaluated visually at 

defined cutting edges prepared by an Ideal 2035 paper cutter 
(Fa. Krug & Priester GmbH & Co. KG, Balingen, Germany). In 
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order to get information about the bending stiffness of the 
material, the force offered by an unstructured polymer stripe 
(50 mm x 7 mm x 0.3 mm) to deformation via bending of 180° 
was measured. Therefore, a custom-built device (SensLab 
GmbH) equipped with a force sensor (Type 9203, Fa. Kistler 
Instrumente GmbH, Sindelfingen, Germany) connected to a 
charge amplifier (Type 5995A, Fa. Kistler Instrumente GmbH, 
Sindelfingen, Germany) was used. The resulting bending force 
was normalized by the film thickness. The influence of selected 
monomers was evaluated systematically with Design of 
Experiments (DoE software Design Expert®, version 13, 
STATCON GmbH, Witzenhausen, Germany), and using an I-
optimal mixture design, optimized parameters (maximum 
stiffness, no brittleness) were found for a composition of 50 wt% 
urethane acrylate, 40 wt% acrylic monomer and 10 wt% thiol. 

Stability tests 
Stability of the polyacrylate foils and the acrylate mixture was 

studied under ambient conditions (air, temperature) over a 
period of 60 days. Furthermore, bending force and brittleness of 
the foils were evaluated after thermal incubation at -20 °C and 
60 °C. 

3.3. Characterization of the polymer films for application in cell 
cultivation chips 

Cell culture 
L929 murine fibroblasts and Jurkat T-cell leukemia cells (both 

DSMZ, Braunschweig, Germany) were cultured in Roswell Park 
Memorial Institute (RPMI) 1640 medium containing L-glutamin 
and supplemented with 10 % fetal bovine serum (FBS). The 
cultures were maintained at 37 °C in 5 % CO2 humidified 
atmosphere. The L929 cells were cultivated until 80-90 % 
confluence and then harvested using 0.5 ml accutase. The Jurkat 
culture was maintained at the cell concentration between 0.1–
1.5x106 cells/ml. For experiments, the cells were resuspended in 
RPMI medium supplemented with 10 % FBS and 
Penicillin/Streptomycin antibiotics, adjusting the cell 
concentration to 1.5–2.5 x 105 cells/ml. 

All cell culture reagents were purchased from Gibco (Waltham, 
MA, USA). 

Cytotoxicity test and cell staining      
For the cell tests, the polyacrylate substrates were bonded 

with bottomless microfluidic chips from ibidi (Gräfelfing, 
Germany), using a double-sided adhesive tape. The cells were 
seeded in the chips in the RPMI medium with antibiotics, and 
cultured in the microstructures for 2 – 14 days in standard cell 
culture conditions (37 °C, 5 % CO2, >95 % humidity). Afterwards, 
the viability of cells was determined by differential live and dead 
staining with fluorescein diacetate (FDA) and propidium iodide 
(PI). The cell culture medium in the microfluidic chips was 
carefully exchanged for a staining solution containing 8 µg/ml 
FDA and 20 µg/ml PI. The cells were incubated with the staining 
solution for 10 min at 37 °C. Before fluorescent imaging, the 
staining solution was exchanged for serum-free RPMI medium. 
For fluorescent imaging of the cells in the microstructures, the 
cells were stained with the live and dead staining solution as 
described above and the cell nuclei were labelled with NucBlue 
(Invitrogen, Carlsbad, CA, USA) according to the protocol 
provided by the manufacturer. 

Autofluorescence and Live Cell Imaging 
All fluorescent and phase contrast microphotographs were 

taken with the inverted microscope Nikon Eclipse Ti (Nikon 
GmbH, Düsseldorf, Germany) equipped with a 4x or a 10x 
objective (CFI Plan Fluor DL Phase; Nikon), V-2A, TexRed, Cy3, 
Cy5, and FITC filter sets (Nikon), and a CCD camera ORCA-Flash 
4.0-LT (Hamamatsu Photonics, Hamamatsu City, Japan). 

Autofluorescence was evaluated by taking fluorescent images of 
the polyacrylate substrates with the different filter sets. 
Standard microscopic glass and plastic coverslips were included 
as controls. The mean grey value of the microphotographs was 
evaluated with the National Institute of Health ImageJ software 
[5]. The spheroid formation in the pyramidal microwells was 
documented by videomicroscopy, using the same microscope 
with a Stage Top Incubation System (ibidi) to ensure stable cell 
culture conditions for the duration of the experiment (37 °C, 5 % 
CO2, 80 % humidity). Phase contrast images were taken with the 
time-lapse interval of 30 min for 48 hours.  

4. Results and discussion 

4.1. Polyacrylate foils for application in biosensor disposables 
UV-imprinted polyacrylate films with double measuring 

chambers prepared in the costumized mold had a reproducible 
thickness of approximately 315 µm to 340 µm (mold cavity test 
mold 320 µm), which was tolerable for the following processing 
steps. Variation of thickness could be further reduced by a fully- 
instead of semi-automatized molding step, which is planned for 
the future. Transparency of the tested polyacrylate foils was 
comparable to that of hot-embossed PC foils according to the 
optical evaluation as well as the detection of the registration 
marks. However, it depends on the quality and surface 
roughness of the tool, as well as from the acrylate compostition 
itself. The same applies to shrinkage. 

The tested polyacrylate foils were characterized by a high 
molding quality of the microstructures, which was reproducible 
for small series of replication. Demolding defects in the resulting 
polyacrylate foils were reduced to a minimum due to the 
Dursan® coating of the tool and occurred independently from 
the replication order. Polymer residues, as particles or filaments 
at the walls, were discovered sporadically and could be removed 
by an ultrasonic cleaning step. In few cases, defects of the 
structure were found, such as missing segments of the walls or 
measuring chambers, which could be attributed to a damage of 
the non-adhesive coating over time. 

The tested polyacrylate foils showed an even filling of the 
double measuring chambers and wetting properties comparable 
to reference hot-embossed PC. Flow rates were in the range of 
80 % to 122 % with respect to reference PC and depended from 
the wettability of the polyacrylate material itself, deformation, 
proper sealing and defects of the polymer foil. Reproducibility of 
the filling performance was affected by leakages due to sealing 
failures, which were mainly caused by the shrinking of the 
polyacrylate foils (up to 2 %) during the UV-replication process.  

Crucial challenge in the development of the final acrylate 
mixture was the optimization of the mechanical properties – 
high stiffness and moderate flexibility without brittleness during 
cutting. Here, a huge improvement was achieved by applying 
Design of Experiments. The final polymer foils had a bending 
force of 140 N/mm (PC: 215 N/mm) and were stable in the 
following cutting/punching process.  

No significant aging of the foils was detected, neither after 
long-term incubation (several months) under ambient 
conditions, nor short-term thermal incubation (< one week) at -
20 °C or 65 °C. The acrylate mixture was stable over a period of 
60 days, i.e. molded foils of this mixture maintained their 
properties. 

The potential applicability for biosensor production was 
evaluated by amperometric measurements with sensors 
prepared from the optimized polyacrylate foil. It was 
demonstrated, that the optimized polyacrylate foil was 
biocompatible for the reaction mixture and that a substitution 
of the standard hot-embossed PC foil by a UV-imprinted 
polyacrylate foil is principally possible.  
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4.2 Polyacrylate foils for application in cell cultivation chips 

Optical properties of micro-structured polyacrylates  
To verify the suitability of the structured polyacrylate 

substrates for application in cell assays, which are generally 
based on optical documentation of cell behaviour by phase 
contrast or fluorescent microscopy, the optical properties of the 
structured substrates were evaluated (Figure 3).  

 

 
Figure 3 Fluorescent microscopy on microstructured polyacrylates. A: 
The microphotographs show a fibroblast spheroid in the 
400x400x800 µm microstructure in phase contrast (left), and the 
fluorescent signal of cell nuclei (blue), live cells (green), and nuclei of 
dead cells (red). Scale bar = 100 µm. B: The graph shows the background 
fluorescent signal of standard microscopic substrates (glass, plastic foil), 
and the structured polyacrylate foil in fluorescent channels that respond 
to commonly used fluorophores. The bars signify the measured mean 
grey value ± SEM (n=3). 
 

The autofluorescence was measured in the middle of the 
pyramidal microstructures without cells and should not be 
affected by the production process, but is dependent on the final 
thickness of the substrate. The evaluation of the mean grey 
value showed an increased fluorescence signal of the 
polyacrylates mainly in the blue channel, compared to the 
standard glass and plastic foil microscopic coverslips (Figure 3B). 
However, fluorescent microscopy of labelled cells in the 
microstructures showed that the background signal of the 
substrate did not significantly interfere with the imaging, and 
the cells could be easily  recognized by both phase contrast, and 
fluorescent microscopy (Figure 3A). The two microphotographs 
at the right of Figure 3A (live and dead staining) also show that 
the polyacrylate of the chosen formulation is biocompatible, as 
there was only a low number of dead cells in the centre of the 
spheroid. Parallel experiments with cells growing in a confluent 
2D layer on unstructured polyacrylate substrates showed an 
overall viability (i.e., the ratio of living cells) of > 98 %, which is 
comparable with the viability of cells growing on the standard 
glass or plastic microscopic substrates (data not shown). 

Functionality of the microstructured substrates 
L929 fibroblasts in a single cell suspension were seeded in the 

assembled µ-Slide III 3D Perfusion with the pyramidal 
microstructures, and the formation of the 3D cell aggregates was 
documented by time-lapse microscopy. As shown in Figure 4, 
the cells in the microwells clustered together fast, and formed 
compact, round spheroids within several hours after seeding. 
The spheroids remained stable for the whole duration of the 
experiment (48 hours). 

 

 
Figure 4 Spheroid formation in pyramidal microstructures. The 
microphotographs show the 3D aggregate of L929 fibroblast at the 
beginning of the time-lapse experiment (ca. 30 min after cell seeding), 
and after 4, 24, and 48 hours. Within several hours, the cells formed a 
compact spheroid which remained stable for the entire duration of the 
experiment. Scale bar = 100 µm. 

 

The suspension cells Jurkat were seeded in the channel chips 
assembled with the single cell microwell array test substrates 
and cultivated for 14 days in standard cell culture conditions. 
After two weeks, the cells were stained with a live and dead 
staining solution to asses their viability. Figure 5 shows that the 
majority of the cells in the microstructures were alive (green). At 
the end of the experiment, some of the microstructures were 
occupied with more than one cell, although the initial occupancy 
was one cell per well in most of the microstructures. This is the 
result of cell division that took place in the microstructures 
during the time of the experiment. 

 
Figure 5 Immobilization of suspension cells in the single cell 
microstructures. The merged microphotograph shows the Jurkat cells 
after 14 days cultivation in the 30x30x30 µm square microstructures. 
The living cells were labelled green, and the dead cells red. The 
microphotograph shows the phase contrast image of the substrate with 
the microwells. Scale bar = 100 µm. 

5. Summary 

Structured polyacrylate films have been successfully 
fabricated by a UV imprinting process using a customized mold. 
We were able to optimize the properties of the formed 
polyacrylate films, such as transparency, mechanical stiffness, 
low autofluorescence, and biocompatibility, with respect to 
their future application. Thus, the potential application of the 
optimized polymer films for use in biosensors could be 
demonstrated. 

The results of the cell tests showed that the structured 
polycrylates are suitable for application in cell-based assays. 
Formation of 3D cell spheroids could be observed in pyramidal 
microwells, and suspension cells could be immobilized and 
cultivated in arrays of small, single-cell microwells. 
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Abstract 

Due to the good strength properties and high hardness, components made of cemented carbide are used in various industrial sectors 

as key components, e.g. mould making and matrices. Precision cemented carbide parts are mainly machined by milling and electrical 

discharge machining (EDM).  Nevertheless, long machining times and excessive tool wear are remaining challenges at the state of the 

art. A promising approach to overcome these challenges is the machining of precise cemented carbide parts using a process chain 

consisting of near-net-shape laser powder bed fusion (LPBF) and subsequent finishing using a dedicate diamond slide burnishing 

process. Within previous investigations a geometrical accuracy of ag ≤ 10 µm and a reduction of the surface roughness by Ra = 89 % 

could be achieved. Within this work plastic deformation induced by the diamond slide burnishing and the effects on the material 

properties in the surface area were investigated, e.g. residual stresses. For this purpose, the lattice distortion of the metallic cobalt 

phase was measured by X-ray diffraction using high-energy synchrotron radiation. In addition, the height profile of the residual 

stresses was also recorded in distances of d = 3 µm to obtain information about the depth effect of the diamond slide burnishing 

process. Based on the investigations an increase of the residual compressive stresses could be obtained. This shows a particularly 

positive effect especially for additively manufactured components, as these often show a slight porosity and higher surface roughness 

as conventional manufactured components. In this way, crack propagation can be prevented and the fatigue strength can be 

increased. 

 
keywords: additive manufacturing, diamond slide burnishing, residual stresses, X-ray diffraction   

 

1. Introduction 

Additive manufacturing (AM) processes enable lightweight 

designs of highly complex metallic workpieces and ensure an 

increasingly important saving of resources and energies. 

Nevertheless, AM processes are limited regarding the 

achievable surface roughness values 5 µm ≤ Ra ≤ 15 µm, the 

geometrical accuracies ag as well as the occurring residual 

stresses σR. Due to increasing demands on the properties of 

additively manufactured workpieces, the development of 

innovative process chains is essential [1]. For this purpose, a 

dedicated process chain composed of near-net-shape AM 

followed by the diamond slide burnishing (DSB) as a  

precision finishing technology was developed in previous 

investigations [2]. This allowed to drastically improve the 

surface roughness values as well as the geometrical 

accuracies ag in a single digit micrometer range. Based on these 

results, an extensive analysis of the material properties of AM 

manufactured as well as post processed parts with regard to the 

occurring residual stresses σR was carried out in this study. 

2. Experimental Setup 

For manufacturing of precision cemented carbide parts a 

dedicated process chain and sequence composed of near net 

shape AM by LPBF followed by DSB as a precision finishing 

process was used. For better comprehensibility, the process 

sequence is schematically illustrated in Figure 1. The used part 

material was a cemented carbide with a cobalt percentage of 

17 % and a grain size in a range of 23 µm ≤ gs ≤ 40 µm.  

 
Figure 1. AM process sequence with DSB as post process 

Table 1 shows the used initial sets of LPBF process parameters. 

Table 1. Investigated LPBF process parameters 

 Process parameters Part 1 Part 2 

 Pre-heating hp 500 °C 500 °C 

 Laser power pL 80 W 310 W 

 Energy density ρE 222 J/mm3 1,722 J/mm3 

 Speed vL 0.4 m/s 0.2 m/s 

 Pulsation pu Const. Const. 

 Point distance lP 8 µm 4 µm 

 Exposure time tE 20 µs 20 µs 

For the LPBF process the machine tool RenAM 500 Q HT  

of the RENISHAW GMBH, Pliezhausen, Germany, was used. The 

DSB of the near-net-shape AM parts were carried out on the  

5-axis-high-precision-machine tool HSC MP7/5 of the company 

EXERON GMBH, Oberndorf, Germany, with a dedicated DSB tool 

made of single crystal diamond with a radius of r = 1.5 mm from 

vS

base plate support

laser beam

LPBF manufacturing process

vf

DSB post processing

DSB tool

AM surfaceDSB surface
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the company BAUBLIES AG, Renningen-Malmsheim, Germany. For 

post processing of the surface, a process force fP = 140 N was 

applied. The measurements of the surface roughness values 

were carried out with the surface roughness measurement 

device nanoscan 855 of the company JENOPTIK AG, Jena, 

Germany. To measure the residual stresses σR of the additively 

manufactured parts as well as the post processed parts, 

transverse sections with a thickness dS = 1 mm were prepared. 

Diffraction measurements were subsequently carried out at the 

"DEUTSCHES ELEKTRONEN-SYNCHROTRON" (DESY), Hamburg, Germany. 

The measurement points (MP) were realised at distances of 

dM = 3 µm, dM = 6 µm and dM = 9 µm from the surface with a 

beam energy of EB = 66.6 keV and a probe distance of 

aP = 1.15 m. The evaluation was based on the lattice distortion 

of the cobalt phase, which enables a calculation of the occurring 

residual stresses σR [3]. 

3. Experimental investigations 

Within the investigation of the dedicated process chain for 

manufacturing of precision cemented carbide parts composed 

of AM and the DSB two different LPBF parameter sets were 

evaluated, see Table 1. To gain extensive knowledge about the 

influence of the material part conditions regarding the DSB, two 

different parts with high and low relative densities ρrel were 

analysed. As a result of the investigations the cemented carbide 

parts showed different specific properties regarding the surface 

roughness as well as the residual stresses σR. Correlating to 

Table 1 specimens of class ′part 1′ showed a surface roughness 

of Ra = 11.43 µm paired with a relative density ρrel = 78.27 % 

and specimens of class ′part 2′ of Ra = 13.41 µm paired with 

ρrel = 89.94 % after the LPBF. Figure 2 illustrates the findings of 

the measurements of the residual stresses σR.  

 
Figure 2. Results of the measurements of residual stresses σR  

Both investigated parts show slight residual tensile stresses in 

the range of 103 N/mm² ≤ σR,t ≤ 201 N/mm² in the initial state 

after LPBF. The results of the investigations show a great 

influence of the initial part conditions after LPBF on the DSB. The 

DSB enables a transformation of the existing residual tensile 

stresses σR,t  into residual compressive stresses σR,c. The 

development of the residual compressive stresses σR,c as a 

function of the measuring depth dM shows a slightly decreasing 

development for both parts. Using the DSB for specimens  

of class ‘part 1’ residual compressive stresses of 

σR,c = -5.364 N/mm² could be obtained, which correlates to an 

increase of 2,600 %. In general, specimens with lower relative 

density ρrel and higher porosity after LBPF result in higher 

residual compressive stresses σR,c and enable a more effecitive 

post-processing by DSB. Furthermore, the initial specimen 

conditions after LBPF also show an influence on the post-

processing concerning the achievable surface roughness. The 

DSB enables a reduction of the surface roughness value of 

‘part 1’ from Ra = 13.41 µm to Ra = 1.48 µm and of ‘part 2’ from 

Ra = 11.43 µm to Ra = 2.87 µm. Due to a higher porosity after 

LBPF, the cobalt phase in the micro-structure could be 

significantly more deformed. This leads to a higher density ρ, 

which correlates to higher residual compressive stresses σR,c 

compared to a lower achievable surface roughness. To show the 

deformation mechanisms during the post processing by DSB, the 

specimens of ‘part 1’ and ‘part 2’ after LBPF as well as after DSB 

are visualised in Figure 3. 

 
Figure 3. Cross section of AM parts in initial state and after DSB 

In detail, the forming mechanism depends on the near-surface 

porosity after LBPF as well as the micro-scale fractures of the 

tungsten carbide particles during DSB. Based on the results, a 

dedicated process chain for the manufacturing of precision 

cemented carbide parts with industrial needed compressive 

residual stress states σR,c could be proven.  

4. Conclusion and further investigations 

The findings indicate the interdependency of the LPBF process 

parameters and the related DSB concerning the achievable 

material properties. It could be proven that the initial specimen 

conditions after LPBF influence the achievable residual 

compressive stresses σR,c and surface roughness values. AM 

parts with lower densities ρ enable a more effective 

deformation behaviour of the cemented carbide parts. The DSB 

enables a unique transformation of residual tensile 

stresses σR,t  into residual compressive stresses σR,c. According to 

the results, residual compressive stresses of σR,c = -5.364 N/mm 

could be identified, which correlates to an increase of 2,600 % 

to the initial state. Furthermore, the surface roughness could be 

reduced to Ra = 1.48 µm, which leads to an improvement of 

89 %. As a result, a dedicated process chain was successfully 

developed, which enables the production of application-specific 

additively manufactured parts made of cemented carbide. 

Further investigations address the Additive Manufacturing of a 

dedicated material micro-structure with a high-density ρ core 

and a low-density ρ surface area to optimize the material 

strength and the achievable residual stress state σR and surface 

roughness (Figure 4).  

 
Figure 4. Dedicated material micro-struture for precise AM carbide 

parts 
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Abstract 
Leafsprings are commonly used in flexure mechanisms to enable repeatable motion and provide support stiffness. In various 
applications, the torsional stiffness needs to be increased. This paper presents the concept of using warping constraints distributed 
along the leafspring to increase the torsional stiffness relative to the stiffness in other directions. A beam-based model of nonuniform 
torsion is used to estimate the relationship between the geometrical design parameters and the expected increase in torsional 
stiffness. The model predicts that an order of magnitude increase in stiffness is feasible. Compared to other solutions, the distributed 
warping constraints have a less obtrusive shape that offer more design freedom.  
 
Flexure mechanism, leaf spring, warping, torsion stiffness, twisting, constraints 

1. Introduction 

Leafsprings are common components of flexure mechanisms 
[1-5]. Their slender shape enables repeatable motion in the 
three directions of low stiffness, while constraining motion in 
the three directions of high stiffness. As the torsional stiffness is 
relatively low, twisting motion is generally considered one of the 
three unconstrained degrees of freedom (DOFs). In some 
applications, it may be desirable to increase the torsional 
stiffness of the leafspring relative to the stiffness in the two 
other DOFs.  

In this paper, we present the use of distributed warping 
constraints to significantly increase the torsional stiffness 
relative to the stiffness in the other directions, essentially 
yielding a torsionally stiffened leafspring with only two DOFs 
remaining. 

These warping constraints may eliminate the need for 
additional flexures that would otherwise serve as torsional 
constraints. Other applications are flexure mechanisms with a 
large range of motion, in which the support stiffness tends to 
deteriorate with deflection due to unwanted torsional 
compliance. 

Existing solutions for increasing the torsional stiffness include 
reinforced midsections [5], the infinity flexure [6-7] and a cell-
based metamaterial [8]. Compared to these solutions, the 
distributed warping constraints of the present work have a less 
obstructive shape, offering more design freedom and 
application-specific tailoring. 

This paper establishes the design concept and provides a 
theoretical model for the mode of action and the design 
parameters that are involved. 

2. Warping      

A leafspring can be considered as a slender structure with 
rectangular cross-sections. When it is subjected to a torsional 
moment, the cross-sections rotate and warp [9-10]. The warping 
of the cross-section is of interest, because it affects the torsional 

stiffness of the leafspring and it can be influenced by design 
choices. 

If all cross-sections are free to warp, the torsion angle changes 
linearly over the length of the beam. However, if a cross-section 
is constrained from warping, additional normal and shear 
stresses develop in the vicinity of the constraint. These stresses 
require additional torque for the same torsion angle and 
essentially increase the torsional stiffness.  

Warping can be constrained by a section with a large warping 
stiffness, such as the clamps or fillets commonly present at the 
ends of a leafspring. Since the additional stresses in the 
leafspring vanish at a distance from the warping constraint, the 
effect on the torsional stiffness is nontrivial and dependent on 
geometrical parameters. 

3. Beam-based stiffness model 

When the additional stresses due to warping constraints are 
significant, the torsion angle no longer changes linearly over the 
length of the beam and the St. Venant uniform torsion model 
loses validity. Instead, the torsion angle 𝜙𝑥(𝑠) can be modeled 
by the ordinary differential equation [9-11] 

𝐺𝐽
𝑑2𝜙𝑥

𝑑𝑠2
− 𝐸𝐼𝑤

𝑑4𝜙𝑥

𝑑𝑠4
= 0 (1) 

where 𝐸 is Young’s modulus, 𝐺 the shear modulus and 𝑠 the 
coordinate along the beam’s neutral line ranging from 0 to 𝐿. 
The St. Venant torsion constant for a wide rectangular beam 
with width 𝑤 and thickness 𝑡 can be approximated by 

𝐽 ≈
1

3
𝑤𝑡3 (2) 

and the warping constant by 

𝐼𝑤 ≈
1

144
𝑤3𝑡3 (3) 

The torsional moment at a position 𝑠 is given by 

𝑀𝑥(𝑠) = 𝐺𝐽
𝑑𝜙𝑥

𝑑𝑠
− 𝐸𝐼𝑤

𝑑3𝜙𝑥

𝑑𝑠3
(4) 

The quantity 

𝐵(𝑠) = 𝐸𝐼𝑤
𝑑2𝜙𝑥

𝑑𝑠2
(5) 
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is referred to as the bimoment and represents the stress 
resultant associated with the additional stresses due to warping 
constraints. If warping is free, then 𝐵 = 0. If warping is perfectly 
constrained, i.e. with infinite warping stiffness, then 𝜙𝑥

′ = 0, 
where a prime denotes differentiation with respect to 𝑠.  

To obtain the stiffness matrix, the ODE can be solved for the 
torsion angle by supplying the four boundary conditions 

𝜙𝑥(0) = Φ0 
𝜙𝑥

′ (0) = 𝑊0 
𝜙𝑥(𝐿) = ΦL 
𝜙𝑥

′ (𝐿) = 𝑊𝐿  
The stiffness matrix can be found by substituting the solution 

for 𝜙𝑥(𝑠) in equations 4 and 5, and evaluating the torsional 
moment and bimoment at both ends 𝑠 = 0 and 𝑠 = 𝐿. This 
yields 

[

𝑀0

𝑀𝐿

𝐵0

𝐵𝐿

] = 𝑲 [

Φ0

Φ𝐿

𝑊0

𝑊𝐿

] (6) 

The full expression of stiffness matrix 𝑲 is given in the appendix. 
Each matrix component depends on 𝐺, 𝐽, 𝐿 and 𝜆. Here, the 
dimensionless parameter 𝜆 has been introduced. It is given by 

𝜆 = 𝐿√
𝐺𝐽

𝐸𝐼𝑤
≈

𝐿

𝑤
√

24

1 + 𝜈
(7) 

and relates the warping stiffness 𝐸𝐼𝑤  to the uniform torsion 
stiffness 𝐺𝐽. It can be interpreted as a spatial decay rate for the 
warping stresses. 

For the present discussion, we isolate component 2,2 
(𝑑𝑀𝐿/𝑑Φ𝐿) from 𝑲 and consider it to be the torsional stiffness 
in the presence of perfect warping constraints at both ends (i.e. 
𝑊0 = 𝑊𝐿 = 0). It is given by 

𝑘𝑥 =
𝐺𝐽

𝐿
(

𝜆

𝜆 − 2 tanh (
𝜆
2
)
) (8) 

Since the torsional stiffness in the case of free warping is 𝐺𝐽/𝐿, 
we can see that the warping constraints lead to a stiffening 
factor of 

𝛾 =
𝜆

𝜆 − 2 tanh (
𝜆
2
)

(9) 

as shown in figure 1 for 𝐿/𝑤 ratios from 1/4 to 15 and 𝜈 = 0.3. 
This range corresponds with 𝜆 from 1 to 64. It can be seen that 
the stiffness remains unaffected for slender beams with a large 
𝐿/𝑤 ratio (i.e. a large decay rate 𝜆), but strongly increases for 
shorter beams.  

 
Figure 1. Increase in torsional stiffness due to constrained warping, 
based on a beam model for nonuniform torsion in leafsprings. 

 4. Distributed warping constraints 

This paper introduces the idea of using a number of warping 
constraints distributed along the leafspring’s length dimension, 
in order to increase the total torsional stiffness. Each warping 
constraint represents a local increase in warping stiffness that 
hinders torsional deformation. This reinforced leafspring can be 

regarded as a series of very short clamped-clamped leafspring 
segments with warping constrained at both ends. Each segment 
has a small spatial decay rate 𝜆 (i.e. a small length-to-width 
ratio), such that the warping stresses cannot significantly 
diminish over the length of the segment. 

Figure 2 shows a 3D-printed prototype of a 150 x 50 x 1 mm 
leafspring with 14 local warping constraints, effected by 14 
segments of 20 x 2 mm distributed equally along the length. 

 
Figure 2. Photograph of a leafspring with distributed warping 
constraints. 
 

 
Figure 3. Schematic of the leafspring with distributed warping 
constraints. 

 
 
4.1. Perfect-constraint model    
The theoretical stiffness increase, an upper bound based on 

the perfect-constraint model of the previous section, can be 
obtained by considering the reinforced leafspring as a series 
connection of 𝑁 individual torsion compliances 1/𝑘𝑥, see figure 
3. The length of each segment is 𝐿/𝑁. Each segment is 
comprised of the warping constraint with length 𝛼𝐿/𝑁 and a 
flexible part with length (1 − 𝛼)𝐿/𝑁. With this definition, 𝛼 
represents the fraction of the total leafspring length 𝐿 that is 
used by the warping constraints. 

The total stiffness of the reinforced leafspring is given by the 
reciprocal sum 

𝑘𝑥,reinf = (
1

𝑘𝑥,1
+ ⋯+

1

𝑘𝑥,𝑁
)

−1

(10) 

which, for identical segments, reduces to  

𝑘𝑥,reinf =
𝐺𝐽

𝐿(1 − 𝛼)
(

𝜆𝑒

𝜆𝑒 − 2 tanh (
𝜆𝑒

2
)
) (11) 

This expression takes the same form as the one for the regular 
leafspring (equation 8). Parameter 𝐿 still represents the total 
length of the full leafspring, but now the stiffening factor (figure 
1) for the entire reinforced leafspring is dependent on 𝜆𝑒, which 
is the decay rate of a single segment. It is given by 

𝜆𝑒 =
𝐿(1 − 𝛼)

𝑁𝑤
√

24

1 + 𝜈
(12) 

Equations 11 and 12 show how the design parameters affect 
the stiffness increase that can be obtained with the reinforced 
leafspring. Comparing with equation 7, the ratio 𝐿/𝑤 plays the 
same role as for the regular leafspring, but we also see that 
increasing the number of constraints 𝑁 drastically reduces the 
spatial decay rate and hence, as per figure 1, increases the 
torsional stiffness. 

𝑘𝑥 
𝑘𝑥 

𝑘𝑥 
𝑘𝑥 

𝐿 

𝛼𝐿/𝑁 

(1 − 𝛼)𝐿/𝑁 
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Figure 4. Torsional stiffening factor due to warping constraints, equally 
distributed over the leafspring. 

 
Figure 4 shows the stiffening factor, expressed as 𝑘𝑥,reinf  

normalised with 𝐺𝐽/𝐿 (the stiffness in the free-warping case), for 
various numbers of constraints 𝑁.  

 
Figure 5. Profile of torsion angle 𝜙𝑥(𝑠) as a function of the length 
coordinate for various numbers of warping constraints 𝑁. The black dots 
indicate the location of the warping constraint, where locally 𝜙𝑥

′ = 0. 
 
Figure 5 shows the torsion angle 𝜙𝑥(𝑠) as a function of the 

length coordinate 𝑠, based on the solution of equation 1 (see 
appendix). The dimensions and material parameters can be 
found in the appendix. Graphs for various numbers of 
constraints have been plotted; in all cases the same torsional 
moment has been applied. The warping constraint length 𝛼 has 
been set to 0. In the free-warping case, the torsion angle varies 
linearly with 𝑠 and achieves the largest value of all cases at the 
end at 𝑠 = 𝐿. When perfect warping constraints are present, the 
torsion angle has zero slope locally, retarding the progression of 
twist, leading to smaller torsion angles at the end and to a larger 
stiffness. 

 
4.2. Finite-length perfect-constraint model    
Parameter 𝛼 represents the length of the warping constraint 

segments relative to the flexible length. An ideal warping 
constraint would provide infinite stiffness and have zero length 
(𝛼 = 0), but in reality both will be finite. When 𝛼 > 0, the 
effective flexible length decreases and the torsional stiffness 
increases (also see figure 4). While that is a desirable property, 
it will also lead to a larger stiffness in the two intended DOFs of 
the leafspring. Bending stiffness 𝐸𝐼/𝐿 becomes 𝐸𝐼/(𝐿(1 − 𝛼)), 
which may either be acceptable or should be compensated for 
by a smaller thickness 

𝑡 =
2𝜎max𝐿(1 − 𝛼)

𝜙𝑧,max𝐸
(13) 

to ensure the same bending stress levels 𝜎max given a certain 
prescribed bending rotation angle 𝜙𝑧,max. Similar considerations 

can be had for the compliant translational direction.   

5. Discussion 

Realistic warping constraints will have a finite length and a 
finite warping stiffness. As the beam-based model of section 4 
assumed an infinite warping stiffness, it serves as an upper 
bound for the achievable stiffness increase. Some error is 
incurred here, since the individual segments have very small 
length-to-width ratios, which are pushing the limits of validity of 
beam theory. It is conceivable that plate-like effects, such as the 
nonlinear Wagner torque for larger torsion angles and 
constrained anticlastic bending [12-14], will play a role as well. 

Stress considerations will limit the number and the length of 
the warping constraints that can be implemented, representing 
another bound on the maximally achievable stiffness increase. 

The optimal shape of the warping constraints themselves has 
not been discussed in this paper. It will be an application-specific 
trade-off, since adding too much mass may hinder dynamic 
performance, using up too much volume may cause self-collision 
depending on the intended range of motion in the DOFs, and 
intricate shapes may be hard to manufacture, even with additive 
manufacturing.  

Depending on the load case of the leafspring, equally spaced 
warping constraints may not be ideal. For instance, if the applied 
load is not a pure torsional moment, but instead a lateral force 
that causes a varying internal torsional moment when the 
leafspring is bent, warping constraints could be concentrated 
around where the torsional moment is largest. This could 
mitigate some of the support stiffness decrease observed in 
large range of motion flexures, which can be due to undesired 
torsional compliance [13,15]. 

Experiments to validate this model and design considerations 
for the shape of the warping constraints are topics for future 
work. 

6. Conclusion 

This paper has presented the concept of using warping 
constraints distributed over a leafspring’s length to increase the 
torsional stiffness relative to the stiffness in other directions. A 
theoretical foundation has been established by means of a 
beam-based stiffness model. The model predicts that a 
stiffening factor of an order of magnitude is feasible. Reinforcing 
leafsprings this way can be useful since the warping constraints 
offer a lot of design freedom that can be leveraged for the 
specifics of an application. It has practical relevance since there 
are numerous flexure mechanism cases where torsional 
compliance is unwanted. 
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Appendix 

Torsion angle solution 
The solution of the ordinary differential equation with the specified boundary conditions is given by 
 

𝜙𝑥(𝑠) = 𝑐1
𝐿2

𝜆2
ⅇ

𝑥𝜆
𝐿 + 𝑐2

𝐿2

𝜆2
ⅇ−

𝑥𝜆
𝐿 + 𝑐3 + 𝑐4𝑥 

 
where 

𝑐1 =
𝜆 (𝐿(−1 + ⅇ𝜆 − 𝜆)𝑊0 + 𝐿 (1 + ⅇ𝜆(−1 + 𝜆))𝑊𝐿 + (−1 + ⅇ𝜆)𝜆(𝛷0 − 𝛷𝐿))

(−1 + ⅇ𝜆)𝐿2(2 + ⅇ𝜆(−2 + 𝜆) + 𝜆)
 

 

𝑐2 = −
ⅇ𝜆𝜆 (𝐿 (1 + ⅇ𝜆(−1 + 𝜆))𝑊0 + 𝐿(−1 + ⅇ𝜆 − 𝜆)𝑊𝐿 + (−1 + ⅇ𝜆)𝜆(𝛷0 − 𝛷𝐿))

(−1 + ⅇ𝜆)𝐿2(2 + ⅇ𝜆(−2 + 𝜆) + 𝜆)
 

 

𝑐3 =
𝐿(1 + ⅇ2𝜆(−1 + 𝜆) + 𝜆)𝑊0 + 𝐿(−1 + ⅇ2𝜆 − 2ⅇ𝜆𝜆)𝑊𝐿 + (−1 + ⅇ𝜆)𝜆 ((1 + ⅇ𝜆(−1 + 𝜆) + 𝜆)𝛷0 − (−1 + ⅇ𝜆)𝛷𝐿)

(−1 + ⅇ𝜆)𝜆(2 + ⅇ𝜆(−2 + 𝜆) + 𝜆)
 

 

𝑐4 = −
(−1 + ⅇ𝜆)𝐿𝑊0 + (−1 + ⅇ𝜆)𝐿𝑊𝐿 + (1 + ⅇ𝜆)𝜆(𝛷0 − 𝛷𝐿)

𝐿(2 + ⅇ𝜆(−2 + 𝜆) + 𝜆)
  

  

 
Stiffness matrix 
Stiffness matrix 𝑲 is given by 
 

[
 
 
 
 
 
 
 
 
 
 
 
 −

𝐺𝐽𝜆

𝐿𝜆 − 2𝐿tanh[
𝜆
2]

𝐺𝐽𝜆

𝐿𝜆 − 2𝐿tanh[
𝜆
2]

𝐺𝐽

2 − 𝜆coth[
𝜆
2]

𝐺𝐽

2 − 𝜆coth[
𝜆
2]

−
𝐺𝐽𝜆

𝐿𝜆 − 2𝐿tanh[
𝜆
2
]

𝐺𝐽𝜆

𝐿𝜆 − 2𝐿tanh[
𝜆
2
]

𝐺𝐽

2 − 𝜆coth[
𝜆
2
]

𝐺𝐽

2 − 𝜆coth[
𝜆
2
]

𝐺𝐽

2 − 𝜆coth[
𝜆
2]

𝐺𝐽

−2 + 𝜆coth[
𝜆
2]

𝐺𝐽𝐿csch[
𝜆
2
]2(−𝜆cosh[𝜆] + sinh[𝜆])

2𝜆(−2 + 𝜆coth[
𝜆
2])

𝐺𝐽𝐿csch[
𝜆
2
]2(𝜆 − sinh[𝜆])

2𝜆(−2 + 𝜆coth[
𝜆
2])

𝐺𝐽

−2 + 𝜆coth[
𝜆
2
]

𝐺𝐽

2 − 𝜆coth[
𝜆
2
]

𝐺𝐽𝐿csch[
𝜆
2
]2(−𝜆 + sinh[𝜆])

2𝜆(−2 + 𝜆coth[
𝜆
2
])

𝐺𝐽𝐿csch[
𝜆
2
]2(𝜆cosh[𝜆] − sinh[𝜆])

2𝜆(−2 + 𝜆coth[
𝜆
2
]) ]

 
 
 
 
 
 
 
 
 
 
 
 

 

 

where csch represents the hyperbolic cosecant. 
 
Figure 5 details   
Leafspring dimensions are 100 x 30 x 1 mm. Young’s modulus is 210 GPa. Shear modulus is 70 GPa.  
The applied torsional moment is 0.1 Nm.  
 
 

 

 

122



 

          
 

 

 

euspen’s 22nd International Conference & 
Exhibition, Geneva, CH, May/June 2022 

www.euspen.eu  

Design of a large deflection compliant mechanism with active material for vibration 
suppression  
 
Bram Seinhorst1, Marijn Nijenhuis1, Wouter Hakvoort1 
  
1Precision Engineering, Faculty of Engineering Technology, University of Twente, Enschede, The Netherlands 
 
b.seinhorst@utwente.nl 

  
Abstract 
The control bandwidth of a flexure mechanism is typically limited by parasitic resonance frequencies with low structural damping. 
Such resonances can be suppressed by including active material in the mechanism, which is used to dissipate energy at specified 
frequencies. The active material is typically placed in areas with high strain, in order to obtain the highest possible coupling and 
therefore dissipation. However, due to the low ultimate strain of some common active materials, the included active material will 
limit the deflection of the mechanism. In this work we introduce a design method that improves the closed-loop performance of a 
low pivot shift cross hinge mechanism by including active material in the leaf springs, without sacrificing the achievable deflection of 
the mechanism. The coupling between the active material and a selected undesired parasitic frequency is maximised by placing the 
material in locations with high modal strain. At the same time, the piezoelectric patches are only included in regions where the strain 
due to the nominal deflection is limited, such that the maximum deflection of ± 15 degrees is maintained. Using the patches as 
sensors and actuators, positive position feedback control is applied. Using simulations, it is shown that a selected resonance peak 
can be decreased by 16.3 dB for the considered mechanism, enabling 88% higher bandwidth. 
 
Damping, Distributed, Mechatronic, Mechanism  

 

1. Introduction 

Compliant mechanisms are widely used in precision 
applications due to their high predictability and repeatability [1–
3]. However, the inherent lack of damping in compliant 
mechanisms can lead to high resonance peaks, which can be 
detrimental for the mechanism closed-loop performance. As a 
result, vibration suppression in compliant mechanisms is an 
extensively studied problem.  

Recently, vibration suppression using active metamaterial has 
gained traction as a research topic. Greater design flexibility and 
tunability are mentioned as important advantages over passive 
techniques, such as viscous damping or tuned mass dampers. 
Early research has focussed on suppressing vibrations in beam 
structures and leaf springs [4–8]. Typically, piezoelectric patches 
are used as active material. The patches couple the deformation 
of the beam to the applied or measured voltage. As a result, the 
patches can be used both for sensing and actuation.  

The conventional approach is to place the active material in 
locations where the modeshapes result in high strain. This 
results in the greatest possible coupling between the applied 
voltage and the vibration mode [8]. However, this approach is 
not directly portable to all flexure mechanisms since the nominal 
deflection of the mechanism may lead to high strains in the 
piezoelectric material, causing performance degradation or 
failure. Additionally, the modeshapes might change with larger 
deflections. 

In the first part of this work, we propose a design method for 
placing active material in compliant mechanisms, where the 
piezoelectric material is placed in locations with low nominal 
strain and high strain due to parasitic vibrations. A large 
deformation cross hinge mechanism designed for minimal pivot 
shift is considered as a case study [9]. It is shown that placing 

active material at the base of the leaf spring will result in high 
coupling with the first relevant vibration mode, enabling 
sensing, actuation and suppression of this vibration mode. At 
the same time the achievable deflection of the mechanism is 
maintained.  

In the second part, the performance of the mechanism with 
positive position feedback control (PPF) [10] is investigated. The 
multibody software package SPACAR [11] is used to determine 
the behaviour of the mechanism in deflected state. Using PPF, it 
is shown that theoretically the peak height of the 5th resonance 
can be suppressed by 16.2 dB. It is shown that this leads to an 
increase in bandwidth of 88%. 

2. Cross hinge case      

A typical cross hinge as depicted in figure 1 is considered. The 
hinge consists of three leaf flexures, connected to an aluminium 
end-effector mass. The angle between the leaf springs is 45° and 

the springs cross at 0.5 + √5/6 of their length. This crossing 
point results in the lowest possible pivot shift [9,12]. Other 
dimensions and the leaf spring material properties are listed in 
table 1. The hinge is assumed to be actuated by an ideal torque 
𝜏 and the rotation angle 𝜃 of the end-effector body is measured. 

 
Figure 1: The considered cross hinge. A) The hinge in undeflected 

state. B) The hinge in deflected state. 
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The open loop Bode diagram of the transfer from 𝜏 to 𝜃 is 
shown in figure 2. A delay of 1 ms is included to take typical 
sampling behaviour into account. Furthermore, modal damping 
of 0.5% is assumed to represent natural damping in the 
mechanism. When the mechanism is deflected, a collocated 
parasitic resonance at approximately 900 rad/s starts to affect 
the open loop behaviour of the system. The modeshape 
corresponds to a rotation of the body around the centre of mass. 
The associated peak in the Bode diagram can be detrimental for 
the phase and gain margins of a feedback controller and can lead 
to significant noise amplification. In the remainder of this work 
it will be shown that the resonance peak can be significantly 
decreased by strategically placing piezoelectric patches. 

 
Table 1: Cross hinge dimensions and properties. 

 

Leaf spring width 45 mm (2×) and 90 mm (1×)  
Leaf spring thickness 0.5 mm  
Leaf spring Young’s Modulus 200 GPa  
Leaf spring Poisson’s ratio  0.3  
Leaf spring Length √2 ∙ 80 mm  
End-effector size 200 × 80 × 50 mm  
End-effector density 2700 kg/m3  

 

 
Figure 2: The Bode diagram from torque to rotation for different 

deflections. Modal damping of 0.5% is assumed. Additionally, a delay of 
1 ms is included to take typical sampling behaviour into account.  

3. Nominal and modal strain      

We would like to investigate vibrations of the cross-hinge in 
deflected state. We start with the equations of motion. Using 
SPACAR, the equations of motion can be determined. These are 
given by 

 𝑀(𝑥)�̈� = 𝑓(�̇�, 𝑥) + 𝐵(𝑥) 𝜏(𝑡), (1) 

 𝜃 = ℎ(𝑥). (2) 

Where 𝑥, �̇� and �̈� ∈ ℝ𝑁 are the generalised coordinates, 
velocities and accelerations, 𝑀(𝑥) ∈ ℝ𝑁×𝑁  is a mass matrix, 
𝑓(�̇�, 𝑥) ∈ ℝ𝑁  contains the internal reaction forces, 𝜏(𝑡) ∈ ℝ1 is 
the applied torque, 𝐵(𝑥) ∈ ℝ𝑁×1 relates the torque to the 
generalised forces dual to 𝑥 and  ℎ(𝑥) is the measurement 
equation that returns 𝜃. 

We consider the static equilibrium in a deflected state of the 
mechanism 𝑥 = �̂�(𝜃), which is characterised by the rotation of 

the end effector 𝜃. We allow small vibrations around the 
deflected state, represented by: 

 𝑥 = �̂�(𝜃) + 𝛿𝑥 (3) 

This means we can solve for the generalised coordinates �̂� and 
linearise the equations of motion there: 

 0 = 𝑓(�̂�) + 𝐵(�̂�) 𝜏 (4) 

 𝑀(�̂�)𝛿�̈� + 𝐷(�̂�)𝛿�̇� + 𝐾(�̂�)𝛿𝑥 = 𝐵(�̂�) 𝛿𝜏 (5) 

 𝛿𝜃 = 𝐶(�̂�) 𝛿𝑥 (6) 

Where 𝐾 = −
𝑑𝑓

𝑑𝑥
 is the stiffness matrix, 𝐷 = −

𝑑𝑓

𝑑�̇�
 is the 

damping matrix and 𝐶(�̂�) =
𝑑ℎ

𝑑𝑥
 relates the change in angle 𝛿𝜃 to 

the small vibration 𝛿𝑥. Using the linearised equations of motion, 
the vibration modeshapes 𝑉𝑘(�̂�) and frequencies 𝜔𝑘(�̂�) can be 
determined. Hence, we can describe the variation in position of 
the mechanism as 

𝛿𝑥 =  𝑉𝑘  𝑐 sin(𝜔𝑘𝑡 + 𝜙). (7) 

Where 𝑐 is an arbitrary scaling factor and 𝜙 is an arbitrary 
phase shift.  

Additionally, we establish the relations between the strain in 
the leaf springs and the deflection: 

 
𝜖(𝑥) = 𝜖(�̂�) +

𝑑𝜖

𝑑𝑥
𝛿𝑥                                 

= 𝜖(𝜃) +
𝑑𝜖

𝑑𝑥
𝑉𝑘  𝑐 sin(𝜔𝑘𝑡)  

 

(8) 

From here on onward we will refer to 𝜖(𝜃) as the nominal 

strain and to 
𝑑𝜖

𝑑𝑥
𝑉𝑘 as the modal strain. Since the scale factor 𝑐 

can be arbitrary, absolute values of the modal strain will not be 
shown. 

The strain decomposition described above has been 
implemented using the flexible multibody software package 
SPACAR. In the next section the strain decomposition is used to 
determine suitable locations for piezoelectric patches. 

4. Piezoelectric sensor and actuator placement      

The allowable stress in the flexures is 600 MPa. Together with 
an assumed stiffness of 200 GPa this results in an allowed strain 
of approximately 3 mm/m. For piezoelectric material, the 
allowed strain is significantly lower. Here we assume a typical 
maximum strain of 1 mm/m. Furthermore, it is assumed that 
when a patch is applied to a leaf spring, the strain in the patch is 
equal to the strain at the surface of the leaf spring.  

Figure 3 shows the nominal strain at the surface of the leaf 
springs under 15° deflection.  

 

 
 

Figure 3: The nominal strain under a 15° end-effector rotation.  
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Figure 4: The modal strain due to the 5th resonance with 15° nominal 
deflection. The corresponding resonance frequency is 886 rad/s. A red 
colour indicates a large absolute strain, while a green colour indicates a 
low absolute strain. 

 
It can be seen in this figure that placing the patches at the parts 

of the leaf spring close to the end-effector is not feasible as the 
allowed strain will be too high.  

Having excluded the upper parts of the leaf springs as 
placement locations, we take a look at the modeshape 
associated with the parasitic mode and the resulting modal 
strain.  

In figure 4, red indicates a location of high modal strain and 
green a location with low modal strain. It can be seen that the 
modeshape leads to significant deformation at the base and 
top of the leaf spring. Since we have excluded the top, the 
bottom is selected for the placement of the piezoelectric 
patches, as shown in figure 5. 

The patches consist of a 0.1 mm slab of PIC255, a variant of 
the piezoelectric material lead zirconium titanate (PZT). The 
patches cover 1/5th of the length of the leaf spring. The steel 
core thickness is taken to be 0.45 mm such that a bending 
stiffness similar to the part of the leaf spring without patches is 
obtained. The other dimensions of the patches and the 
assumed material properties of PIC255 are summarised in table 
2. 

 

 
Figure 5: A) The placement of the patches. B) A cross section of the 

leaf spring with patches (not to scale). 

 
Table 2: Assumed material properties and properties of the sections 
with patches.  

 

Material PIC255 
   Voltage coefficient 𝑑31  −180 × 10−12 C/N  
   Density 𝜌  7800 kg/m3  
   Relative permittivity 𝜖11/𝜖0 1650  
   Relative permittivity 𝜖33/𝜖0 1750  

   Elastic compliance 𝑆11
𝐸  16.1 × 10−12 m2/N  

   Elastic compliance 𝑆33
𝐸  20.7 × 10−12 m2/N  

Patch thickness 0.1 mm  
Core thickness 0.45 mm  
Patch width 40 mm (2×), 80 mm (1×) 
Core width 45 mm (2×), 90 mm (1×) 

5. Positive position feedback control 

For each of the piezoelectric sections, we introduce a positive 
position feedback (PPF) controller [10]. The patches on the 
outside are used for measurement and the corresponding 
patches on the inside are used for actuation. The transfer 
function of a PPF controller is given by 

 
𝐶𝑝𝑝𝑓(𝑠) = 𝑘

𝜔𝑐
2

𝑠2 + 2𝜁𝜔𝑐𝑠 + 𝜔𝑐
2. 

(9) 

With 𝑘 being the gain of the controller, 𝜔𝑐  a resonance 
frequency, 𝜁 a relative damping coefficient and 𝑠 the Laplace 
variable.  

At 𝜔𝑐 , the controller has a phase of −90°. Since positive 
feedback is applied, at 𝜔𝑐 , the feedback may be interpreted as 
negative velocity feedback, or a damping force. Alternatively, 
the controller can be interpreted as a virtual tuned mass 
damper. The second order roll-off of the controller assures 
robustness against unmodelled high frequency behaviour. 
However, since the controller introduces negative stiffness at 
low frequencies, the gain 𝑘 can not be too large. For more 
information on PPF controllers in the context of active material 
the reader is referred to [10]. 

Since the three patches have a similar voltage to curvature 
coupling, the same controller can be used for all three patched 
leaf springs. The resulting control scheme is given in figure 6.  

After some manual tuning, the following parameters are 
chosen: 

 
𝑘 = 8 

V

V
 

(10) 

 
𝜔𝑐 = 910 

rad

s
 

(11) 

 𝜁 = 0.3 (12) 

The resonance frequency 𝜔𝑐  is chosen slightly higher than the 
problematic resonance frequency under 15° nominal rotation. 
Choosing the damping ratio rather large ensures that the 
controller will still perform reasonably well in frequencies close 
the chosen 𝜔𝑐 . The gain 𝑘 can be increased even further for 
better performance. However, this will result in the controller 
influencing the low frequency behaviour of the system by the 
negative stiffness.  

 

 
Figure 6: The proposed active vibration control of the patches. 

6. Results      

Figure 7 shows the simulated transfer from torque to rotation 
for different deflections with the PPF controllers enabled. The 
resonance peak at 15° deflection is reduced from −32.1 dB to 
−48.4 dB. The reduction is less for smaller deflections, however, 
the worst-case peak height is still obtained at 15° deflection. 
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Additionally, the phase drops more gradually, resulting more 
phase margin if a feedback controller is designed.  

 
Figure 7: The Bode diagram from torque to rotation for different 

deflections. (       ) Without active damping. (       ) with active damping. 
 

To assess the impact on the performance of the hinge, two PID 
controllers are designed. One controller is designed for 15° 
deflection without the active damping, and the other is designed 
for 15° deflection with active damping. The controllers are 
designed using the design method given in [13]. A phase margin 
of 45° and a gain margin of 6 dB are chosen. The open loop 
transfer functions of these controllers are shown in figure 8. For 
the system with active damping, a significantly higher cross-over 
frequency of 122.7 rad/s is achieved, while the undamped 
system only achieves 65.2 rad/s. 

 
Figure 8: The open loop Bode diagram for the cross hinge with and 

without active damping. The dotted lines indicate the locations at which 
the phase and gain margin can be evaluated. 

 

7. Conclusions, discussion and future work 

In this work we propose a method that places active material 
for damping of parasitic work in flexure mechanisms. As an 
example, we considered an actuated cross hinge. By 
decomposing the strain into nominal and modal strain, suitable 
patch locations are determined that result in high coupling 
between the modeshape and the patch voltage. At the same 
time, the relatively low strain limit of the patches is taken into 
account by placing the patches only in locations with low 
nominal strain. It is shown that when PPF controllers are used, 
the problematic resonance peak height is reduced by 16.3 𝑑𝐵. 

The simulations showed that active vibration suppression in 
large deformation flexures using active material can be feasible 
for  a  cross  hinge.  It  should  be  noted  that  more  conventional 
techniques, such as notch filters, could also be used to deal with 
the  showcased  resonance  frequency.  However,  notch  filters 
might not always be applicable, for example when dealing with

unobservable modes. Mechanical damping techniques, such as 
constrained layer damping or tuned mass damping, could result 

in a similar  performance increase. However, these techniques 

come with their own disadvantages in the form of creep, added 
 mass and other design constraints. 

In future research we hope to further optimise the design and 
investigate the effectiveness of the proposed active damping on 
other problematic resonances, such as support resonance 
frequencies. Ultimately, this could result in design methods and 
guidelines for the use and placement of active material in 
compliant mechanisms.  Furthermore, alternate control 
methods that might increase the effectiveness of the active 
material damping approach even further are also a topic of 
interest. 
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Abstract 
Adding nano fillers is an effective way to enhance the mechanical behaviour of polymer materials. Polyurethane (PU) foams are used 
widely in various applications due to their low density, however, they have poor mechanical properties. In this study, modified 
hexagonal boron nitride (h-BN) in combination with Multi-walled carbon nanotubes (MWCNTs) and graphene nanoplatelets (GNPs) 
were added to PU matrix both singly and binary to study their effect on mechanical properties. We demonstrated that even with 
small amount of fillers (%0.25 wt) there is an increase in tensile strength by 28% with annealed hBN. 
 
Polyurethene, hybrid nanocomposites, boron nitride, carbon nanotubes   

 

1. Introduction 
Polyurethane foams, which are economic due to their low 

density, are frequently used in a widespread range of 
applications, such as insulation goals, automotive and electronic 
industries. However, their applications are limited because of 
their poor mechanical properties. It seems attractive to modify 
PUs using nanoparticles to modify their mechanical properties 
[1-6]. h-BN possess high mechanical, physical, and thermal 
properties, having a wide band gap (electrical insulator) and 
better thermal stability due to high phonon effect [7-9]. 
Nanocarbon fillers such as MWCNT and GNP owing to their 
lightweight, high thermal conductivity and high aspect ratio are 
receiving significant attention. Improving the mechanical and 
thermal properties of PU could be achieved by structuring a 
proper 3D network in the polymere matrice via the mentioned 
nanofillers [10]. An effective approach for improving dispersion 
states of nanofiller can be hybrid inclusion of them in 
polyurethane matrix to further enhance mechanical properties. 

2.  Experimental 
PU is thermoset polymer obtaining via mixing its two 

components; polyol and isocyanate in a certain weight ratio 
(1:1.2, respectively; as supplyer suggestion). Nanofillers were 
added to the matrix during the polymerization process. 

  2.1. Materials 
The hBN that is used as nanofiller has a 790 nm dimension with 

purity of 99.7% . MWCNTs have an average diameter of 8–10 
nm, the length of 1–3 μm and purity of more than 92%. GNPs 
have 1.5 μm diameter and 3 nm thickness with purity of 99.9%. 

  2.2. Modification of nanofillers 
Nano materials generally need to be modified before mixing 

with polymer in order to prevent agglomeration and well-
dispersing throught the matrice. MWCNTs were functionalized 
with hydrogene peroxide (H2O2) as reported elswere [11]. hBN 
were surface-modified in order to attach hydroxide groups onto 
BN surfaces and obtain hydroxylatd BN (BN-OH). This 
modofocataion were done with three different methods to 
compare the effectivity of them. In first method, the 

modification were done with H2O2 in the way were 
accomplished for MWCNTs (H-hBN). In second method, a 5M 
sodium hydroxide (NaOH) solution was used to introduce OH 
groups to BN surface (N-hBN). In third method, hBN were placed 

in a furnace and heated up to 1000 C and waited for 2 hours as 
done elsewere (A-hBN) [12]. After each of modification 
processes, the obtained modified hBN rinsed with DI water and 
filtered with vacuum filtering for several times to ensure that no 
chemicals remained on the surface of hBN. After that, hBNs 

were dryed in a 70 C vacuum furnace. GNPs were not modified 
as it was not needed [10]. 

2.3. Preparation of nanocomposites 
As shown in Fig. 1 firstly, nanofillers were dispersed in polyol 

in three stages. In first stage nanofillers were mixed with polyol 
mechanically for 5 minutes; then the mixture was placed in 
ultrasonic bath for another 5 minutes and then mechanically 
stirred for 5 minutes again. After dispersion of nanofillers in 
polyol, isocyanate was added and the mixture poured into a 
mold and left to cure. The amount of the nanofillers in both 
singular and binary mixtures was fixed at 0.25% wt. The obtained 
nanocomposites then were cut to extract tensile test specimens. 

 

 
 

Figure 1.  The scheme of the nanocomposites fabrication steps. 

2.4. Characterization and instruments    
The specimens were cut in a CNC machine according to ISO 

1926 for tensile tests of rigid cellular plastics. Tensile properties 
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were performed on at least five samples of each nanocomposite 
using Shimadzu, UTS machine equipped with a 1 kN load cell 
under a strain rate of 5 mm/min at room temperature [11]. 

3. Results and discussion      

The results obtained from tensile tests are shown in Fig. 2. 
Note that hBN, H-hBN, N-hBN and A-hBN stand for unmodified, 
H2O2 modified, NaOH modified and Annealing modified hBN 
respectively. As could be seen from the results, all of the fillers 
have a positive impact on the tensile strength of PU. 

Amoung the singular hBN composites, Annealed hBN 
demonstrated the best result showing that the annealing 
modification had better effect than NaOH and H2O2. This was 
also visible during the washing process in DI water that the 
annealed hBN was the most dispersed one and almost no 
precipitation happened. Although, the annealing process had 
the least yield than others as some of the hBN was oxidized or 
broke apart in high temperatures and passed through the 
filteration membrane with porous size of 450 nm. After 
annealed hBN, NaOH modified hBN follows it with higher results. 
Again NaOH modification showed good dispersability in DI 
water. H2O2 modification showed no improvement in results as 
it was near the unmodified hBN composite. The composites of 
GNP and CNT showed similar results to unmodified hBN. 

For binary composites, it could be clearly seen that no synergic 
effect happened between the fillers as there is no increase in 
comparison to singular ones. The result with MWCNT and  H2O2 
modified hBN was slightly higher as both of them were modified 
with hydrogen peroxide. 

 

 
 

Figure 2.  Tensile strength of the nanocomposites. 
 

4. Conclusion 

Effect of adding of hexagonal boron nitride to polyurethane in 
both singular and binary with MWCNT and GNP were 
investigated. In order to examine the effectivity of different 
surface modification methods of hBN, three methods were 
tested and the results were compared with unmodified hBN. The 
annealed hBN had the best result with 28% improvement 
amoung the singular hBN fillers. Althogh its modification 
method had the least yield ratio than the others.  NaOH modified 
hBN was the following with 19% improvement. The result of the 
H2O2  modified hBN was similar to the unmodified hBN showing 
the less effectivity of modification. Pure hBN results was similar 
to the MWCNT and GNP fillers showing 12-15% improvement. 
The binary systems showed that there is no synergic effect 
between the fillers as the result was not higher than singular 
ones. A slight increase in MWCNT and H2O2 modified hBN could 
be relevent to same modification method of the fillers. 
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Abstract 
Ultraprecision machining is a key technology for manufacturing complex steel moulds with dimensional accuracies in sub-micrometer 
range for mass production of optical components using micro-injection moulding. According to the state of the art, during the 
machining of carbide-forming metals, such as steel alloys, used single crystal diamond tools suffer from excessive tool wear. In order 
to overcome this technological und economical limitation, ultrasonic-assisted ultraprecision machining is applied successfully in a 
broad range of industrial and scientifically applications. Based on the reduction of the contact time between the tool and the 
workpiece excessive chemical and related tribological tool wear can be avoided. Nevertheless, the cutting speed is strictly limited to 
deceed critical contact times. Therefore, the monitoring of the tool vibration characteristic and thus the process control is a major 
challenge and of current industrial and scientifically interest. To overcome these challenges a method for in-situ measurement of the 
ultrasonic vibration is currently being developed and first results are shown. Using the sophisticated ultrasonic system, developed by 
SON-X GMBH, Aachen, Germany, up to a frequency fUS ≥ 100 kHz the application of a dedicated eddy current sensor enabled the 
determination of the real path lines and the exact position of the cutting edge during the whole process with a displacement 
amplitude AD ≤ 1 µm. The results were subsequently verified by laser vibrometer measurements. As a result of the investigation, an 
elliptical path movement of the cutting edge in the longitude direction AD,y = ± 1.0 µm and in z-direction AD,z  = ± 0.34 µm could be 
determined using a frequency fUS ≥ 100 kHz. Based on this new measurement method, the vibration characteristic can be specifically 
varied and adapted to the application. In addition, a comprehensive scientifical knowledge of the process can be gained and used to 
improve tool wear models. 
 
Keywords: condition monitoring, diamond tool, ultrasonic frequency, ultra precision machining, displacement sensor   

 

1. Introduction 

 Ultrasonic-assisted ultraprecision machining enables the 
production of complex steel moulds for the mass production of 
optical components by micro-injection moulding. These steel 
moulds are typically machined with tools made of single crystal 
diamond, which are generally offered commercially as facet or 
radius tools with a rounded cutting edge radius of rβ ≤ 50 nm and 
radius waviness of WR ≥ 50 nm [1, 2]. Within the ultrasonic-
assisted turning process, the constant turning kinematics are 
superimposed on the highly dynamic component of ultrasonic 
vibration, which decisively influences the contact conditions for 
chip formation [3]. Due to the ultrasonic vibration the tool is in 
high-frequency cyclic contact with the rotating workpiece. This 
results in a crucial reduction of the chemical induced tool wear 
strongly related to tool contact times tc. Dedicated increases in 
vibration amplitude Aus and ultrasonic frequency fus result in 
higher kinetic energies ekin and enable an ultraprecision 
machining of brittle-hard materials [4]. State of the art ultrasonic 
systems do not enable a characterisation and control of cutting 
edge’s vibration with related limitations of undefined ultrasonic 
frequency fus during the machining. Any correlation between the 
displacement amplitude AD, the wear mechanisms, the surface 
roughness and process forces fp are unknown.  

To gain further knowledge and to enable a process-reliable 
and efficient ultrasonic-assisted ultraprecision machining shown 
equipment related limitations need to be overcome.  

Sophisticated sensor systems based on dedicated eddy current 
sensors are a promising approach for detection of ultrasonic 
frequencies of fus ≥ 100 kHz. Within this work the sensory basics 
for process monitoring and achieved results are shown.  
 

2. Experimental Setup 

2.1. Testing methods and devices  

For detection of cutting edge’s vibration during the machining a 
specific setup composed of a sonotrode as well as a sensor 
system was developed. The sonotrode enables the mechanical 
attachment of the oscillating quartz and the diamond tool, 
whereby ultrasonic frequencies of fus ≥ 100 kHz could be 
realised. Due to additional resonances affected by the 
sonotrode the occurring ultrasonic vibration can be further 
increased at the Tool-Center-Point (TCP), which enhances the 
efficiency and performance of the ultrasonic system. The 
schematic overview of the sensorised measurement setup is 
shown in figure 1. 

        
Figure 1.  Schematic overview of the sensorised measurement setup 
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To overcome state of the art challenges concerning the 
characterisation and control of cutting edge’s vibration 
dedicated sensor prototyps were developed by the company 
EDDYLAB, Otterfing, Germany. Based on the size and 
specifications, these sensors can be integrated into the 
developed sensor system of the company SON-X GMBH, Aachen, 
Germany, and enable the detection of vibrations with 
frequencies of fus ≥ 100 kHz. Within this investigation, three 
eddy current  sensors were used to measure the vibration 
characteristics in x-, y- and z-direction. Each sensor was 
calibrated and includes an associated probe driver. Using the 
active oscillating circuit of the sensor results in an alternating 
magnetic field, which enables the detection and recording of the 
distance-proportional eddy current losses with a sufficient 
frequency f. This type of sensor leads to a reduced amplitude A 
of the oscillating circuit in order to avoid unnecessary 
interferences. The mechanism is decoupled of the oscillating 
circuit and is integrated into the signal processing. The signal is 
acquired, transformed and visuelly evaluated by an oscilloscope. 
Since sensory detection is an application of indirect process 
monitoring and the sensors do not detect the TCP during 
processing, a transformation of the signal is required. The ideal 
mounting location for the sensors as well as the parameters to 
transform the signals from the measuring location to the TCP 
was determined through extensive preliminary testing. For this 
purpose, the mathematically evaluation of indirect 
measurements with the eddy current sensors were compared to 
time-synchronous and direct measurements of a laser 
vibrometer type OFV-503 of the company POLYTEC, Waldbronn, 
Germany, at the TCP. Based on the gained transformation 
parameters, the trajectory of the cutting edge during the 
machining could be determined indirectly. 

 

3. Experimental investigations 

According to the developed specific ultrasonic setup, the 
investigations were carried out in a dedicated lab to avoid 
additional interferences, which could influence the 
experimental results. During sonotrode’s vibration the cutting 
edge oscillated free without any contact to a workpiece. The 
three different eddy current sensors recorded the displacement 
amplitude AD  with an acquisition time ta = 1 ms. The results are 
visualised in figure 2 as a 2D-histogram of the TCP. 

    
Figure 2.  Displacement amplitude AD in TCP-coordinates 

 
 
 

The vibration of the piezo element shows an elliptical trajectory 
of the TCP with a maximum displacement amplitude in  
y-direction with a value of AD,y3 = ± 1.0 µm. Furthermore, the 
corresponding time-synchronous displacement amplitudes 
could also be measured with AD,x = ± 0.11 µm and 
AD,z = ± 0.34 µm. As expected, the main oscillation could be 
proven in the y-direction with a maximum amplitude A and a 
trajectory as an inclined straight line for the TCP. For a more 
precise assessment of the trajectory line with regard to the main 
vibration direction, an elliptical motion was selected concerning 
the same data set. The visualisation of the time dependent 
trajectory is shown in figure 3. 

   
Figure 3.  Time depended TCP-coordinates  

of the displacement amplitude AD,y and AD,z 

 

4. Conclusion and further investigations 

The aim of the investigation was the identification of suitable 
sensory fundamentals for a reliable process monitoring in 
ultrasonic-assisted ultraprecision machining. The findings  
show that the developed sensor prototypes by the company  
EDDYLAB, Otterfing, Germany, are suitable for the detection of 
ultrasonic vibration characteristics, while using the sophisticated 
ultrasonic sonotrode developed by SON-X GMBH, Aachen, 
Germany. As a result of the investigation, an elliptical trajectory 
of the cutting edge in main oscillation direction with a maximum 
amplitude of AD,y = ± 1.0 µm and in z-direction with an amplitude 
of AD,z = ± 0.34 µm could be proven using a frequency 
fus ≥ 100 kHz. 
Further investigations will address the development of a 
dedicated control system to modified and control the vibration 
amplitudes A according to the application. Based on the shown 
investigations the scientific knowledge as well as the process 
efficiency could be significantly improved.  
This work is supported by the funding program Zentrales 
Innovationsprogramm Mittelstand (ZIM) by the FEDERAL MINISTRY 

FOR ECONOMIC AFFAIRS AND ENERGY (BMWI), Berlin, Germany. 
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Abstract 
In this study, we have developed a highly efficient and low-cost multifunctional robust polymeric surface coating which are super-
hydrophobic, antimicrobial as well as mechanically-strengthened super protective nanocoating. To achieve this development, 
polyurethane (PU) coating formulations were successfully developed with SiO2@TiO2 core–shell nanoparticles prepared via 
peptization synthesis on mild steel substrate. Easy synthesis steps and low processing temperature is major achievement of this 
synthesis technique. The idea behind the synthesis of SiO2@ TiO2 core–shell nanoparticles was to utilize the mechanical strength of 
silica and the hydrophobicity, antimicrobial property of the TiO2 together. In this coating development nanoparticle concentration 
was varied from 1% (wt) to 6% (wt) in the coating formulation. Used nanoparticles was modified by using methyl trimethoxy-silane 
(MTMS) for betterment of the surface. Further investigation on this nanocoating has been carried out by analysing the mechanical 
behaviour, antimicrobial property, and contact angle measurement. Developed SiO2@ TiO2 based polymeric nanocoating has shown 
improved corrosion/erosion resistance, antimicrobial property, and super-hydrophobic nature (~146 degree) with good anti-scratch 
property up-to 20N load. 
 

Keywords: core-shell nanoparticles, polyurethane, nanocoating, surface wettability, antimicrobial property, mechanical behaviour
   

 

1. Introduction  

Degradation of steels due to relative motion among several 
structural components, erosion, thermal degradation, and 
failure by chemical attack is reported very frequently by 
different studies [1,2]. To counter such surface and subsurface 
related degradations, surface modification by the application of 
protective hard multifunctional coatings is one of the relevant 
solutions. Multifunctional coatings are coatings that respond 
well to the external environment for protecting the coated 
material on demand. They respond to one or more triggers such 
as temperature, pH, moisture, active ions, or mechanical 
damage. These responses protect the material from chemical as 
well as physical damage via on-demand release of stored or 
embedded corrosion-inhibitor agents. The development of 
multifunctional surfaces is an area of significant academic and 
industrial interest, due to the wide range of applications that can 
be impacted by the development of such surfaces such as self-
cleaning, anti-icing, separation of liquids, corrosion resistance, 
drag reduction, [1, 2] oil-repellent, anti-bacterial, adhesion 
architecture coatings, antifouling paints for marine industry etc. 
[3, 4]. These surfaces also display thermal stability and excellent 
long-term stability under atmospheric conditions. In addition to 
the broad range of applications, there are many other 
advantages including a reduction in maintenance costs and 
elimination of monotonous manual effort. The anti-
contamination properties of these type of surfaces in solar cell 
prevents reductions in their efficiency. So, development of this 
type of coatings are gaining great interest for various research 
fields [5,6], By creating new properties using suitable fillers and 
matrix as well as suitable surface treatment methods, the 
functional and multifunctional coatings can meet the most 

difficult standards of users, especially in high-tech industries but 
these smart coatings are less explored. As reported by 
literatures, previously developed multifunctional coatings using 
iron, magnesium, nickel nanoparticles had issues of long-term 
chemical stability for corrosion resistant superhydrophobic 
surface with low mechanical stability [7-10]. To resolve these 
issues, we successfully developed SiO2@TiO2 core-shell 
nanoparticles to prevent the steel from corrosion, erosion, 
scratch, microbial side-effects with superhydrophobicity. 

2. Nano core-shell based coating development and surface 
characterization  

In this work, we followed peptization process for the synthesis 
of silica-titania (SiO2@TiO2) core-shell nanoparticles. Peptization 
is the organic synthesis approach used for converting a fresh 
precipitate into colloidal particle by shaking it in the dispersion 
medium in the presence of small amount of electrolyte. 
Generally, electrolyte is added whose one ion is common with 
one ion of precipitate. The particles of precipitate absorb 
common ion of electrolyte. Then they get dispersed due to 
electrostatic repulsion. Low processing temperature is major 
achievement of this synthesis technique for nano core-shell 
development. This method not only avoids complicated 
processes such as the layer-by-layer technique and 
polymer/surfactant grafting methods. It also reduces costs due 
to its short reaction time and the use of inexpensive reactants. 
For preparation of this core-shell, titanium tetra-isopropoxide (2 
mL) was used as a precursor and added in to 50 mL of distilled 
water under stirring condition in presence of 1 g of silica 
nanoparticle prepared through sol-gel process. In the next step, 
1mL of 70% nitric acid was added in this solution (when acid 
concentration maintained in the reaction media became about 
0.20M) and stirred for 4 h at 70⁰C. After this whole material was 
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centrifuged at 8000 rpm for 10-15 min and dried at 70⁰C for 
overnight. Developed nanoparticle size was measured through 
TEM and it was around 100 nm and confirmation of prepared 
core-shell structure was justified by XPS. Further, 
multifunctional coating has been developed with SiO2@TiO2 
nano core-shell in polyurethane (PU) on mild steel substrate at 
different concentration (1-6wt%) of the nanoparticles after 
surface modification using functionalizing agent methyl 
trimethoxy-silane (Figure 1).  A primary benefit of using 
polyurethane coatings is the protection, it provides the surface 
itself. When applied, the coating creates what is essentially an 
impermeable barrier between the elements and the object it's 

covering. Developed coating thickness was measured around 
40µm. Further multi-functionality of developed PU coatings has 
been investigated by testing its antimicrobial properties (against 
fungus, bacteria, and algae), surface wettability, scratch 
resistance, corrosion, and erosion behaviour. This SiO2-TiO2 
core-shell based coating enhanced different properties in three 
ways; (i) core silica will improve strength of the coating due to 
its high mechanical stability, (ii) shell TiO2 will improve the 
hydrophobicity as well as antimicrobial property of the coating 
surface and (iii) this layer can serve as a protective coating to 
prevent any further oxidation of the metals. 
   

 
 

Figure 1. Development of nano core-shell aided polyurethane coating 

3. Results      

3.1 Antimicrobial property against fungus 
Anti-fungal testing of prepared nanoparticles was carried out 
against fusarium solani which are shown in Figure 2. The 
presence of nanoparticles reduced the growth of fungus. The 
growth diameter of fungus in petriplate for control is considered 
as 100%. The coating formulation with core-shell nanoparticles 
killed this fungus completely (0% fungus growth) and it was most 
effective at 1% (wt) core-shell nanoparticle in the coating only 
as shown in Figure 2. 

 
Figure 2. Antifungal effect of the coated samples 

 
3.2 Antimicrobial property against bacteria  
In the present study antibacterial testing were performed 
against Escherichia coli (E.coli) and Bacillus. E. Coli bacterium is  
 

 
a rod-shaped, gram-negative bacteria and it can cause food 
poisoning, breathing problems, diarrhea, abdominal pain, 
dehydration, urinary tract infections, get pneumonia, and kidney 
failure also. Optical density of all coated samples was checked at 
600unm at 6uhrs interval up-to 24 hours and found best 
antibacterial effect in nanocoating developed with core-shell 
particles at 4% (wt) concentration as shown in Figure 3. 
 

 
Figure 3. Antibacterial effect: optical density of the coated samples (a) 
E. coli (b) Bacillus 

 
  3.3 Antimicrobial property against algae 
A culture (5 % of algal biomass) of blue green algae named  

  
(a) (b) 
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Cyanobacteria was grown photo autotrophically in sterile Fogg’s 
media. The algal growth was measured at 665 nm (A665nm) 
using UV–vis spectrophotometer with the nanoparticle 
concentration from 1% (wt) to 6 % (wt) in coating formulations. 
Optical density of culture media containing free nanoparticles 
and coating samples were measured at 665 nm up-to 120 hours 
at 24-hour interval (Figure 4). Algal mass dry weight and 
chlorophyll content were also measured to confirm the anti-
algal effect of these coatings for quantitative analysis After 
analysing all the samples, best anti-algal effect was observed in 
polyurethane coating developed with core-shell nanoparticles at 
4% (wt) concentration.  

 
Figure 4. Anti-algal effect against blue green algae for all the coating 
samples (a) optical density (b) chlorophyll concentration (c) algal dry 
weight 

 
3.4 Anti-scratch performance 
Coating formulation of these functionalized nanoparticles were 
developed with polyurethane at 4% (wt) concentration on mild 
steel substrate because this concentration has shown best 
results for antimicrobial effect as well as in development of 
superhydrophobic surface. As we know, PU is a polymer 
composed of organic units joined by carbamate links and we 
prepared nano core-shell (CS) through peptization process for 
this study have shown better dispersion as we can see in the 
SEM image (Figure 5) because peptization is also organic 
synthesis approach and made this coating useful for 
multipurpose uses. Even its dispersion was better than silica. For 
the anti-scratch study of these coatings were analysed by 
Universal Materials Tester (CETR UMT-3) up to 21 N load. 
Analysis was done with scanning electron microscopy and found 
the successful anti-scratch performance up-to 20N load with this 
nano core-shell-PU coating and failed after higher load than 20N 
which was tested at 21N. 

 
Figure 5. SEM image of scratched coating surface at 20 N load (a) coated 
substrate before scratch (b) PU coating after scratch (c) PU-SiO2 
nanocoating after scratch (d) PU-CS nanocoating after scratch 

3.5 Analysis on surface wettability 
Wettability is the ability of liquids to keep in contact with solid 
surfaces. It is a direct result of intermolecular interactions, which 
occur when two media (liquid and solid) are brought together. 
Surface wettability were investigated by measuring water 
contact angle and it was ~146.4° ± 2° i.e., almost 
superhydrophobic surface coating as shown in Figure 6 also 
showed oleophilic properties, with an oil contact angle of 
51.3°±2°, which is tested with rapeseed oil.  

 
Figure 6. Contact angle measurement with water (a) PU coating (b) 
PU/SiO2 nanocoating (c) PU/core-shell nanocoating, with oil (d) PU 
coating (e) PU/SiO2 nanocoating (f) PU/core-shell nanocoating 

 
3.6 Analysis on the erosive and corrosive behaviour of the 
coating  
Figure 7a and 7b show the variation of scratch hardness and 
erosive wear rate of the coatings. Three noteworthy 
observations were made: (i) PU/CS showed the highest scratch 
hardness value and the least erosive wear rate, (ii) coating with 
harder reinforcement (PU/SiO2), showed lesser scratch hardness 
value and higher erosive wear rate than the coating with less 
hard reinforcement (PU/CS); and (iii) The trend among the 
coatings for erosive wear rate remained similar for both the 
erosion angles (30⁰ and 90⁰).  

Figure 7 (a) Variation of scratch hardness and (b) erosion rate; for the 
coatings 

 

Figure 8. SEM micrographs post erosive wear studies of PU (a-90⁰ and c- 
30⁰), and PU/CS (b-90⁰ and d- 30⁰) 

Regardless of higher hardness of SiO2 than TiO2, PU/CS showed 
higher scratch hardness value than PU/SiO2 which is attributed 
to more effective and higher degree of dispersion of the 

 

 

 

(a) 

(b) 

(c) 
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reinforcement in the latter than in the former (a) High dispersion 
strengthening and high hardness further allowed PU/CS to 
exhibit the least erosive wear rate among all the coatings. 
Further, all the coatings showed higher wear rate at 30⁰ erosion 
angle than at 90⁰. This behaviour of the coatings is in accordance 
with that of the soft and ductile materials that tend to flow more 
than hard and brittle materials (b) PU being a polymer is less 
hard in nature than other class of materials like metals and 
ceramics in general, hence showing higher wear rate at oblique 
erodent impact than at right angle. 
SEM micrographs (Figure 8) indicate the wear mechanisms and 
features involved with PU and PU/CS after the erosion studies. 
It could be clearly seen that the coating volume left at the 
coating substrate interface is significantly lesser in Figure 8c and 
8d than that in Figure 8a and 8b, thus indicating the higher 
erosive wear of coatings at 30⁰ than at 90⁰ respectively. At 30⁰ 
erosion angle, both the coatings (Figure 8c and 8d respectively) 
showed ploughing marks with indistinct coating delamination 
interface. For PU, a sharp coating-substrate interface (Figure 8a) 
indicates the wear of less hard coating, whereas indistinct 
coating-substrate interface (Figure 8b) shows the wear of harder 
coating (PU/CS) at 90⁰ erosion angle. 
 
Table 1: Corrosion current and corrosion potential for the coatings and 
the substrate 

 Substrate PU PU/SiO

2 
PU/CS  

Corrosion 
current, icorr 
(A) 

6.85 X 10-6 5.62 X 
10-7 

3.03 X 
10-7 

3.36 X 
10-8 

Corrosion 
potential, Vcorr 
(V) 

-0.67 -0.56 -0.54 -0.49 

 
Table 1 shows the values of corrosion current and corrosion 
potential for the substrate and the coatings. PU/CS was found to 
be the most effective against corrosion among all the specimens 
that were tested. It showed the least value of corrosion current 
(3.36 X 10-8 A) and highest value of corrosion potential (-0.49 V) 
(Table 1 and Figure 9b). It also exhibited least corrosion rate 
(1.65 X 10-5 mm/year) (Figure 9a). High inertness of TiO2 towards 
corrosion and its highest degree of dispersion in PU matrix 
explains its (PU/CS) significantly better corrosion performance 
than other coatings. Mild steel on the other hand being highly 
susceptible to corrosion performed the poorest in the test. 

Figure 9. (a) Variation of corrosion rate and (b) Tafel plots; for the 
substrate and the coatings 

Summarizing all the results, this research relates to an improved 
method for the preparation of multi-functional silica particles 
which comprises preparing a composite nanostructured, 
multifunctional material in the core-shell morphology by 
attaching ultra-fine TiO2 nanoparticles on the silica particle 
surface. The TiO2 nanoparticles are bonded on silica particles 
throughout the surface via silanol groups and properly adhere 
on the steel surface after functionalizing with a coupling agent 
(adhesion promotor) MTMS during PU coating development.  

These coupling agents are mainly bi-functional reactive 
additives, designed such that one part of the molecules form 
covalent bonds with the substrate and another part participates 
in the crosslinking of the binder system of the paint during film 
formation to create strong substrate-coating adhesion. 
Previously many methods have been applied by researchers for 
fabrication the super-hydrophobic coating using various types of 
nanoparticles such as iron, nickel, but most of the proposed 
methods suffer from many constraints such as time-consuming, 
being complicated, requiring special equipment as well as the 
raw materials and being expensive including low chemical and 
mechanical stability. So, with this nano SiO2@ TiO2 core-shell 
based PU coating development, we were successful to provide 
long term protection of steel surfaces from corrosion, erosion, 
scratch, microbial side-effects with superhydrophobicity. 
Developed core-shell materials are non-toxic itself and 
completely environment-friendly in nature. So, there is no 
harmful environmental impact of the developed coating. 

4. Conclusion and future directions  

The present research work on development of multifunctional 
polyurethane coating with silica-titania (SiO2@TiO2) core-shell 
nanoparticles has been successfully carried out and invested 
findings are as follows: 

• Superhydrophobic (Water contact angle= 146.4° ± 2°) and 

oleophilic surface (oil contact angle=51.3° ± 2°) was 

achieved by polyurethane coating with the concentration 

of 4wt % core-shell nanoparticles. 

• Antimicrobial testing of the developed PU-core shell 

coatings was performed against bacteria, algae, and 

fungus. Best antimicrobial results were obtained at 4wt% 

concentration of core-shell nanoparticles in the coating 

formulation against bacteria & algae and at 1wt % against 

fungus.  

• Anti-scratch testing was performed up-to load 21 N and 

coating developed in polyurethane containing core-shell 

nanoparticles at 4wt% allowed to pass load up to 20N 

successfully.  

• Apart from above properties, high dispersion 

strengthening, and high hardness further allowed 

PU/core-shell to exhibit the least erosive wear rate among 

all the coatings at 4wt % concentration with good anti-

corrosion performance.  

So, concluding all the data from this research, we can say, this 
is a multifunctional coating and can be useful for various field of 
applications in near future like self-cleaning, separation of 
liquids, corrosion resistance, anti-bacterial, adhesion 
architecture coatings, antifouling paints etc. 
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Abstract 
 
Diamonds have superior cutting characteristics, owing to their extraordinary hardness and excellent thermal conductivity. On the 
other hand, processing of diamonds is very difficult, owing to the above-listed properties. Furthermore, the hardness of diamond 
crystals varies, depending on the crystal orientation and high-temperature carbonization. Therefore, diamond cutting is very 
important for manufacturing diamond-based tools. Here, the cutting performance of monocrystalline type Ib diamonds was 
investigated, using a nanosecond pulsed ultraviolet laser. The experimental results suggest that a 12-μm-deep grooving can be 
obtained for the 16 mm/s scanning speed. By controlling the focus point, sub-millimeter-depth groovings can be machined using a 
30-kHz-frequency ultraviolet laser. 
 
Keyword: Laser cutting, Diamond, Processing         

 

1. Introduction 

Recently, diamond tools have been introduced for machining 
non-ferrous metals such as aluminum alloys and copper alloys, 
as well as for machining parts and molds that require excellent 
shape and dimensional accuracies. Diamonds are among the 
hardest materials, have excellent thermal conductivity and wear 
resistance, and are resistant to the formation of component 
cutting edges. Recently, as machining has become more efficient 
and precise, a need has arisen to cut increasingly diverse and 
hard materials; consequently, the workpiece demand for 
diamond-based tools has been increasing. 

Grinding and electrical discharge machining are two major 
methods for diamond-based shaping. Conventional diamond 
cutting edges are polished by craftsmen, making it impossible to 
machine complex shapes, thus lowering the machining 
efficiency. Electrical discharge machining also suffers from low 
machining efficiency. 

Recently, laser-based machining has been used for diamond 
processing, owing to its high-speed performance and non-
contact capability. However, in laser machining, the surface 
roughness is not sufficient, owing to the high irradiation 
temperature-induced diamond carbonization; thus, surface 
polishing becomes time-consuming. As a result, the cost of 
diamond-based tools has been high, and the processing time has 
been long. Therefore, by changing the laser conditions, it should 
be possible to improve the surface properties of the forming 
process, and thus reduce the time and cost of finish polishing. 

In this study, we performed diamond cutting using a 
nanosecond pulsed ultraviolet (UV) laser, and investigated the 
conditions for high-efficiency processing. 

2. 2. Experimental apparatus and methods     

A monocrystalline synthetic diamond (type Ib) was used as the 
workpiece material. Figure 1 shows the optical transmission 
characteristics of the monocrystalline synthetic diamond. Table 
1 lists the specifications of the utilized laser oscillator. 

Figure 2 schematically shows the nanosecond laser oscillation 
system used in this study. The optical system of the laser 
processing system consists of a reflecting mirror, a beam 
expander, and a condenser lens. The minimal spot diameter that 
can be resolved by this optical system is 6.7 μm. An Nd:YVO laser 
(pulse width, 13 ns; oscillation frequency, 30 kHz; wavelength, 
355 nm) was used for irradiating the workpiece. The focal length 
was adjusted using a position-adjustment stage, and the laser 
beam was scanned by an XYZ stage. 

The material properties of the diamond used in these 
experiments are listed in Table 2. The surface of the 
monocrystalline diamond was irradiated using the nanosecond 
pulsed laser while varying the scanning speed and the number 
of scans. The groove depth of the machined grooves and the 
thermal effects around the grooves were evaluated. 

 

 
Fig 1. Optical transmission characteristics of the monocrystalline 
synthetic diamond 

 
Table1 Specification of the laser oscillator 

Unit name AONano 355 5-30-V 
(Advanced Optowave) 

Laser source Nd:YVO 
Wavelength 355 nm 
Average power ～5.7 W 

Pulse width 13～70 ns 

Repetition rate 30～300 kHz 

Beam roundness 90 % < 
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Fig 2. Schematic of the nanosecond laser processing system 

 
Table2 Material characteristics 

Type of material Monocrystalline Synthetic Diamond 
(Ib, PD1140, Sumi crystal) 

Density 3.515 × 103/m3 (25℃) 
Lattice constant 3.567Å (25℃) 
Young’s modulus 1050GPa 
Coefficient of thermal 
expansion 

1.5×10-6/K (78℃) 
3.5×10-6/K (400℃) 

Relative permittivity 5.7 (1MHz) 
Refractive index 2.41 (λ=656.3nm) 
Manufacturer Sumitomo Electric Co., Ltd. 

3. Experimental results      

3.1 Oscillation frequency change experiment 
Figure 3 shows the measured groove depth, for one-pass 

diamond scan and for the scanning speed of 1 mm/s; the laser 
oscillation frequency was varied in the 30–100 kHz range. The 
groove depth decreased as the oscillation frequency increased. 
In this experiment, the frequency that yielded the largest groove 
depth, 30 kHz, was used for achieving more efficient cutting. 

 

 
Fig. 3 Effect of the repetition rate on the groove depth 

 
3.2 Scanning speed change experiment 

Figure 4 shows the machined groove depth for the scanning 
speed in the 0.2–16 mm/s range, for the average power of 4.0 
W (oscillation frequency, 30 kHz). As the scanning speed 
increased, the groove depth decreased. Based on these results, 
the diamond scanning speed of 16 mm/s was used in the 
following. 

 
3.3 Dependence on the number of machining operations 

When employing laser cutting in several steps, the focal length 
drifts as the processing depth changes. Therefore, it is necessary 
to change the focal length during grooving. 

Figure 5 shows the change in the groove depth after 50 steps 
and 100 steps, as the focal length changed from 2 to 20 μm in 
the depth direction of the workpiece for each scan, for the 
oscillation frequency of 30 kHz and for the scanning speed of 16 
mm/s. 

 
Fig. 4 Effect of the scanning speed on the groove depth 

 

 
Fig. 5 Effect of the focus drift on the groove depth 

 
The deepest machined groove was obtained for the focal point 

changing by 8 μm during each pass. 

Summary 

Cutting of the type Ib diamond was performed using a 
nanosecond pulsed UV laser with the spot diameter of 6.7 μm. 
The following results were obtained: 
1) Grooves with an average depth of 0.012 mm were 

produced under the irradiation conditions of 30 kHz 
oscillation frequency, 16 mm/s scanning speed, and one 
scanning frequency. 

2) Under the above conditions, the focal length changed by 8 
μm after 50 scans, and machining was performed for 
another 50 scans, resulting in a 0.32-mm-deep machined 
groove. 
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Abstract 
This paper describes the engineering behind the development of a fast switching and accurate valve for the control of a hydrogen 
gas intended for temperature conditioning within EUV semiconductor lithography machines. Commonality was a main driver for the 
design, with the valve being used in all EUV machines of latest generation and in two different applications.  The functionality of the 
valve is explained with emphasis on the design principles that are used to meet the engineering challenges. Lorentz actuation on 
flexure parallel guiding mechanism with frictionless movement is driving this valve to achieve high bandwidth motion control and no 
particles generation. The valve is meeting all performance and reliability requirements, with over 200 valves installed inside the EUV 
lithographic machines and with no reported failures. 
 
Keywords: EUV, semiconductor lithography, hydrogen valve, fast switching, Lorentz actuation, wafer stage   

 

1. Introduction 

Developments in the semiconductor industry [1] that is 
responsible for the design and fabrication of all our electronics 
play an essential role in the technological advancement of our 
society. As the largest manufacturer of chip making equipment, 
ASML is pushing the Moore’s law [2] into the next decade by 
innovating technology that produce semiconductor devices that 
are evermore performant and economical [3, 4]. 

A more economical microchip is not only defined by its 
architectural simplicity but also on how fast it can be 
manufactured. On the other hand, the performance of the chip 
is driven by the number of transistors that can fit inside it. As 
each chip is manufactured by successive exposures of several 
layers, it is the positioning accuracy of these layers on top of 
each other that determines the ability to miniaturize the 
transistors such that more of them can fit in the same area. 

The valve presented in this paper is targeting both challenges. 
For the first application, the production costs are lowered by 
increasing the wafer throughput. This is realized by reducing the 
time it takes to swap the wafers. For the second application, the 
chip performance is improved by improving the overlay which is 
the positioning accuracy of each layer. This is realized by 
temperature conditioning at the wafer level with hydrogen gas 
to reduce the drift introduced by heat loads from various 
sources. The development of this valve illustrated in Figure 1 has 
been done from scratch, with no prior history from previous 
designs. A literature review revealed that there are no valves 
available on the market that could meet all the requirements for 
our applications.  

The next chapter will describe the main engineering challenges 
of this design and our development approach. Chapter 3 will 
reveal the design principles and the benefits they bring. The 
main qualification results will be shown Chapter 4. Chapter 5 will 
highlight the main achievements and conclusions. 

 

 
Figure 1. Picture of the developed hydrogen valve. 

2. Engineering challenges      

The valve had to be developed with a high degree of 
commonality. It is a business priority because it drives the cost 
of goods down, minimizing the number of unique parts and the 
time it gets to bring a new product to market. To keep the high 
commonality, we had to find solutions for partially contradicting 
requirements. On one hand the valve must be fast, accurate and 
in synchronization with the EUV light, on the other hand it must 
be robust and reliable to withstand the accelerations and 
magnetic cross talk from the wafer stage. The valve is attached 
to the wafer stage and thus it has to be as light as possible and 
as stiff as possible to have a minimum impact on the dynamics. 

Conflicting requirements, however, finally led to a partly 
modular design, where the valve needs different configurations 
to serve its desired function. Two valve types are distinguished. 
The first configuration shown in Figure 2 is for wafer throughput 
improvement. It is ‘open loop’ actuated because of the existing 
infrastructure that is without connectivity to a position sensor. 
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Valve cooling is also not available, thus, a low heat dissipation is 
required. It operates with end-stop contact, held in position by 
magnetic force. 

 

 
 
Figure 2. Valve configuration for wafer stage application. 

 
The second valve configuration displayed in Figure 3 is for the 

wafer temperature conditioning application. An optical encoder 
is used for closed loop control of the mechanism position. There 
is no physical contact between the moving parts, enabling fast 
and accurate switching. The switching frequency of around 
30Hz, leads to high actuator heat generation, which is then 
dissipated into a heatsink. 

 

 
Figure 3. Valve configuration for wafer temperature conditioning. 

The main function of the valve is to switch hydrogen supply on 
and off to two different modules in the wafer stage of all EUV 
machines of latest generation. 

3. Design principles      

The main function of the valve is to switch hydrogen supply on 
and off to two different modules in the wafer stage of all EUV 
machines of latest generation 

 
3.1. Valve switching principle 

A 3/2 valve principle that couples 3 ports with 2 states was 
chosen. In the supply position illustrated in Figure 4 top panel, 
the supply chamber is coupled to the channel that goes to the 
wafer. In the vent position shown in Figure 4 bottom panel, the 
gas is released to a venting chamber, allowing the gas to escape 
through an orifice with much lower flow resistance than through 
the manifold going to the wafer. Switching speed is increased by 
reducing the valve stroke. In this configuration the supply 
chamber is closing at the same time with the opening of the 
venting chamber. 

The flow path is kept clean with a contactless seal. Inflow of 
particles is prevented by maintaining overpressure in the 
system. Overlap is added in all directions around the contactless 
seal area to make the flow insensitive to the position 
disturbances from the actuation or manufacturing and assembly 
tolerances. 

 

 
 

 
Figure 4. Valve operation principle. Top picture: 'Open' position. Bottom 
picture: 'Closed' position. 

3.2. Valve mechanism design principle 
The parallel guiding design principle with flexures is used for 

the valve movement for an accurate and contactless flow switch. 
The flexure indicated by the compliant beam in Figure 5 is 
designed with a nonlinear radius for an uniform stress 
distribution. The moving part of the valve, indicated by the 
guiding plate, is the complete area highlighted with red. Stavax 
material was chosen because it provides the best fatigue 
resistance for this application. The mid-section between the 
hinges is reinforced to achieve a high control bandwidth. 

 

 
Figure 5. Valve moving mechanism. 

To fit in the available space in the wafer stage, the valve must 
have a compact, light and planar design. Most interfaces were 
embedded into a single monolithic structure highlighted in 
Figure 6 that is optimized for manufacturing. 

The flexures are made from the same part as well. The 
interfaces are designed to be machined as much as possible in 
the same clamping and in the same machining step. This way 
tight tolerances are achieved at reduced cost. 

The compact, light, planar design could not be achieved 
without the use of stiffening by closing the box design principle. 
Having the valve mechanism at the center of the valve, created 
a C-shape structure that is too compliant. The manifold was 
attached directly to it, stiffening the design while keeping the 

Contactless seal 
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mass and volume low. The same principle was applied to the 
valve mechanism. The compliancy between the two guiding 
beams is still too high to secure the seal gap uniformity. This was 
solved by adding stiffness directly by the structure of the magnet 
yokes. 

 

 
Figure 6. Valve interfaces in one monolithic structure. 

Also, to maintain the seal gap uniformity, the thermal center 
clamping principle was used. The bolts connections at the back 
of the valve provide a rigid fixation for dynamics. The two 
interfaces at the front of the valve are decoupled by flexures to 
accommodate for the differential expansion between the valve 
and the attachment interface during transport and operation. 
The flexures are oriented 90° towards the rigid interface. 

 
3.3. Valve actuation 

Lorentz actuation principle presented in Figure 7 was chosen 
because it provides high stroke, high bandwidth for position 
control while maintaining a compact size. The choice to have a 
non-moving coil was taken to allow water cooling. The principal 
and moving magnets thus are moving. The magnetic flux 
generated by the magnets is compressed by the back irons to 
reduce mass and increase actuation efficiency. 

 

 
Figure 7. Lorentz actuator design. 

For the wafer stage the same actuator is used with the 
addition of 4 ferromagnetic metal plates. The magnetic fields 
from the magnets are closing through these plates and this way 
the magnetic position locking function is realized. This addresses 
the low heat dissipation requirement by not powering the valve 
in between switches.  

As the valve operates in between end stops, the impact load 
needs to be reduced to reduce wear, particles generation and 
improve lifetime. The smart switching setpoint indicated in 
Figure 8 as ‘Low Impact Speed Current Profile’ has been 
developed for this purpose. 

After an initial pulse to trigger valve movement, a break pulse 
is applied in 2 stages to slow the valve down. In the end, a longer 
uniform pulse is applied to prevent the valve from bouncing 
back. The setpoint is tuned to be robust for most disturbances 
including valve manufacturing tolerances. 

 
Figure 8. Valve switching velocity and the switch current setpoint profile. 

The valve switching velocity plotted in Figure 8 has been 
measured with the optical encoder attached to the valve. The 
switching behavior with the simple current profile is plotted with 
dashed line and the low impact setpoint profile with solid line. 
The impact load is calculated from the moving mass of the valve 
known by design, multiplied by the acceleration extracted from 
the valve position measurement. The smart setpoint reduced 
the impact load by a factor 4.  

Figure 9 shows the voltage on the coil, the current and power 
dissipation during a switching cycle for the wafer temperature 
conditioning application.  

 

 
Figure 9. Actuator performance. 

Most power is generating during switching to achieve the high 
acceleration of the valve mechanism and magnet yokes. In 
between switches, the actuator is also powered to maintain a 
constant and repeatable position. The average power 
dissipation over a switching cycle is 1.23W. 

For the closed loop position measurement of the valve, an 
encoder is used. It is designed to respect the Abbe measurement 
principle. It measures very close to the point of interest 
achieving a minimum position error. The encoder head attached 
to the fixed part of the valve and the scale is glued to the moving 
mechanism. The center of force is very close to the center of 
gravity. There is a low rotation error because the flexures are far 
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apart and a high tilt stiffness given by the closed box principle 
explained above.  

Very critical for the flow switch uniformity is the valve position 
at the end of the stroke. The maximum position error is 1um 
within 5ms from the start of the position change as can be seen 
in Figure 10. 

 

 
Figure 10. Valve position in closed loop control. 

4. Measurement results      

For the wafer temperature conditioning application, the flow 
pressure switching behavior characterization has been done 
with hydrogen gas in a lab setup environment replicating similar 
flow geometry and pressure conditions as in the real machine. 
As the machines operate in vacuum it is the pressure switch 
timing that is relevant for the temperature conditioning 
performance and not the flow itself. The area of interest is 
indicated by the small arrows below the wafer from Figure 4 top. 

 

 
Figure 11. Flow pressure switching behaviour for wafer temperature 
conditioning application. 

The optimization of the system as well as the valve 
dimensioning has been done with a flow model. Measurements 
displayed in Figure 11 of the flow switch time for both opening 
and closing are in good agreement with the model. There is a 
pressure offset however between the model and measurements 
of 980 Pa. This value can be easily corrected in the machine by 
adjusting the pressure at inlet to the desired value. 

For the wafer stage application, the flow characterization has 
been done in the actual machine with and without the newly 
developed valve. The valve is directly contributing to the wafer 
throughput improvement by shortening the time it takes to 
reduce the hydrogen pressure. Figure 12 plots the pressure 
versus time when the valve is closing the hydrogen circuit. A gain 
of over 1.2s is measured for every wafer exchange, bringing a 
significant contribution to the manufacturing time of the 
microchips. 

 

 
Figure 12. Flow pressure switching behaviour for wafer stage 
application. 

Reliability of the valve has been proven with accelerated 
lifetime testing on several valves with 200x increase of switching 
frequency and 20% increase in current. The valves have been 
tested to over 10x the required number of cycles during a 
lithographic machine lifetime. No failures have been observed. 

5. Conclusions       

A valve for switching hydrogen gas has been designed, 
manufactured and tested for EUV semiconductor machines. 
Aiming for a first-time right design we achieved a fast 
development time, one year from sketch to operation at 
customers machines. Commonality has been achieved by a 
partially modular design that reduced costs and development 
time. The valve is designed with no contact between moving 
parts to prevent contamination of the hydrogen gas. The Lorentz 
actuator design and optimization for low mass, enables the valve 
to achieve very high switching speeds of less than 5ms. For the 
wafer stage application, a very stable position control is 
achieved by using a measurement system with closed loop 
control, reaching maximum 1µm position error within 5ms. For 
the wafer temperature conditioning, an end stop design with 
magnetic locking is keeping the valve in stable open or close 
position with an average power dissipation of <30mW. A smart 
setpoint control has been developed to reduce the impact load 
on the end stops during switching from 180 to 45N. A 
throughput improvement of 9 wafer per hour is achieved. At the 
moment there are more than 200 valves installed at the 
customers machine with no failure reported so far. 

In the future the valve will be integrated in the wafer 
temperature conditioning application to secure the overlay 
reduction roadmap that will continue Moore’s law into the next 
decade. 
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Abstract 
Magnetically driven internal finishing (MDIF) is a novel internal polishing technique that employs an external magnet to drive a 
magnetic polishing tool to achieve material removal (MR) in internal surfaces. It has localised finishing and corrective polishing 
abilities. Modelling the material removal rate (MRR) can provide better control of the polishing process. However, the complex 
interaction between the polishing tool and the workpiece in MDIF results in oscillating polishing forces which are significantly 
different from conventional polishing processes. This makes the bottom-to-up physical modelling of MRR very challenging. Herein, 
we developed a novel broad echo state learning system (BESLS) to predict MRR in MDIF based on the polishing force under various 
polishing conditions. The MRR is represented by the removal depth of the polishing footprint. The results show that the BESLS model 
can achieve a predicting error as low as 7.5%.  The proposed method will boost the in-process control to achieve uniform removal in 
MDIF and may also be further applied to other polishing processes. 
 
Keywords: Material removal rate; magnetically driven internal finishing; data-driven modelling; polishing force     

 

1. Introduction 

Magnetically driven internal finishing (MDIF) is a novel internal 
polishing method that utilizes an external rotating magnet to 
drive a magnetic tool inside the workpiece to achieve material 
removal and surface finish improvement [1, 2]. Owing to its high 
flexibility and efficiency, MDIF may be applied for finishing 
various internal surfaces such as conformal cooling channels, 
bearing rings and sanitary pipes. Modelling of the material 
removal rate (MRR) in MDIF is important for process monitoring 
and control. Zhang et al. [3] proposed an analytical model of 
material removal rate considering the intermittent sliding wear 
mechanism. This physics-based model is validated to have a  
predicting error of 10% for MRR. However, this model is not 
suitable for online process monitoring. 

Recently, data-driven modelling methods have been attracting 
enormous attention in manufacturing fields. However, the 
existing machine learning (ML) methods for MRR modelling 
usually need a large number of data sets and a long computation 
time. Besides, no literature is found to apply ML approaches in 
MRR modelling of MDIF. 

Herein, we proposed a broad echo state learning system 
(BESLS) for predicting MRR in MDIF based on polishing forces. 
The methodology of the data-driven model will be introduced in 
Section 2 and the model will be validated by an MDIF experiment 
in Section 3. The results will be summarized in Section 4 followed 
by a concluding remark.  

2. Methodology      

To capture the dynamic characteristics of the complex MDIF 
process, a novel BESLS architecture is proposed. This BESLS is a 
flat network consisting of an input layer, a hidden layer and an 
output layer. The input layer is the process parameters and the 

statistical features of the polishing force signals. The hidden 
layer is divided into a feature layer and an enhancement layer. 
The enhancement layer is a typical broad learning system (BLS) 
while its nodes are replaced by reservoirs with echo state 
properties [4,5], as shown in Figure 1.  

 
Figure 1. Schematic diagram of the proposed BESLS 

 

Suppose that the training data set is 

{(𝑋, 𝑌)|𝑋 ∈  𝑅N×M, 𝑌 ∈  𝑅N×1}, where 𝑁 and 𝑀 represent the 

number of samples and the dimension of features, respectively. 
𝑋 is the sample input matrix and 𝑌 is the corresponding label. 
We assume that there are 𝑛 feature node groups in the feature 
layer, and each group contains 𝑝 feature nodes. Firstly, the input 
matrix 𝑋 is randomly mapped to 𝑛 groups of features, and the 𝑖-
th group of mapped features can be expressed as Eq. (1): 

𝐹𝑖  =  𝜑𝑖 (𝑋𝑊𝐹𝑖
 +  𝛽𝐹𝑖

) , 𝑖 =  1, 2, . . . , 𝑛             (1) 

where 𝜑𝑖  is a linear activation function, 𝑊𝐹𝑖
 and 𝛽𝐹𝑖

 denote 

randomly generated weight matrix and bias term, respectively. 
To obtain a better feature representation of the input data 𝑋, 

𝑊𝐹𝑖
 needs to be fine-tuned by a sparse auto-encoder. Then, all 

feature nodes in the feature layer are concatenated as Eq. (2): 
𝐹𝑛 =  [𝐹1, 𝐹2, . . . , 𝐹𝑛]                          (2) 

Subsequently, 𝐹𝑛 is further transferred to the enhancement 
layer to strengthen the features. Assuming that the 
enhancement layer contains 𝑚 reservoirs, and each reservoir 
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contains 𝑞  neuron nodes, where 𝑞  is set to 100. Herein, the 
output 𝐹𝑛 of the feature layer is transferred to each reservoir 
of the enhancement layer separately, while there is no state 
transfer among reservoirs. As such, the j-th group of 
enhancement nodes can be represented as Eq. (3): 

𝑅𝑗(𝑛) = 𝜓𝑗 (𝑊𝑖𝑛
𝑗

𝐹𝑛(𝑛) + 𝑊𝑟𝑒𝑠
𝑗

𝑅𝑗(𝑛 − 1)) , 𝑗 = 1,2, … , 𝑚    (3) 

where 𝑊𝑖𝑛
𝑗

 and 𝑊𝑟𝑒𝑠
𝑗

 are the input weight matrix and the 𝑗-th 

reservoir weight matrix, respectively. 
All enhanced nodes are also cascaded into Eq.(4): 

𝐸𝑚 =  [𝑅1, 𝑅2, . . . , 𝑅𝑚]           (4) 
Finally, all the feature nodes of the feature layer and the 

enhancement layer are merged as the output of the hidden 
layer, as written in Eq. (5): 

𝐻 = (𝐹𝑛|𝐸𝑚)                             (5) 
Therefore, the proposed BESLS can be expressed as Eq. (6): 

�̂� = (𝐹𝑛|𝐸𝑚) (
𝑊𝐹

𝑊𝐸
) ≜ 𝐻𝑊                (6) 

where 𝑊  is the weight matrix that connects the hidden layer 
nodes to the output layer and can be calculated by the ridge 
regression in Eq. (7): 

𝑊 = (𝜆𝐼 + 𝐻𝑇𝐻)−1𝐻𝑇𝑌                 (7) 
where 𝑌 is the actual label of the sample, 𝜆 and 𝐼 denote a non-
negative regularization constant and an identity matrix with 
proper dimensions, respectively.  

3. Experiments       

Figure 2 shows the schematic of MDIF. The polishing tool is a 
sphere magnet coated with silicon carbide (SiC) abrasives. It is 
placed inside the workpiece and driven by the external four-pole 
magnets. The dominant process parameters are gap distance, 
tool diameter, abrasive size and bonding strength between the 
abrasive and the sphere magnet. To acquire the process signals 
for MRR modelling, a Kistler 9256C1 dynamometer is utilized to 
measure the polishing force. The sampling rate is set as 50 kHz. 
The polishing force is an oscillation signal near zero point with 
multiple impact signals. 

 
Figure 2. Schematic showing the working principle of MDIF 

 
Single-point polishing experiments with various process 

parameters are conducted, as listed in Table 1. The total 
polishing time is 10 min. The polishing forces are recorded for 
only 20 s in each polishing experiment, which contains sufficient 
features for the data-driven model. After polishing, the depth of 
the polished profile is measured by a profilometer to represent 
the MRR.  

 
Table 1 Polishing parameters in the MDIF experiments 

Parameters Value 
Spindle speed 1,600 rpm 

External magnets NdB magnet 20  10  6 mm  

Workpiece tube 
OD: 19 mm, ID: 15 mm, L: 50 
mm, 316L stainless steel 

Gap distance  8, 10, 11, 12, 13 and 18 mm 
Mass ratio of epoxy glue AB 
part (bonding strength) 

3:7, 4:6, 5:5, 6:4 and 7:3 

Abrasive size  3, 36.5 and 75 μm 
Tool diameter 4.2, 6.3 and 8.3 mm 

4. Results and discussion      

The polishing force signals consist of three directions, i.e., X, Y, 
and Z, where Fz is the normal polishing force, Fx is the shear 
force and Fy is the lateral force. In each direction, 19 statistical 
features (e.g., maximum, minimum, average, frequency factor, 
frequency variance, frequency standard deviation, etc.) are 
extracted in the time domain and frequency domain, 
respectively, and a total of 19 × 3 signal features are extracted. 
A total of 56 sets of available sample data were collected, of 
which 40 sets of sample data were randomly selected for model 
training, and the remaining 16 sets were used for testing. The 
root-mean-square deviation (RMSE) is used to evaluate the 
prediction accuracy of the proposed model, as written in Eq. (8): 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ [𝑦(𝑛) − �̂�(𝑛)]2𝑁

𝑛=1               (8) 

where 𝑁  is the number of the test samples, 𝑦(𝑛)  and �̂�(𝑛) 
denote target value and predicted value of the 𝑛-th sample. 

To verify the effectiveness of the proposed model, three-
direction force signal features (Fxyz), the fusion of process 
parameters and three-direction force signal features (PFxyz), 
and the fusion of process parameters and Z-direction force 
signal features (PFz) are used to predict MRR respectively, and 
the prediction results are shown in Figure 3. Results show that 
the PFz features give the best prediction of MRR and its RMSE is 
only 7.2 μm, equivalent to a prediction error of 7.5%. And the 
total training and testing time is within 1 s, showing its high 
computational efficiency. 

 
Figure 3. The prediction results of the proposed model 

5. Conclusion      

In this study, we proposed a novel broad echo state learning 
system (BESLS) model for material removal rate (MRR) 
prediction in magnetically driven internal finishing (MDIF) based 
on the polishing force data. This model shows a predicting error 
of 7.5% on MRR, which is better than the physics-based model. 
The proposed method provides a promising data-driven solution 
for monitoring complex abrasive finishing processes. Future 
studies will focus on the application of the proposed model in 
process control of MDIF and other abrasive finishing processes. 
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Abstract 
Large machine tools are extremely sensitive to environmental temperature variation as the heat flows through the machine structure 
and induces linear and non-linear structural deformation. It results in machine tool error when it is operated in long term regimes 
such as machining processes that take longer than 3÷4 hours. Its experimental testing can take from days to weeks of machine 
downtime and the associated cost in production. Additionally, the volumetric measurement of environmental thermal errors in large 
machine tools presents some challenges that encounter the limits of production metrology. All these limitations lead to a few 
researchers orienting their investigation to the study of the effect of the ambient temperature variation on large machine tool 
accuracy. 
 
In this scenario, this research works presents a prototype of how to use the so-called machine tool integrated inverse multilateration 
method for the environmental thermal error characterization of large machine tools and aims to correlate the obtained results with 
an a priori and offline finite element analysis study. To get there, a real case study is presented where a Leica AT402™ laser tracker 
is integrated within a Zayer Arion G™ machine tool and Spatial Analyzer™ software is employed to automate the complete 
measurement process and realize the inverse multilateration scheme. Before the real measurement, the machine tool has been 
modelled in the finite element analysis software and an a priori Monte-Carlo simulation has been run to preview the measurement 
scenario configuration and to understand the potential uncertainty budget.  
 
Finally, three batches of measurements have been performed during different days and under uncontrolled environmental 
conditions. The obtained measurement uncertainty is low enough to characterize the machine tool thermal drift and deviation results 
correlate with the a priori finite element analysis study of the machine tool.  
      
Keywords: Machine tool, Thermal error, Integrated multilateration, integrated laser tracker     
  

 

1. Introduction 

Thermal distortions are the main limitation for accurate large 
machine tools (MT). According to Mayr et al. [1], up to 75% of 
the overall geometrical errors of a machined workpiece can be 
induced by the effects of temperatures. The combination of the 
varying ambient temperature in uncontrolled manufacturing 
environments with the heat generation during the metal cutting 
process results in thermally induced tool centre point (TCP) 
displacements in MTs [2]. 

As explained by Mian et al. [3] MTs derive from varying 
environmental conditions such as the day and night or seasonal 
transitions during which large temperature swings can occur. 
Thus, thermal gradients cause heat to flow through the MT 
structure and result in linear and non-linear structural 
deformations which induce MT error when it is operated in long 
term regimes. 

As stated by Gross et al. [4], while many of the studies in this 
field focus on internal heat source study, few researchers have 
oriented their investigation to study the effect of the ambient 
temperature variations on the MT accuracy. Thus, they propose 
the use of a climate simulation chamber subjecting an MT to 
different constant temperatures while applying a sequential 
multilateration scheme with a LaserTracer™ to map the thermo-

elastic errors on the TCP. They conclude that squareness and 
linear positioning errors are dominantly affected by ambient 
temperature variation while straightness and rotational errors 
are less sensitive to temperature effects. 

Many solutions exist to measure the displacement of MTs at 
TCP but very few approaches can respond to the challenges of 
measuring the effect of thermal effects in large MTs [1]. In this 
way, Egaña et al.[5] presented a measurement approach, the so-
called Machine Tool Integrated Inverse Multilateration (MIIM), 
for the environmental thermal study of large MTs where the 
main challenges are fulfilled by integrating an absolute distance 
measurement device within an MT spindle to realize an inverse 
multilateration scheme. 

Compared to the International Organization for 
Standardization (ISO) ISO 230:3-2020 [6] standard tests that 
suggest local displacement measurements between the TCP and 
the workpiece, the MIIM approach suggests a volumetric error 
mapping procedure that shall be used to complete those tests 
performed at the environmental temperature variation error 
(ETVE) tests. 

Following the MIIM simulation-based research presented by 
Egaña et al. in [5], this article presents the experimental 
realization of the MIIM method for the thermal characterization 
of a large MT by integrating a Leica AT402™ laser tracker within 
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a Zayer Arion G™ MT spindle. The measurement automation 
sequence is realized by Spatial Analyzer™ (SA) software and 
allows running repetitive measurements with no-human 
intervention during the complete measurement acquisition 
process. In total, three batches of measurements have been 
performed during different days and under uncontrolled 
environmental conditions. Each batch is comprised of 20 
repetitions. 

 
2. The MIIM method   

 
The MIIM approach developed by Mutilba et al. [7], is an 

integrated multilateration verification procedure where an 
absolute interferometer is directly attached to the MT spindle as 
explained in Figure 1. Thus, the MT depicts a volumetric point 
grid where the measurement device is sequentially brought by 
the MT and from which the distance measurement to every 
fiducial point fixed on the MT is realized. 

 
Figure 1 Integrated multilateration approach [7]. 

 
Compared to the typical multilateration approach, where 

tracking capacity is needed on the tracking interferometer side 
to track the reflector position in space, this integrated approach 
suggests a unique MT working volume travelling where the 
pointing to every fiducial point occurs in sequence and 
automatically. Thus, the spatial relationship between fiducial 
points and the volumetric point grid shall be established 
beforehand. Under this measurement strategy, the integrable 
technology shall need to re-establish the distance datum which 
currently is done through the absolute distance measurement 
(ADM) technology. Thus, pure incremental distance 
measurement interferometry (IFM), such as the previously 
mentioned LaserTracer™ or IFM-based laser trackers, is 
discarded since it cannot accomplish the MIIM measurement 
procedure without having to return the reflector to the datum 
position to reset the measurement system. Moreover, the MIIM 
approach demands a wireless instrument for either power or 
data transfer with the laptop and CNC for long run tests. 

Considering that a unique MT working volume travelling is 
needed to realize the multilateration scheme, the total-time 
consumption during the data acquisition process is reduced 
within an hour. It avoids the MT thermal drift to a high extent 
and therefore the measurement uncertainty obtained with the 
MIIM approach improves the obtained with the traditional 
method. 
 
3. The machine tool under research 
 

The MT of interest is a Zayer Arion G™ portal-type machine 
tool which is a five axes multitasking machine. The considered 
MT working volume for the experimental test is X 500 mm, Y 
2.000 mm and Z 500 mm. The MT is divided into two main 
structures, either the tool side (columns, cross beam, saddle or 
Y-slide and ram) or the workpiece side (bed, X-slide, and rotary 
table). Both structures are independent and are connected to 
the floor. 

Figure 2 shows a) the finite element analysis (FEA) MT model 
and b) the MT on the shop floor at TEKNIKER premises. 

 
Figure 2 The Zayer Arion G™ MT a) FEA model and b) the MT at 

Tekniker facilities. 
 
The machine is thermally monitored using different 

temperature sensors, some of them are placed internally, close 
to those mechanical elements where heat is generated such as 
the spindle or the feed drive motors, and the others are placed 
externally to monitor the ambient and the substructures. Every 
temperature signal is timestamped to unequivocally combine 
the information for the posterior MT TCP 
displacement/temperature correlation analysis. 

The MT under research has been simulated by FEA to 
understand how the MT behaves under different thermal 
conditions. As addressed by Mian et al. [3], the FEA method shall 
be an efficient approach to efficiently estimate the MT 
distortions but as they remark in their work, an MT is rarely at 
thermal equilibrium and therefore establishing the initial 
conditions for the FEA simulation of environmental change 
presents a significant challenge as it adversely affects the 
comparison of the FEA and experimental results. 

In this case, the MT symmetrical design allows good behaviour 
at different stable temperatures which results in almost a linear 
MT structural deformation according to the ambient 
temperature variation. Figure 3 depicts how the angular and 
perpendicularity errors between the columns and cross beam 
are low at three different stable temperature conditions a) 23 
ºC, b) 20 ºC and c) 17 ºC. 

a)      b)         c) 

 
Figure 3 The MT columns and crossbeam deformation at three 

different stable temperatures. 
In other words, Figure 3 a) and c) cases mean a) a steady-state 

condition in which the MT is at a higher ambient temperature 
than when it was assembled and c) the opposite where the MT 
is at a steady-state condition at lower ambient temperature. 

Similar to the FEA initial condition establishment, it is also hard 
to acknowledge the MT geometry right after the MT assembly 
process because there are some uncertainty contributors such 
as the ambient temperature, components geometry or the 
assembly process itself that affect the initial MT geometry. 
However, from this initial MT condition, the MT TCP (columns 
and crosshead) structural deformation due to temperature 
variation behaves as follows: (Figure 2-a shows the column and 
crossbeam structure and the MT reference system) 

 

X-direction: The MT TCP tends to move away from the 
crossbeam. This movements´ sensibility to the MT Y and Z 
positions is low. 
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Y-direction: Due to symmetry, the deformation is cero on the 
centre and becomes higher as far as the TCP is close to the Y-axis 
ends. The deformation decreases a little bit when the ram is 
extended. 

Z-direction: The ram suffers a linear deformation proportional 
to the temperature variation. This error increases when it is 
extended since there is an additional free length to elongate. 
The MT table also suffers a linear deformation which means that 
when the ambient temperature increases the distance between 
the workpiece (on the table) and the TCP decreases. 

4. Experimental test 

Experimental research of how the available Zayer Arion G™ 
large MT geometry changes according to the environmental 
temperature variation at shop floor conditions is performed at 
Tekniker premises. In total, three batches of MIIM 
measurements have been performed during different days and 
under uncontrolled environmental conditions. Each batch is 
comprised of 20 repetitions and takes 14 hours to be realized. 
The experimental tests described in this article were made in the 
middle of May and the last week of July 2021. 
 
4.1 Performed tests 
 

After an initial calibration process where the MT reference 
system, the integrated instrument and the fiducial points 
reference systems are aligned [7] in common, a CNC ISO G-code 
[8] is repeatedly run at the MT to realize the data acquisition 
process. The MT movement and the MIIM data acquisition 
processes are synchronized via transmission control 
protocol/internet protocol (TCP/IP), so the measurement 
procedure is run in a fully automated measurement sequence 
with no-human intervention. 

Figure 4 shows the MIIM prototype at the MT. Note that four 
wide-angle reflectors are located on the MT table (X-axis) and a 
Leica AT402™ laser tracker is integrated within the MT TCP (YZ-
axis) to realize the inverse multilateration approach. 

 
Figure 4. MIIM test configuration on the Zayer Arion G™ MT. 

 
The point cloud is defined by seventy-six points distributed in 

XY, YZ and ZX planes that intersect between them. This 
configuration eases the posterior inverse kinematic (IK) exercise 
to solve the MT kinematic parameters that enable a potential 
volumetric correction. Figure 5 shows the measurement 
configuration. 

 
Figure 5. MIIM test configuration on the Zayer Arion G MT. 

 
Every movement during the MIIM execution is made very 

slowly and it takes three seconds at each measurement point to 
stop the MT and realize the distance measurement. Thus, no 
thermal distortions are introduced to the MT by internal heating 
sources during the MIIM materialization. The unique heat 
source is therefore the ambient temperature variation. In this 
way, the refrigerators of the main spindle and the rotary table 
are disconnected several hours before the tests to assure that 
they do not introduce any heat source or sink depending on the 
ambient temperature of the day. 

5. Results   

Every MIIM repetition takes 40 minutes which compared to 
the MT FEA results conclude that the measurement procedure 
is fast enough to avoid structure thermal distortion during the 
data acquisition process. This conclusion is obtained from the 
machine FEA model response to a unitary step increment of 
temperature. Approximating the machine thermal behaviour to 
a first-order system, all the substructures have a time constant 
(63.2% of the step value) higher than 40 minutes. Figure 6 shows 
the time response of each of the tool-side substructures, 
showing how the columns have the fastest response with a 
constant time near 40 min and a higher time-response for the 
rest of the substructures. 
 

 
 
Figure 6. Tool-side structures response to a unitary step increment of 

temperature. 

 
The ambient temperature stability during the test campaign 

was remarkably high with less than 1ºC variation within any of 
the three batches of MIIM measurements. However, the 
absolute temperature difference was considerable with more 
than 4.5ºC between the measurement of May and those 
performed at the end of July. Figure 7 shows the MT 
temperature measured on the cross beam during the data 
acquisition processes. 

 
Figure 7. Temperature measured on the cross beam during MIIM 

tests. 

The MIIM results show repeatability better than 10 µm in X 
and Y axes while it is within 15 µm in Z axes. The reason why it is 
worse in the vertical direction is due to a unique fiducial point 
being fixed out of the XY plane as depicted in Figure 4. A second 
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fiducial point being fixed out of the plane shall improve the Z-
axis measurement uncertainty to the obtained in X and Y 
directions. 

Table 1 shows the average standard deviation value on the X, 
Y and Z axis per measurement day. It shall be highlighted that 
results correlate with the measurement instrument employed, 
an ADM-based laser tracker with a spatial displacement 
measurement expanded uncertainty U (k=2) = 10 µm+ 0.4 µm/m 
[9]. 

 
Table 1 Average standard deviation of the MIIM test campaign. (µm) 

 17-may 23-jul 30-jul 

X-axis 8,1 5,3 4,5 

Y-axis 5,2 4,7 4,3 

Z-axis 11,8 12,5 11,6 

 
Figure 8 depicts the absolute deviation at each of the 

measured points for the 20 MIIM repetitions for the test 
performed on 23/07/2021. It demonstrates how the MIIM 
repeatability is negligible compared to the MT absolute 
geometric error which is within ± 0.1 mm at the moment when 
the test campaign is executed. 

 
Figure 8. Errors Measured at each point. a) EX b) EY c) EZ  

 
Focusing on the Y-axis measurements performed at the end of 

July when the temperature is 4.5ºC higher (on average), it 
demonstrates that deviation increases as temperature rises. 
Figure 9 shows the observed effect in Y-direction during the 
three batches of MIIM measurements compared to the FEA 
result in the bottom picture as the MT travels the working 
volume. The correlation between the measured and FEA is 
realized. 

 

      

    
Figure 9. Error in Y-direction measurement by the three batches of 

MIIM measurements and compared to the FEA results. 

6. Conclusions 

This article presents the MIIM prototype for the thermal drift 
measurement of a Zayer Arion G™ large machine tool. A total of 

three batches of measurements are realized with a Leica 
AT402™ mounted on the MT spindle. Thus, it is demonstrated 
the feasibility of the MIIM approach to enable an automated, 
fast, accurate and volumetric method for the characterisation of 
large MTs with a minimum influence of the thermal errors. 

The experiments and the FEA analysis show that the 
measurement procedure (40 min) is fast enough to avoid 
structure thermal distortion during the data acquisition process 
allowing dozens of error maps creation in a single day.  

Measurement uncertainty results show that measurement 
repeatability is better than 10 µm in X and Y axes while it is 
within 15 µm in Z axes for those measurements performed at 
stable temperature situation (within 1ºC in 14 hours). 
Comparing the repeatability of the MIIM approach with the 
absolute MT deviation, it is demonstrated that MIIM 
repeatability becomes negligible. 

Considering the MT absolute deviation, the MIIM 
experimental test shows how the MT deviation increases as 
ambient temperature variation rises, showing a correlation 
between those measured deviations and the simulated FEA 
results. It is shown in detail for the MT Y-axis.  

As future research lines, additional experiments shall be 
realized at different MT configurations to scale the MIIM 
approach to any large machine tool configuration and develop a 
robust measurement solution for the thermal error study of 
large MTs that is compliant with requirements defined by Mayr 
et al. in [1].  The real integration exercise on the Zayer Arion GTM 
MT highlights the need to develop a new concept of distance 
measurement CNC instrument to allow materializing the MIIM 
method by reducing the cost and improving the distance 
measurement uncertainty. 
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Abstract 
Thermal compensation strategies are relevant for precision 5-axis machine tools, because thermal errors are among the major causes 
for geometric inaccuracies of machined workpieces. Therefore, many different compensation strategies have been developed to 
consider thermal errors in the numerical control of machine tools. However, automated and efficient thermal compensation 
strategies for 5-axis machine tools are still an outstanding challenge in industry. The thermal adaptive learning control (TALC) 
overcomes this issue by combining on-machine measurements and Auto Regressive models with eXogenous inputs (ARX). This paper 
presents an automated on-machine measurement cycle based on a touch trigger probe and an artefact. This on-machine 
measurement cycle enables the application of the TALC to the thermal errors of linear axes. The measurement cycle identifies the 
thermal error of a linear and a rotary axis and allows the separation of the artefact-related errors. The developed artefact is integrated 
into the machine tool table, to realize an efficient on-machine measurement without restricting the working space. The results of the 
developed on-machine measurement cycle are validated using grid encoder measurements of the same thermal load cases. This 
comparison verifies a good consistency of both measurement methods. Furthermore, the TALC is applied to a linear axis of a 5-axis 
machine tool. The results show that the TALC method significantly reduces the positioning error of the considered linear axes. 
 
On-machine measurement, thermal error, compensation, machine tool       

 

1. Introduction 

The accessible tolerances in precision manufacturing are 
strongly connected to the accuracy of the used machine tools 
(MTs). According to Mayr et al. [1] thermal errors are a main 
source of inaccuracies at produced workpieces. Therefore, lately 
model-based thermal error compensation strategies have been 
implemented to reduce the thermal errors of MTs. Due to the 
increased capability of artificial intelligence, the level of 
automatization of compensation strategies is further improved 
by introducing self-optimizing thermal error compensation 
models as presented by Zimmermann et al. [2]. However, the 
successful implementation of these thermal error compensation 
strategies require reliable and efficient measurement cycles as 
stated by Wegener et al. [3]. 

The commonly used measurement methods to identify the 
position- and time-dependent thermal errors of linear axes 
require specific devices such as laser interferometers or 
comparator systems and a time-consuming measurement setup. 
Blaser et al. [4] use a comparator system to characterize in detail 
the thermal behavior of a gantry-type linear axis considering 
various thermal load cases. The obtained data are then used to 
create a non-adaptable thermal error compensation model for 
the thermal positioning error of the linear axis. However, these 
measurement methods require expensive devices and time-
consuming setups, so that they are not suitable as on-machine 
measurement cycle to check the current prediction accuracy of 
the thermal error compensation models. 

Therefore, an increased number of on-machine measurement 
cycles, which are based on a touch trigger probe and an artefact, 
are introduced to measure thermal errors of linear axes. Kim and 

Chung [5] introduce for example an invar artefact consisting of 
cubes and columns to identify the thermal zero point drift the 
squareness errors and the positioning errors of three linear axes. 
Furthermore, in the case of five-axis MTs, the error separation 
between the rotary and linear axis becomes important. Mayer 
et al. [6] developed a measurement cycle to separate the 
thermal errors of linear and rotary axes of a 5-axis MT. However, 
all these measurement cycles are based on artefacts and require 
several artefacts in the working space. to get a complete image 
of the thermal behavior and distinguish the errors according to 
their origin. 

This paper presents an on-machine measurement cycle, which 
is based on an artefact integrated into the notch of the machine 
table and a touch trigger probe, to identify the thermal errors of 
a linear and a rotary axis. 

2. On-machine measurement cycle 

This section describes the artefact and the procedure of the 
on-machine measurement cycle to identify the thermal errors of 
a linear and a rotary axis. 

 
2.1. Artefact 

The designed artefact is derived from a ball array artefact, 
which is presented in ISO 230-1:2012 [7] to analyse the thermal 
errors of linear axes. However, holes instead of spheres are 
chosen as features to identify the position-dependent thermal 
errors along the linear axis. This minimizes the space 
requirements in the working area of the MT and enables an 
integration of the artefact into a notch of the machine table as 
shown in Figure 1. The artefact is featured with seven holes 
which are irregularly distributed over the length of 320 mm to 
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enable the identification of periodical positioning errors as 
proposed by ISO 230-2:2014 [8]. The artefact is made of steel 
(S355 J2C) because the procedure of the measurement cycle 
allows a partial error separation between artefact- and machine-
specific thermal errors due to the available rotary axis. A 
headless screw, which is in the reference hole, connects the 
artefact to the machine table.  
 

 
 

Figure 1. Designed artefact and its integration into a notch of the 
machine tool table 

 
2.2. Measurement procedure  

The designed artefact is suitable for identifying the position 
dependent thermal errors of a linear axis. Furthermore, the 
artefact also enables the identification of the thermal errors of 
a C-axis (EX0C, EY0C, EZ0T, ER0T, EA0C, EB0C, EC0C). This combination 
allows a separation of the artefact-related thermal error (EME) 
when the artefact is eccentrically fixed on the machine table due 
to the possible reversal measurement. As shown in Figure 2, the 
measurement cycle starts by measuring the position of all holes 
along the X-axis. Then, the C-axis is rotated by 90° and only the 
reference hole is measured. At the C-axis angle of 180°, the 
reversal measurement of the artefact is conducted at three 
different positions and finally the reference hole is measured at 
a C-axis angle of 270°. The X- and the Y-coordinate of the hole 
center are identified by measuring the hole on four positions and 
the Z-coordinate is obtained by touching the artefact in Z-
direction next to the considered hole. 
 

 
Figure 2. Measurement procedure to identify the thermal errors of X- 
and C-axis including the thermal error of the artefact 
 

The mathematical model to realize the error separation 
consists of homogeneous transformation matrices which 
include the position-dependent and the position-independent 
thermal errors of the considered axes and the artefact. The 
positioning error of the linear axis and the thermal expansion of 
the artefact are assumed as a linear function increasing with the 
distance from the reference hole. 

 

𝐸𝑋(𝑡𝑖 , 𝑃) = [

1 0 0 𝐸𝑋𝑋,𝑙𝑖𝑛(𝑡𝑖) ⋅ 𝑋𝑃

0 1 0 0
0 0 1 0
0 0 0 1

] (1) 

 

𝐸𝐶(𝑡𝑖) = [

1 −𝐸𝐶0𝐶(𝑡𝑖) 𝐸𝐵0𝐶(𝑡𝑖) 𝐸𝑋0𝐶(𝑡𝑖)
𝐸𝐶0𝐶(𝑡𝑖) 1 −𝐸𝐴0𝐶(𝑡𝑖) 𝐸𝑌0𝐶(𝑡𝑖)
−𝐸𝐵0𝐶(𝑡𝑖) 𝐸𝐴0𝐶(𝑡𝑖) 1 𝐸𝑍0𝑇(𝑡𝑖)

0 0 0 1

] (2) 

 

𝐸𝑇(𝑡𝑖 , 𝑃) = [

1 0 0 −𝐸𝑅0𝑇(𝑡𝑖) ⋅ cos(𝐶𝑃)
0 1 0 𝐸𝑅0𝑇(𝑡𝑖) ⋅ sin(𝐶𝑝)

0 0 1 𝐸𝑍0𝑇(𝑡𝑖)
0 0 0 1

] (3) 

 
 

𝐸𝑎𝑟𝑡(𝑡, 𝑃) = [

1 0 0 𝐸𝑀𝐸,𝑙𝑖𝑛(𝑡𝑖) ⋅ 𝑋𝑎𝑟𝑡 ⋅ cos(𝐶𝑃)

0 1 0 𝐸𝑀𝐸 , 𝑙𝑖𝑛(𝑡𝑖) ⋅ 𝑋𝑎𝑟𝑡
⋅ 𝑠𝑖𝑛(𝐶𝑃)

0 0 1 0
0 0 0 1

] (4) 

 
The kinematic chain of the analysed machine tool is modelled 

by using the presented homogeneous transformation matrices. 
Finally, the thermal errors are identified by solving the resulting 
system of equations using the Jacobian matrix 𝐽. 

𝐸 = 𝐽−1 ⋅ ΔP (5) 

The vector 𝐸 contains all considered thermal errors and the 
vector Δ𝑃 summarizes the differences between the current and 
the reference hole positions. 

3. Evaluation of the measurement cycle 

The performance of the developed measurement cycle is 
evaluated by applying it to a five-axis machine tool with the 
following kinematic chain according to ISO 10791-1:2015 [9]: 
V [w – C2’ – A’ – X’ – b – Y – Z – C1 – t ]. 

In the following, the accuracy, the dominant thermal errors of 
the considered linear axis, the repeatability and the error 
separation capability of the new on-machine measurement 
cycle are evaluated. 

 
3.1. Cross grid comparison 

The accuracy of the on-machine measurement cycle is 
analysed by comparing the identified thermal positioning error 
to the measurement results of a commonly used grid encoder 
(Heidenhain KGM 200). This comparison encompasses thermal 
WarmCold load cases of the X-axis with different feed rates as 
presented by Blaser et al. [4]. During the WarmCold load case, 
the X-axis oscillates over the whole distance of travel for the first 
four hours and the thermal errors are measured every five 
minutes. In the cool-down phase, which also lasts four hours, the 
X-axis is not moved between the measurements. 

 
Figure 3. Positioning errors of the X-axis for a thermal WarmCold load 
case of the X-axis with a feed rate of 30 m/min identified by the grid 
encoder (top) and the on-machine measurement cycle (bottom). 

 
Figure 3 illustrates the comparison between the positioning 

error of the X-axis measured by the on-machine measurement 
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and the grid encoder. The results indicate a good agreement 
between the two measurement methods, although the 
measurements are conducted in a not air-conditioned 
workshop, which means different environmental conditions. 
This demonstrates that the new on-machine measurement cycle 
correctly identifies the thermal positioning errors of linear axes 
without requiring a complex measurement cycle. 
 
3.2. Analysis of the dominant thermal errors 

In this section, the position-dependent thermal errors of the 
considered linear axis are analysed. Figure 4 presents the 
thermal zero-point drift and the corresponding translational 
thermal component errors at the different hole positions. The 
results depict, that the positioning error is the most dominant 
component error and a neglection of the thermal components 
errors EYX and EZX in the mathematical model of the 
measurement cycle is reasonable. 

 

 
Figure 4. Thermal zero-point drift and the position-dependent 
component errors of the X-axis for a thermal WarmCold load case of the 
X-axis with a feed rate of 30 m/min. 
 

Furthermore, the location dependence of the thermal 
positioning error is evaluated more in detail because the 
assumption of a linear increase of the positioning error with the 
distance of travel allows a reduction of the number of 
measurement positions. Therefore, Figure 5 shows the deviation 
between the measured and the linearly increasing positioning.  

𝐸𝑋𝑋(𝑡, 𝑥) = 𝐸𝑋𝑋,𝑙𝑖𝑛(𝑡) ⋅ 𝑥 (6) 

The maximum deviation at the considered measurement 
positions is approximately 0.6 µm for a WarmCold load case with 
a feed rate of 30 m/min, which is shown in Figure 5. 
Furthermore, the same analysis is also conducted for a thermal 
MultiRange load case. This demonstrates the impact of different 
oscillation locations on the resulting thermal positioning error as 
shown by Blaser et al. [4]. It encompasses the oscillation at three 
different regions of the overall distance of travel of the X-axis. 
The maximum difference between the measured and the 
approximated linearly increasing positioning error is 0.4 µm for 
a MultiRange load case with a feed rate of  
15 m/min. Consequently, the positioning error can be 
approximated as linear function depending on the distance of 
travel. This reduces the resulting measurement and modelling 
effort because only one thermal error compensation model, 
which predicts the slope of the function, is required. 
 

 
Figure 5. Difference between the approximated linearly increasing and 
the measured thermal positioning error EXX for a thermal WarmCold load 
case with a feed rate of 30 m/min. 

 
3.3. Repeatability 

The repeatability of the measurement cycle is analysed by 
repeating it 100 times in a row. A high-pass filter is applied to 
the experimental data in order to eliminate the long-term 
thermal drifts due to the variation of the environmental 
temperature. The resulting measurement repeatability (k=2) is 
maximum 0.4 µm for the translational errors (EX0C, EY0C, EZ0T ER0T), 
1.8 µm/m for the positioning error EXX,lin,  
1.6 µm/m for the rotational errors (EA0C, EB0C, EC0C) and 1.6 µm/m 
for the thermal error of the artefact EME,lin. 

 
3.4. Error separation 

The error separation between the thermal errors of the MT 
and the thermal elongation of the artefact is especially relevant 
because no material with a small thermal expansion coefficient 
is chosen to realize an affordable artefact. Figure 6 shows the 
machine- and artefact-related errors obtained from the on-
machine measurement cycle for a thermal WarmCold load case 
of the C-axis with a rotational speed of 120 rpm. The 
temperature of the machine table rises due to the rotation of 
the C-axis results in a significant thermal elongation of the 
artefact, which is correctly separated from the considered 
machine-specific errors.  

 

 
Figure 6. Separated artefact- and machine-specific thermal errors for a 
thermal WarmCold load case of the C-axis with a rotational speed of  
120 rpm. 

4. Compensation experiment 

The new on-machine measurement cycle enables an efficient 
application of self-optimizing thermal error compensation 
models to reduce the thermal errors of linear and a rotary axis. 
The self-optimizing thermal error compensation models 
presented by Zimmermann et al. [2,10,11] include an adaptive 
selection of the optimal model inputs and on-demand triggered 
on-machine measurements to check the current accuracy of the 
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compensation results. Figure 7 summarizes the applied self-
optimizing thermal error compensation strategy. 

 

 
Figure 7. Concept of the TALC in combination with the adaptive input 
selection and the autonomously triggered on-machine measurements 
adapted from [11]. 

 
In total 29 sensors measure the temperatures of the different 

machine tool components and the environment. The concept of 
the self-optimizing thermal error compensation models is 
applied to compensate the thermal errors of an X- and a C-axis 
resulting from a randomly generated speed profile of the X-axis. 
Figure 8 illustrates the used speed profile. 
 

 
Figure 8. Speed profile of the X-axis over 105 hours. 

 
Figure 9 presents the corresponding compensation results for 

the thermal errors EXX, EX0C and EZ0T. The root-mean-square error 
of the thermal positioning error EXX is reduced by 87%. 
Furthermore, root-mean-square error of the translational errors 
of the C-axis EX0C and EZ0T are reduced by 86% and respectively 
79%. Consequently, the on-machine measurement cycle enables 
in combination with the self-optimizing thermal error 
compensation models an efficient reduction of the thermal 
errors.  

 

 
Figure 9. Uncompensated and compensated thermal errors EXX, EX0C and 
EZ0T for the thermal load case shown in Fig. 8. The black vertical line 
shows the time of the model setup and the black doted lines 
represent the autonomously triggered state updates to check an 
exceedance of the action control limit (ACL), which is represented by 
the black dashed horizontal lines. The red dashed vertical line 
indicates an exceedance of the ACL of any error. 

5. Conclusion and Outlook  

The introduced artefact-based on-machine measurement 
cycle provides an efficient identification of the thermal errors of 
a linear axis and a rotary axis without requiring a complex 
measurement setup. The on-machine measurement cycle 
enables an error separation between the artefact- and the 
machine related thermal positioning error of a linear axis if a 
rotary axis is available. The conducted evaluation using a grid 
encoder demonstrate the accuracy of the new measurement 
cycle. The conducted experiments illustrate, that the positioning 
error is the dominant thermal component error of the 
considered linear axis. Furthermore, the results show that the 
thermal positioning error can be approximated by a linear 
position-dependant function with a time-dependent slope, 
which reduces the measurement and modelling effort 
significantly. The combination of the developed on-machine 
measurement cycle and self-optimizing thermal error 
compensation models reduces for example the positioning error 
of a linear axis by 87%. 

Future research concentrates on extending the developed 
measurement cycle on a second linear axis, which requires a 
thermally stable reference length as an additional component to 
realize an error separation between the considered axes. 
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Abstract 
This article describes a novel method for applying a contact force in the range of 1 to 100 μN with pointed probe on a microscale 
sample in order to perform ohmic electrical measurements. The solution is based on the new TIVOT active load cell combining the 
functions of a force sensor and an actuator. Probe movement is performed by a piezo actuator which allows the probe tip to be 
moved over a 5.64 mm range with submicrometric precision. Force measurement is enabled by measuring the elastic deformation 
of a compliant structure with adjustable stiffness. Strategies are presented to remotely adjust the sensitivity of the mechanism 
leading to resolutions from 12 μN to 10 nN for forces ranges from 0-60 mN to 0-1 mN respectively. The piezo-actuated stiffness 
adjustment enables the mechanism to operate in a bistable mode with a tunable maximal threshold force, thus protecting the probe 
and sample from overloads. Zero offset tuning, in combination with the non-linear characteristic of the mechanism, allows reaching 
a quasi-constant force characteristic after landing the probe which helps maintaining a stable electrical contact during measurement. 
Experimental results show that this approach secures and improves probe to sample contact force leading to more efficient 
measurements than with the traditional methods.  
 

Force sensor, Compliant mechanism, Bistable mechanism, Microprobing, Probe landing, Contact force  
  
 

1. Introduction 

Measuring basic electrical parameters such as current and 
voltage on devices whose scale is visible to an unaided eye is 
relatively simple. However, such measurements become a 
challenge for integrated circuits (IC) fabricated at the micro- and 
nanoscale. The terms micro- and nanoprobing refer to the 
technique of analyzing electrical samples under a microscope 
(optical or electron) which is based on making a point contact 
with a sample to measure its electrical parameters [1]. 
Nowadays, micro- and nanoprobing are typically performed by 
a skilled human operator without any assistance of automation, 
thus increasing costs and a risk of failure. While solutions to the 
automated probe positioning using micromanipulators are 
known (e.g., [2]), one of the remaining challenges is to detect 
and maintain a stable contact between probe and sample at 
micro- and nanoscale as shown in Fig. 1. 
Control of contact force is a critical factor in automated probe 
landing: excessive force may damage the probe or the sample, 
while insufficient force may lead to high electrical resistance or 
even contact loss due to thermal drift or mechanical vibrations. 

The optimal range of forces is difficult to determine and 
depends, among other factors, on the size and type of samples. 
For example, a sample of 100 nm-diameter vertical GaAs 
nanowires requires forces ranging from 0.1 μN to 10 μN, while 
a sample of 100 μm-side rectangular pads, slightly oxidized, may 
require contact forces above 1 mN [3]. 
There are few solutions allowing for the force measurement in 
such a wide range and these are mainly MEMS (e.g. [4]) which 
are characterized by high fragility and in general do not allow 
the replacement of a damaged or worn probe tip. Moreover, 
the typical force sensors do not provide functionality protecting 
against the exertion of excessive contact force and do not help 
to maintain a constant contact force for the duration of the 
electrical probing. All these drawbacks limit the contribution of 
existing force sensing technologies to automated micro- and 
nanoprobing. Our device, being an improved version of the 
solution presented in [5], solves these issues. It provides 
sufficient force measurement range, allows the use of 
interchangeable commercial probes, and enables the use of 
control strategies dedicated to micro- and nanoprobing which 
protect the probe and the sample, and facilitate the probe 
landing. 

2. Load cell with adjustable stiffness and offset 

2.1 General concept 
The concept of the load cell investigated in this article is based 
on a lever whose pivoting motion with respect to the fixed 
frame is guided by flexures. As the suspension of the lever is 
made of three flexible blades arranged in a ‘T’ shape, this 
mechanism is referred to as TIVOT [6]. As depicted in Fig. 2, 
when an input force F is applied to the tip of the probe (1), the 
lever deflects by an angle α. Since the movement of the lever 
extremity is small in relation to the length of the lever, it is Fig. 1 Contact force in electrical micro- and nanoprobing (a view 

from electron microscope). 
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possible to approximate its circular displacement by a linear one 
(x), which leads to force-displacement characteristic F(x).  
 

2.2 Stiffness adjustment 
The stiffness of the load cell mechanism links the input force F 
with the output displacement x. We use the tangent stiffness 
definition (eq. 1) to describe the load cell.  
 

                                        𝑘𝑡(𝑥)  =  𝑑𝐹/𝑑𝑥                                               (𝑒𝑞. 1) 
 

The lower the stiffness kt(x), the greater the sensitivity of the 
load cell. The stiffness kt(x) is regulated by the preload 
mechanism (2) that exerts a compressive force on the two 
longitudinal blades (3).  The bending stiffness of flexible blades 
can be adjusted according to the applied compressive or tensile 
load [6]. The preload is adjusted by means of a piezoelectric 
actuator (4) generating displacement xp, and allows the stiffness 
kt(0) to be selected over of a range from 25 N/m to -29 N/m with 
the resolution of ±0.01 N/m. 
 

2.3 Offset adjustment 
The offset Fo is the force measured by the load cell when no 
external load is applied to the probe tip (i.e., F = 0). The offset 
adjustment allows compensating for differences in the 
operation of the device, e.g. resulting from limited 
manufacturing precision or gravity effects on the lever. In some 
cases, it is preferable to set an offset value to a non-zero value. 
e.g. to extend the measuring range or change the probe tip 
position, which is presented in more detail in section 3. 
The working principle of the offset mechanism is generating a 
fixed torque To around the rotational axis of the lever, by 
adjusting the deformation of the transversal blade (5). The 
torque corresponds to the force Fo multiplied by the length of 
the lever. The adjustment is made by a piezoelectric actuator (6) 
generating displacement xz, and allowing the offset Fo to be 
selected over a range from -6 mN to 4 mN with the precision of 
±0.8 μN. 
 

2.4. Analytical model by polynomial fit 
Several examples of force-displacement characteristics 
obtained experimentally for different stiffnesses kt(x) and Fo=0 
are shown in Fig. 3. Based on them, we applied a 5th order 
polynomial fit to build the analytical model (eq. 2). 

                               𝐹 =  ∑ 𝐴𝑛(𝑘𝑡(0))𝑥𝑛
5

𝑛=1
 +  𝐹𝑜                         (𝑒𝑞. 2) 

It should be noted that the characteristics are non-linear which 
is favorable for the control strategies described in section 3. 
Note that this model does not consider gravity effects as for the 

tested configuration a constant mass of the lever was assumed, 
whose center of gravity coincides with its rotation axis. 
 

2.5 Self-calibration 
The model (eq. 2) can be used to determine one of the 
adjustable parameters - stiffness or offset - with the knowledge 
of the other one, and when no force is applied to the probe tip 
(i.e., F = 0). Such a measurement, referred to as self-calibration, 
allows increasing the precision of stiffness and offset 
adjustments, and even allows them to be regulated without a 
need of an additional displacement sensor. 

3. Measuring modes 

The device offers several operating modalities thanks to its 
wide-range of force-displacement characteristic adjustment:  
Four operating modes are proposed: positive stiffness, negative 
stiffness (bi-stability), constant-force, and force-sweep. 
 

3.1 Positive stiffness operating mode 
When operating with positive stiffness, there is only one stable 
position for the lever. If offset is zero, and the probe tip is not in 
contact with the sample, the lever’s nominal position is x = 0. 
Coming into contact with the sample causes the lever to rotate 
(x>0), by an angle depending on the magnitude of the contact 
force F. The stiffness adjustment allows for the simultaneous 
change of sensitivity and the range of the force measurement, 
while the offset adjustment in this mode allows changing the 
nominal probe position, thanks to which it is possible to extend 
the measurement range without affecting the sensitivity. In this 
mode, the lever remains stationary until it comes into contact 
with the sample, therefore probe landing requires the sample 
to be lifted towards the probe tip. The operation of the sensor 
in the positive stiffness mode was tested on a sample of 

Fig. 2 Schematic of the novel load cell 

Fig. 3 Force-displacement characteristics of the load cell 

Fig. 4 Probe landing on micropillars (optical microscope view) 

154



 

10 μm-diameter silicon micropillars (see Fig. 4). Figure 5 
presents the force measurement by the load cell prototype 
during probe landing compared to the measurement by the 
reference force sensor FUTEK FSH03395 placed under the 
sample. The precision of the reference force sensor was ±5 μN 
which is worse than the precision of the prototype, which was 
0.4 μN at stiffness kt(0) = 0.02 N/m. The contact force of 7.5 μN 
was maintained for over 500 seconds, which is sufficient to carry 
out typical electrical measurements. 

3.2 Negative stiffness operating mode (bi-stable) 
In the negative stiffness mode, the force-displacement 
characteristic has a negative slope. This means that the lever 
operates in a bi-stable mode, typically with stable positions at 
both extremes of the movement range, when the lever rests on 
mechanical stops (1A in Fig. 6). The lever remains at rest against 
its mechanical end-stop until the contact force exerted by the 
probe tip on the sample reaches the threshold force (2A in 
Fig. 6). Then, further movement of the sample towards the 
probe causes the lever to deflect while reducing the contact 
force. After crossing an unstable equilibrium at the nominal 
position, the lever suddenly snaps to the second stable position 
(3A in Fig. 6).  

Experimental validation of the negative stiffness mode when 
landing on microwires is shown in Fig. 7. The maximum contact 
force Fth was 75 μN. Then the contact force was decreasing until 
it was lost at t=160 seconds. 
 

3.3 Constant-force operating mode 
Constant-force mode requires the stiffness to be adjusted so 
that the derivative of the force-displacement characteristic at a 
given operating point x is close to zero (kt(x) ≈ 0). This means 
that the contact force remains stable regardless of small 
changes in the position of the lever, e.g., caused by vibrations 
or an overshoot in positioning when landing the probe (see 
Fig. 8). Offset adjustment can be used to shift the characteristic, 
thus setting the level of the constant-force. 

Fig. 7 Force measurement in the negative stiffness mode 

Fig. 5 Force measurement in the positive stiffness mode 

Fig. 6 Working principle of the negative-stiffness mode, qualitative 
graph 

Fig. 8 Working principle in the constant force mode, 
kt(0)=1.65 N/m, Fo=0.38 mN 

Fig. 9 Force measurement in the constant-force mode 
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Experimental results of probe landing on micropillars in the 
constant-force mode is shown in Fig. 9. The sample was moved 
towards the probe tip until contact within the constant-force 
range was established at t=80 seconds. Then the sample was 
moved alternately up and down with an amplitude of 10 μm to 
test the stability of the contact force. The contact force 
measured with a precision of ± 0.01 μN was stable between 
63.07 to 63.16 μN. 
 

3.4 Force-sweep operating mode  
The force-sweep is the only mode in which the probe tip is 
moved instead of the sample. The lever can be precisely rotated 
by the offset adjustment mechanism. The stiffness of the 
mechanism must be positive and its value affects the speed and 
range of the tip's movement. For example, the highest 
resolution of the probe tip motion achieved experimentally for 
kt(0) = 25 N/m is 12.8 nm, with a travel range of 0.836 mm. With 
a stiffness of kt(0)=4.5 N/m, the largest travel range of 5.64 mm 
was achieved, with a resoltion of 70.9 nm. 

Beginning at the nominal position (1B in Fig. 10), the offset is 
incremented causing the probe tip to move towards the sample. 
When the initial contact with the sample is established (2B in 
Fig. 10), it can be detected as a discrepancy in the position of 
the lever in relation to the model (eq. 2). When the probe tip is 

landed on the sample, the lever rotation is blocked, therefore 
further adjustment of the offset controls the magnitude of the 
contact force (3B in Fig. 10). Experimental validation of this 
operating mode performed on a sample of microwires is shown 
in Fig. 11. 
 

3.5 Summary 
The advantages and disadvantages of all operating modes are 
summarized in Table 1 

Mode Advantages Disadvantages 

3.1 
Positive 
stiffness 

• best sensitivity for small forces (i.e., 
F ≈ 0) 
• possible stiffness self-calibration 
• advantageous when optimal contact 
force is unknown 

• the lever is prone to 
oscillations around the 
nominal position 
 

3.2 
Negative 
stiffness 

• overload protection  
• the lever is not prone to oscillations 
as it rests on the mechanical stop 
• advantageous when passive force 
control is required 

• insensitive to 
contact until the 
threshold force is 
reached 
 

3.3 
Constant-
force 

• best stability of the contact force  
• most precise measurement  
• advantageous when optimal contact 
force is fixed and known a priori 

• limited force range 
• limited precision 
outside the constant-
force range 
 

3.4 
Force-
sweep 

• possible probe tip actuation  
• advantageous for multiprobe 
applications where each probe lands 
independently on the sample 

• the lever is prone to 
oscillations 
• limited precision by 
the offset adjustment 

4. Conclusion 

Thanks to its stiffness adjustments and offset adjustments 
features the novel TIVOT load cell allows controlling the 
sensitivity and the range of the measured forces within four, 
distinct operating modes dedicated to various types of electrical 
micro- and nanoprobing. Novel properties include non-linear 
characteristic for an increased dynamic range, bi-stable mode 
for protection against excessive forces and probe tip vibration 
suppression, zero stiffness for improved stability of the contact 
force. Theses modes were experimentally tested on microwires, 
demonstrating the possibility of achieving stable contact forces 
in the range of 0 to 100 μN. Further research includes 
characterizations of the load cell dynamics. 
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Fig. 11 Force measurement in the force-sweep operating mode 

Table 1 Comparison of the four operating modes 
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Abstract 
 
The microsystems technology drives manufacturing industries with the need for smaller structures for ultra-precision requirements. 
Precision combined with the allowed dynamics of the moving components are basic principles. Aerostatic bearings provide smooth 
and contactless movements, which are key resources for ultra-precision machine tools. Providing sufficient high stiffness properties 
for manufacturing applications, the air gap height of gas bearings has a size of just a few micrometres and shows a clear sensitivity 
to temperature and, in the case of journal bearings, also to speed. An algorithm developed computes the stiffness and damping 
properties and performs a full sensitivity analysis investigating all physical parameters of a plain journal bearing. The advanced 
approach combines a 2D-Thin-Film Finite Difference Method (FDM) with the Infinitesimal Perturbation Method (IFP) to achieve an 
eccentricity and attitude angle-dependent pressure distribution. This study describes a fully parametrized approach to serve as a 
base for the sensitivity analysis during the design phase and for the model of the control system. The outlined concept is evaluated 
on a high-speed journal bearing with the dimensionless DN factor of 3 ∙ 106. The orifice design in combination with industry-standard 
inlet pressure ranges is the main design restriction. The described correlation matrices are evaluated with the Latin Hypercube 
Sampling Method and ensures together with the 2D Reynolds equation-based FDM algorithm a short calculation period. The 
proposed system is validated and further discussed through a rotor dynamic study on a high-speed aerostatic machine tool spindle. 
 
Air bearing, ultra-precision machine tools, dynamic stiffness  

 

1. Introduction 

Air bearings are a key element in ultra-precision machining. 
Powell [1] described different bearing characteristics like 
aerostatic and aerodynamic bearings, orifice design and the 
corresponding analytical approximation. Whereas classic 
aerostatic bearings have to achieve increasingly stiffnesses with 
simultaneously smaller air consumption, only the air gap 
clearance can be reduced. The static effects, which are 
independent of speed, are superimposed by the dynamic 
behaviour. An essential feature is the increased load capacity 
with increasing speed. In addition to the characteristic 
deflection of the shaft, there is also a characteristic attitude 
angle. The description of this hybrid journal bearing behaviour is 
becoming increasingly important for high-speed journal bearing 
with maximum rotational speed times the nominal diameter as 
the dimensionless DN factor of 3 ∙ 106. 

Li et al. [2] investigated the analysis of roller bearing 
configuration effects on high-speed spindles using an integrated 
dynamic thermo-mechanical spindle model. The resulting 
behaviour of the stiffness and damping parameter illustrates the 
significance of such analysis in spindle design. For air bearing 
spindle this is also possible with the consideration of the air gap 
clearance variation depending on the temperature. 

The procedure of solving a dynamic characterised air film is 
described by Yang et al. [3]. The focus is on the influence of the 
orifices, determining with the Perturbation Method to analyze 
the stability of the rotor behaviour. The basis for this 
investigation is the Reynolds equations. Kim et al. [4] formulated 
the generalised version of the Reynolds equation for an air 

bearing with curved bearing surfaces. This formulation aims to 
facilitate the dynamic calculation of air bearings of different 
shapes in operation.  

The dependencies and operating conditions in a plain journal 
bearing alone are so diverse that an efficient calculation method 
is needed. Cui et al. [5] described the procedure for analysing 
the angular stiffness of a combined axial thrust and radial journal 
bearing. The Finite Element Method (FEM) is chosen for the 
calculation because it is less time-consuming and more efficient 
compared to Computational Fluid Dynamics (CFD). 

Dupont [6] further elaborated the dynamic stability and robust 
rotor dynamics which lead to low errors in motion and 
vibrations. The combination of a computational efficient 
parametrized 2D-FDM-IFP simulation and a fully performed 
sensitivity analysis is shown for the first time in this work. 

2. Method 

The airgap hight is much smaller compared to the length and 
diameter of a hybrid plain journal bearing. Therefore the general 
Reynolds equation is applied according to Rowe [7]: 

𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+𝑤

𝜕𝑢

𝜕𝑧
)    

= 𝜌𝑔𝑥 −
𝜕𝑝

𝜕𝑥
+ 𝜇 (

𝜕2𝑢

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
+
𝜕2𝑢

𝜕𝑧2
)        ( 1) 

𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+𝑤

𝜕𝑣

𝜕𝑧
)     

= 𝜌𝑔𝑦 −
𝜕𝑝

𝜕𝑦
+ 𝜇 (

𝜕2𝑣

𝜕𝑥2
+
𝜕2𝑣

𝜕𝑦2
+
𝜕2𝑣

𝜕𝑧2
)       ( 2) 

𝜌 (
𝜕𝑤

𝜕𝑡
+ 𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+𝑤

𝜕𝑤

𝜕𝑧
)    

= 𝜌𝑔𝑧 −
𝜕𝑝

𝜕𝑧
+ 𝜇 (

𝜕2𝑤

𝜕𝑥2
+
𝜕2𝑤

𝜕𝑦2
+
𝜕2𝑤

𝜕𝑧2
)       ( 3) 
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The following assumptions are considered: 

• The fluid is incompressible 

• Constant fluid viscosity 

• The body forces are neglected: 
𝑔𝑥 = 0,𝑔𝑦 = 0,𝑔𝑧 = 0 

• Thin film geometryis applied: 
𝜕𝑃

𝜕𝑦
= 0 

• The forces of inertia are neglected: 

𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+𝑤

𝜕𝑢

𝜕𝑧
) = 0   ( 4) 

𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+𝑤

𝜕𝑣

𝜕𝑧
) = 0  ( 5) 

𝜌 (
𝜕𝑤

𝜕𝑡
+ 𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+𝑤

𝜕𝑤

𝜕𝑧
) = 0  ( 6) 

 
This leads to the simplified and dimensionless Reynolds 
equation in the form of: 
𝜕

𝜕∅
(𝐻3

𝜕𝑃

𝜕∅
) +

𝜕

𝜕𝑍
(𝐻3

𝜕𝑃

𝜕𝑍
) =

𝜕𝐻

𝜕∅
+ 2(�̇�𝑠𝑖𝑛∅ + �̇�𝑐𝑜𝑠∅)  ( 7) 

The dimensionless pressure: 𝑃 =
𝑝

6𝜇𝜔
 (
c

R
)
2

   ( 8)  

The dimensionless hight: 𝐻 = ℎ/𝑐 with the air gap hight h and 
the nominal clearance c.  

The angular coordinate: ∅ 
The height of the air gap is given as a variable depending on 

the position in the air bearing. No-slip is assumed at the 
transition and a mass flow specification is also given at the inlet 
of the orifice. The eccentric position of the shaft within the 
bearing clearance is influenced by the load it carries as 
illustrated in Figure 1. The eccentricity converges until the load 
is balanced by the pressure generated in the air film. 

The angle between the load axis, the y-axis in Figure 1, and the 
line connecting the centre of the bearing to the centre of the 
rotor are called the attitude angle ∅°. With the Newton-Raphson 
Method, the attitude angle is calculated by starting with an 
initial estimate until convergence is reached. 

The Infinitesimal Perturbation Method uses the partial 
derivatives of the bearing forces as described by Qiu [8]. There 
is a zero-order solution around which linearisation takes place. 
The first-order derivatives of the quantities after the 
displacements are the pre-factors to the small disturbance 
deflections. The forces, stiffnesses and damping are calculated 
as follows: 

(
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𝐿/𝑅

0

∅2
∅°

𝑑𝑍𝑑∅  ( 9) 

 
For the perturbated pressure the following factors are needed: 

𝐶𝑓 =
𝐶8

𝑐
 for 𝑘𝑥𝑥 , 𝑘𝑥𝑦 , 𝑘𝑦𝑥 , 𝑘𝑦𝑦    ( 10) 

𝐶𝑓 =
𝐶8

𝑐𝑓
 for 𝑐𝑥𝑥 , 𝑐𝑥𝑦 , 𝑐𝑦𝑥 , 𝑐𝑦𝑦     ( 11) 

𝐶8 = 6𝜇𝜔𝑅
2 (

𝑅

𝑐
)
2
     ( 12) 

 
Which lead to the perturbated pressures: 

𝑃𝑥 =
𝜕𝑃

𝜕𝑋
, 𝑃𝑦 =

𝜕𝑃

𝜕𝑌
, 𝑃�̇� =

𝜕𝑃

𝜕�̇�
, 𝑃�̇� =

𝜕𝑃

𝜕�̇�
    ( 13) 

Whereas 𝑋, 𝑌 are the perturbated rotor centre displacements 

in x- and y-direction and �̇�, �̇� are the perturbated rotor speeds 

in x- and y-direction. The solution scheme is comparable as 
described by Yang et al. [3]. 

 

 
Figure 1: Schematic representation of the rotor movement 

 
To analyse the influence of the design parameters on the 

stiffness and damping as well as on other dynamic parameters, 
it is necessary to consider a finite number of geometries. These 
geometries are chosen in such a way that on the one hand the 
interesting bandwidth is covered and on the other hand no 
linear dependencies arise between them. One approach for 
generating such design points is the Latin Hypercube Sampling 
Method (LHS). A manageable number of points are required 
while minimising the correlations between them as described by 
Zio [9]. 

3. Implementation 

The described 2D representation of the pressure distribution 
in the air gap is now evaluated using FDM. The half-step FDM 
with the domain boundaries as described in Figure 2 is applied.  

 
Figure 2: The applied half step Finite Difference Method (FDM) with the 
boundaries. 

 
The manufacturing errors of a journal bearing due to the 

circumferential waviness is implemented according to Cui et 
al. [10]. The axial surface waviness has an influence on the static 
and dynamic characteristics of the journal bearing as described 
by Wang et al. [11]. The combination of axial and circumferential 
waviness error is elaborated from Wang et al. [12] and has a non-
trivial dependency on both static and dynamic properties. 

The main geometric bearing parameter and operational values 
for this analysis are listed in Table 1. The conditions for air have 
been idealised as standard conditions. 
  

L 
z 

x 
2𝜋 ∆x 

∆z 
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(i,j-1/2) 
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Table 1: Main journal bearing parameter 

Parameter Value Unit Description 

R 18 mm Nominal radius 

c 40 µm Nominal air gap 

L 70 mm Length of the bearing 

ps 5 bar Supply pressure 

pa 1 bar Ambient pressure 

nj 8 - Number of orifices 
per column 

nr 2 - Number of orifice 
columns 

dor 80 µm Orifice diameter 

𝜔𝑚𝑎𝑥  84’000 rpm Max. rotational speed 

𝜇 1.79∙10-5 Ns/m2 Air viscosity 

T 293 K Air temperature 

𝜌 1.204 kg/m3 Air density 

𝜅 1.4 - Isentropic coefficient 

4. Results 

The results of the dynamic pressure distribution in the air gap 
of the journal bearing are shown in Figure 3. The pressure in the 
calculated 2D space is plotted where the boundary conditions 
reflect the continuity in both circumferential direction and the 
ambient pressure at the two axial outlets. 

 
Figure 3: Pressure distribution in the air gap for the analyzed journal 
bearing. 

Figure 4 also shows the pressure distribution for the given 
circumferential waviness. The increased pressures in the area of 
the smaller air gaps and the reduced pressures in the area of the 
larger air gaps can be seen. 

 
Figure 4: Pressure distribution for a circumferential waviness of 
amplitude 5 𝝁m and waviness spatial number of 4. 

Figure 5 also shows the pressure distribution at one 
eccentricity. A typical eccentricity of 0.1 is selected, which leads 
to the corresponding pressure distribution. 

 
Figure 5: Pressure distribution with an eccentricity ratio of 0.1. 

 
Figure 6 and Figure 7 show the characteristic dynamic values 

for the load capacity of the bearing and the stiffness. The strong 
correlation between load capacity and speed comes from 
aerodynamic effects with increasing speed. Furthermore, the 
stiffness in the YY-direction again shows a large dependence on 
the eccentricity, but only at high speeds, which is again due to 
the strong dynamic effects. The rotational speed goes up to the 
selected maximum speed and the deflection up to a relevant 
value of 0.2. The maximum rotational speed of 84’000 rpm times 
the nominal diameter of 36 mm represents the DN factor of 3 ∙
106. 

 

 
Figure 6: Dynamic force in y-direction based on the speed and 
eccentricity operating point 

 
Figure 7: Stiffness based on the speed and eccentricity operating point 
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Figure 8 describes the sensitivity of the design parameters 

from the shaft radius to the number of nozzles with the resulting 
characteristic dynamic values.  

For example, there is a strong correlation between the mass 
flow of the air and the nozzle diameter. This means that the 
larger the nozzle diameter, the greater the mass flow. This result 
is consistent with the physical behaviour of a flow restrictor. 
Furthermore, the nozzle diameter is also relevant for the whirl 
and the stiffness. 

5. Discussion and Outlook 

The parametric procedure for the aerostatic stiffness and 
damping analysis for high-speed air bearings is elaborated. The 
approach is based on the 2D Reynolds equation, which is solved 
with FDM and the Infinitesimal Perturbation Method. 

The procedure allows an iterative formulation of the pressure 
distribution and air gap heights in the bearing gap, which are 
key-responsible for the dynamic behaviour. Furthermore, the 
procedure has high computational efficiency as it requires 
significantly less effort compared with the implementation in 
FEM or CFD. This enables efficient investigation considering a 
variety of different design points. The findings obtained with the 
help of this sensitivity analysis are important for obtaining 
fundamental design decisions when designing air bearing 
systems. 

The developed approach shown can also be applied to other 
types of air bearing concepts such as thrust bearings and 
supports. The description of the air gap height function is 
different and usually easier than for bushings. Furthermore, the 
dynamic behaviour of the bearing and its sensitivity to other 
gases and liquids can be investigated efficiently by adjusting the 
parameters of the fluid. This efficient calculation of the 
aerodynamics part also enables a further integration into 
complex models for in-depth analysis such as rotor dynamics or 
thermodynamics. 
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Figure 8: Matrix of sensitivities of the main journal bearing parameters on the dynamic properties. The brighter 
colours represent a positive correlation and the darker colours a negative correlation.  
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Abstract 
 
Control systems for roller-bearing-guided direct drives have to deal with varying plant behaviour during one move: Mass behaviour 
is dominant once the stage is moving with noticeable speed while stiction and stick-slip-effects are dominating the last micron 
positioning part. 

This paper shows a pragmatic measurement-based approach for designing, tuning, and evaluating a control-loop which is both 
performant and robust facing the different friction behaviours between moving and positioning. 

The key is to measure the plant in its two characteristic states - motion and stiction - and to design the controller simultaneously 
for the two measured plant states. For doing this, two frequency response function (FRF) measurements with different excitation 
and moving speeds of the axis are acquired using a preliminary controller design. These FRF-measurements show the above-described 
nonlinear behaviour: Stiction is dominating in low-current and standstill situations while mass dominates once the slide is moving. 
Alongside appearing parasitic and payload related resonances are considered as well. 

To simulate the resulting open-loop-FRFs, the measured plant-FRFs are used as input to a numeric model of the control loop 
capturing its structure as well as all its tuneable parameters. Therefore, controller design and parametrisation can be modified, and 
its characteristics can be simulated within seconds without the need of additional measurements. 

A cascade of three PI-controllers for current, velocity and position is investigated for faster settling. It turns out that this can be 
advantageous for settling into a given error window and increased disturbance rejection at low frequencies. Its drawbacks compared 
to the standard P-PI-approach for position control are an enlarged settling to zero error due to oscillation and increased disturbances 
around its bandwidth. Therefore, the individual application defines which controller layouts fits best.  

Verification measurements in time and frequency domain lastly proofed the performance and showed stable behaviour for all 
measured friction scenarios. 
 
Control Engineering, Loop Shaping, FRF-Measurement, Sensitivity Function, Stick-Slip-Effect, Roller Bearings, Direct Drives   

 

1. Introduction  

Precision optics in high performance measurement machines 
require fast positioning over several decimetres and position 
accuracy on nanometre level. When using roller bearings for the 
positioning stages, the settling from micrometres down to 
nanometre-scale takes place in the sticking regime of the roller 
bearing. During this transition from moving to sticking the plant 
behaviour changes significantly between mass- and stiffness-
dominance. 

This paper shows a measurement-based design approach 
which takes care of this variant plant behaviour as well as 
payload related parasitic resonances, to find a controller design 
that is both performant and stable for the whole movement. 
In contrast to standard loop-shaping methods (esp. [1]) the plant 
is neither considered as ideal nor constant over the movement. 

In Chapter 2 the different plant behaviours between moving 
and creeping are explained.  

Chapter 3 then explains the design method itself nearby the 
controller structure used for the experiments and some general 
design guidelines for position control.  

In Chapter 4 the improvements and drawbacks of a second 
integrator in the position loop are investigated since this is not a 
common approach in standard literature [2,3,4,5]. 

 
Chapter 5 discusses the overall approach, gives some 

recommendations of its usage alongside some outlooks and 
extensions. 

2. Actuator Force related Friction Behaviour of Roller Guides 

Due to their friction behaviour roller guides are highly 
nonlinear elements in the plant model. Friction during 
movement differs significantly from sticking during creeping and 
standstill. The approach of this paper is to approximate this non-
linear behaviour with its two extreme representations: Static 
friction force during movement and spring-like sticking force 
during standstill. Around these two operating points the model 
can be assumed as linear and therefore linear methods can be 
used to design and evaluate a performant and robust controller. 

 
 

 
 

Figure 1. Simple model of the drive dynamics 
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It is prior art to model a roller-bearing-guided direct drive 
simplified as shown in Figure 1: A moving mass and a normal 
force (𝐹𝑁 = 𝑚 ⋅ 𝑔) dependent friction force 𝐹𝑓 are representing 

the drives moving parts while actuator force 𝐹𝐴 is working 
against inertia and friction according (2-1). 

  

(2-1) 𝐹𝐴 = 𝑚 ⋅ �̈� + 𝐹𝑁 ⋅ 𝜇 = 𝐹𝑚 + 𝐹𝑓 
  

Since the friction coefficient µ is low for high quality bearings 
and normal force is constant in linear actuators 𝐹𝑓 might be 

neglected during motion and the model reduces to a simple 
moving mass with 180° phase lag and the characteristic “minus-
two-Slope”: 

  

(2-2) 
𝑥

𝐹
=

1

𝑚 ⋅ 𝑠2
 

  

However, things are different for the last micron “creeping” 
part of the positioning: Velocity is low and only minimal forces 
are applied to the moving part. In this part stiction is dominating 
the plant behaviour:  

  

(2-3) 
𝑥

𝐹
=
1

𝑘
 

  

The sticking friction together with the combined stiffnesses of 
the bearing and the moving parts of the actuator act like a spring 
connecting the mass to the fixed world.  

These two extremes will be investigated more in detail. 
Figure 2 shows the according model assumptions: For moving 
state the friction force is neglected, while during creeping only 
the resulting combined stiffness 𝑘 is characterizing the systems’ 
dynamics according (2-3). 

 

  
“moving” “creeping” 

 
Figure 2. Model adaptions for the two extreme plant behaviours 
 

This behaviour can be observed in the plant-FRFs as well. 
Figure 3 shows the FRFs for the same plant at different 
excitation levels: For high excitation-forces and motion the 
described mass-dominated behaviour (2-2) can be identified: 
“-2-Slope” with -180° phase. Alongside a parasitic resonance 
around 𝜔𝑝 shows up. 

 

 
 

Figure 3. Frequency-response-function measurements for mass- and 
spring-like plant behaviour. At higher frequencies the signal shows high 
noise which is caused by the low excitation forces. Alongside electronic 
phase lag occurs. 
 

At low frequencies the magnitude stays at a constant level 
which can be interpreted as the inverse of a fictive stiffness 𝑘 
according (2-3). It also shows a corresponding resonance at 𝜔𝑘, 

like a common mass-spring-system. At this frequency 𝜔𝑘  the 
plant behaviour turns back to mass-dominance. Since it is the 
same plant, also the parasitic resonance at 𝜔𝑝 can be identified 

less pronounced although. 

3. Controller Structure    

For position control often cascaded controller structures are 
used consisting of three sub-control-loops for current-, velocity- 
and position-control. Since this application focuses on low 
frequent behaviour and the bandwidth of the current loop is 
much higher than the bandwidths of the outer loop, current 
control is neglected in the scope of future chapters. 

 
3.1. Open-Loop Transfer-Functions 

Figure 4 shows the given controller structure: Two controllers 
𝐶𝑝𝑜𝑠 and 𝐶𝑣𝑒𝑙 are used to control the position and velocity loop 

while only one position sensor signal is used for both, position- 
and velocity-loop-feedback.  

 

 
 

Figure 4. Controller structure of the used hardware 
 

It is common to use a P-controller for position- and a 
PI-controller for velocity-control to not exceed a phase lag of 
180° in each loop [1].  

  

(3-1) 𝐶𝑣𝑒𝑙 = 𝐾𝑃𝑣 + 𝐾𝐼𝑣 ⋅
1

𝑠
  

  

(3-2) 𝐶𝑝𝑜𝑠 = 𝐾𝑃𝑥  
  

With (3-1) and (3-2) the open loop (3-3) becomes: 
  

(3-3) 𝐶 = 𝐾𝑃𝑣 ∗ 𝐾𝑃𝑥 + 𝐾𝐼𝑣⏟          
𝐾𝑝

+𝐾𝐼𝑣 ∗ 𝐾𝑃𝑥⏟      
𝐾𝐼

∗
1

𝑠
+ 𝐾𝑃𝑣⏟

KD

∗ 𝑠 

  

It is obvious that (3-3) is equivalent to a single-loop 
PID-controller for position control with its parallel gains 𝐾𝑝 , 𝐾𝐼 ,

𝐾𝐷  for proportional, integral, and differential amplification.  
Since it is more practical to use the corner frequencies ω𝐼𝑆 ,

ω𝐷𝑆,  ω𝑇𝑆  for the integral, differential and lowpass part of the 
controller instead of parallel gains to design a desired loop-
shape the serial equivalent representation for this controller 
(3-4) will be used in the following chapters. 

  

(3-4) 𝐶𝑃𝐼𝐷(𝑠) = 𝐾𝑃𝑆 ⋅
1 +

𝑠
ω𝐼
𝑠
ω𝐼

⋅
1 +

𝑠
ω𝐷

1 +
𝑠
ω𝑇

 

 
3.2. Loop-Shaping / Tuning-Process 

For calculating the desired gains of the individual control loops 
first the equivalent gains of its single-loop-PID representation 
were calculated using the frequency characteristics method.  

It can be shown that the corner frequencies of the serial 
controller representation can be converted to parallel controller 
gains and vice versa by comparison of coefficients. The cascade-
controller-gains can lastly be calculated out of the parallel 
controller gains by solving a left unambiguous equation system. 

162



  

 

 

 
 

Figure 5. Bode representation of a PID and a PI²D controller 

 
Aim of the design is to shape the open loop to maximum gain 

for frequencies lower than the control bandwidth 𝜔𝑏 and 
sufficient phase margin around 𝜔𝑏. To achieve this for a mass 
dominated plant like a moving slide of an actuator the controller 
becomes the typical bathtub-shape shown in Figure 5.  

To establish a desired bandwidth a proportional gain 
factor 𝐾𝑃𝑆 is used. A differentiator with 𝜔𝐷 < 𝜔𝑏. is used to 
enlarge the phase margin at 𝜔𝑏. For achieving higher gains an 
integrator is used with 𝜔𝐼 < 𝜔𝑏. Obviously a second integrator 
with 𝜔𝐼2 ≤ 𝜔𝐼 additionally enlarges the gain at low frequencies 
and therefore improves the suppression for low frequent 
disturbances. 

 

 
 

Figure 6. Measurement-based design method 
 

In contrast to approximation-based methods (e.g. [1,3]) this 
approach uses real measurement data instead of simple mass-
line- or PT2-simplifications. 

The fundamental idea is to use different frequency-response-
functions for mass- and friction dominated behaviour (as shown 
in Ch. 2) at the same time. To do so a simulation-abstraction of 
the controller has been created. Measured FRFs are used as 
input to this model and within seconds several loop-shapes for 
motion and stiction can simultaneously be simulated and 
evaluated in terms of performance and stability.  

Figure 6 shows the described, measurement-based design 
method. It can be used for different controller-designs and 
numerous input FRFs of different states.  

The final design-parameters can be used subsequently on the 
real controller hardware. Another measurement iteration finally 
verifies the desired behaviour. 

Figure 7 shows the “design-view” for one PID and one PI²D 
controller: The controllers have each been applied to two 
different plants which themselves represent the two extreme 
plant behaviours described in chapter 2. By doing this the 
stiffness-related resonance at 𝜔𝑘  in the “Spring-Like-Plant” can 

be evaluated and considered as well as other payload related 
resonances alongside the fundamental mass-line. 

The higher gain at low frequencies of the PI²D- compared to 
the PID-open-loop is visible. In addition, the “bathtub”-shape of 
the controller is apparent in the spring-like plant-open-loop. 
 

 
 

Figure 7. Bode-plot of the open loops for both plant behaviour extremes 
with either PID or PI²D controller 

 
To evaluate the robustness of each approach a sensitivity 

function plot of the given open loops is used while “robust” 
behaviour is defined as not exceeding a certain maximum 
magnitude of the sensitivity function. Such a plot containing the 
sensitivity functions and the stability margin can be seen in 
Figure 8 and will be discussed more in detail in the following 
chapter. 

4. Extension to PI²D-Control  

Figure 10 shows that a significant part of the total positioning 
time 𝑡3 is consumed by the settling to the last 
micrometre 𝑡𝑠𝑒𝑡𝑡𝑙𝑒. This contrasts with the moving phase, where 
a large distance is covered with a low and fast settling control 
error in short time. The slow settling in the sticking state in time 
domain comes along with significantly decreased open loop gain 
at low frequencies in frequency domain (Fig. 7), which suggests 
that increasing the low-frequent open loop gain might improve 
the settling behaviour in this state. Therefore, the potential of a 
second integrator in the position-control-loop leading to a PI²D 
equivalent controller is investigated. 

 
4.1. Open-Loop Transfer Functions 

Assuming both Controllers to be PI-Controllers, (3-2) will be 
extended to (4-1) with a position-control integral gain 𝐾𝐼𝑥 > 0 : 

  

(4-1) 𝐶𝑝𝑜𝑠 = 𝐾𝑃𝑥 + 𝐾𝐼𝑥 ⋅
1

𝑠
 

  

Having the same structure (Figure 4) with (3-1) and (4-1) the 
controllers’ open loop becomes: 

  

(4-2) 

𝐶 = 𝐾𝑃𝑣 ∗ 𝐾𝑃𝑥 + 𝐾𝐼𝑣⏟          
𝐾𝑃

+ (𝐾𝐼𝑣 ∗ 𝐾𝑃𝑥 +𝐾𝑃𝑣 ∗ 𝐾𝐼𝑥)⏟                
KI

∗
1

𝑠

+ 𝐾𝐼𝑣 ∗ 𝐾𝐼𝑥⏟      
KI2

∗
1

𝑠2
+ 𝐾𝑃𝑣⏟

KD

∗ 𝑠 

It equals a serial implemented PI²D controller (4-3) for single 
loop position control and can be handled as the above-
mentioned single loop controller (3-4) extended by a second 
integrator with a corner frequency at ω𝐼2𝑆: 

  

(4-3) 𝐶𝑃𝐼2𝐷(𝑠) = 𝐾𝑃𝑆 ⋅
1 +

𝑠
ω𝐼𝑆
𝑠
ω𝐼𝑆

⋅
1 +

𝑠
ω𝐷𝑆

1 +
𝑠
ω𝑇𝑆

⋅
1 +

𝑠
ω𝐼2𝑆
𝑠
ω𝐼2𝑆
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The main idea of using a second integrator is to improve the 
suppression of low frequent disturbances. In terms of sensitivity 
this means a lower magnitude in frequencies below the 
controller bandwidth, especially below the corner frequency of 
the second integrator. 

Figure 8 shows the sensitivity functions of a standard PID-
controller compared to a PI²D-Controller which uses a second 
integrator with a corner frequency ω𝐼2𝑆. Both are applied to 
either the mass- or the friction dominated plant-measurement. 
 

 
 

Figure 8. Sensitivity-function for both plant behaviour extremes with 
either PID or PI²D controller 

 
The PI²D controller rejects disturbances up to 5 dB better for 

low frequencies as its PID implementation. However, the 
drawback of the second integrator is an increased sensitivity 
around its bandwidth due to the “waterbed-effect” [1]. This is 
also visible in Figure 8. 
 
4.2. Settling 

Also, in time domain the change in performance appears 
twofold. This is illustrated by the response of a simple model in 
sticking state to a disturbance force step in Figure 9. On the one 
hand the settling becomes faster as anticipated but on the other 
hand the response now shows a decaying oscillation. The 
additional integrator has obviously led to an oscillatory pole pair 
in closed loop. Unfortunately, this oscillation prevents an 
unconditional faster settling. 
 

 
 

Figure 9. Simulation of the step-response of a PID- and PI²D-controlled 
simple plant model for stiction dominated plant behaviour 
 

However, depending on the required settling threshold, the 
oscillating response can be of advantage. Figure 10 shows the 
experimentally determined settling behaviour of the example 
drive system for the PID and the PI²D controller. For the used 
settling threshold, the PI²D controller achieves a Δ𝑡 faster 
settling. Since the settling-time 𝑡𝑠𝑒𝑡𝑡𝑙𝑒 depends only on the 
constant settling window, while the movement-time 𝑡𝑚𝑜𝑣𝑒 
depends on the individual distance of the movement, Δ𝑡 can 
become a dominant part of the total movements time 

consumption. Therefore, a Δ𝑡 faster positioning noticeably 
optimizes overlying process times. 
 

  
 

Figure 10. Settling after a defined movement for one PID and its 
extended PI²D design. The lower graph shows the “last-micron-settling”. 

5. Conclusion & Outlook 

In this paper a measurement-based approach for designing 
and tuning position controls for roller-bearing-guided direct 
drives in high performance applications is shown: By taking two 
plant behaviours into account which reflect the rolling and 
sticking states of the roller bearing, performant and robust 
controls could have been designed. Several measurements 
demonstrated the functionality of the approach. 

Since both PID and PI²D controllers are covered by the shown 
method the chances and drawbacks of PI²D controllers in the 
context of roller bearings have been discussed and theory was 
validated by measurement: It is shown that the settling into a 
given error window can be speed up by use of a second 
integrator while settling to zero position error might be enlarged 
at the same time. Also, disturbance rejection increases on low 
frequencies but decreases around bandwidth. Therefore, the 
individual application defines if a P-PI or a PI-PI cascade 
controller structure should be used. 

In future work the transition between mass- and spring-
dominated behaviour might be more focused on. It needs to be 
proved if the two extremes discussed in this paper are sufficient 
or if some intermediate behaviours should be considered as 
well. This can be done analogue to the evaluation of the two 
extremes shown in this paper. 

Lastly during the experiments slightly decaying “limit-cycling”, 
showed up when using a PI²D controller for actuators which 
showed a relatively high stiffness on the last micron. This led to 
a very high settling time and might be analysed by applying 
several friction-models to the given simple plant-models. 
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Abstract 
The paper addresses issue of the calibration of small masses, 2 mg and less. Since there are no traceable mass references for the 
masses below 1 mg, the proposed solution of the comparator is novel and unique. The main challenge for such small masses was to 
reduce sorption-induced variation of mass of the elements involved into the measurement. Application of aluminium alloy PA13 
and special coil protection enabled reducing the abovementioned mass variation from 0.3586 mg down to 0.0565 mg, which made 
it reasonable to increase readability up to 10 ng. Further reduction of the measurement errors was obtained through application of 
advanced-type Sm–Co magnet in the actuator design. Remnant magnetization of this material reveals exceptional thermal stability 
(the relative change not greater than 10–5 per one Kelvin), which made negligible the error generated by magnetic force variation 
due to temperature changes. To eliminate appraiser variation of the measurement results, the comparator system was fully 
automated. As a result, standard uncertainties for the measurements of masses 0.2, 1, and 2 mg were 0.0359, 0.0386, and 0.0373 
μg, respectively. Thus, with expanded uncertainty below 100 ng, the proposed solution provided possibility of nanoscale mass 
measurement. 
 
 
Keywords: Mass comparator, Mass, Uncertainty, Accuracy 

 

 

1. Introduction   

Readability of te balances available on the market can be as 
good as 0.1 μg. However, their uncertainty is much higher, 
since there are no traceable mass references for the masses 
below 1 mg [1], which makes impossible legalization for a 
resolution below 1 mg. Moreover, readability of 0.1 μg is 
insufficient for calibration of 0.05 mg masses.  

Since it is impossible to estimate sensitivity parameter of 
high-resolution comparators without measurement of higher 
accuracy, the increasing number of researchers are busy to 
solve the abovementioned problems. For instance, at the 
Estonian national metrology institute, uncertainty for 1 g is ca. 
0.4 μg [2]. There are papers describing the calibration of mass 
with a nominal of 0.1 mg, and the standard uncertainty was 
reported 0.075 μg [3]. Works performed at NIST enabled to 
reach standard uncertainties of 9.0 μg and 6.7 μg for masses of 
a nominally 5 g and 1 g mass, respectively, in the case of a 
tabletop Kibbele balance [4]. For the measurement of a 20 g 
mass performed at PTB, a combined relative uncertainty of 
2.5×10−6 (k = 1) has been achieved [5]. For the calibration 
carried out with respect to the international prototype of the 
kilogram (IPK) in anticipation of the redefinition of the 
kilogram, the uncertainty in terms of the general least squares 
fit was estimated as 0.7 µg [6].  

In the present paper, results for a novel automatic 
comparator AK-4 are presented. The device id shown in Figure 
1, and its main features were described in [7]. There were two 
main constructional tasks to be solved. First of all, the 
measurement errors from the temperature change and 
subsequent variation of magnetic force had to be reduced, so 

that the range of temperature variations in the laboratory 
would have no effect on the work of mass comparator. It is well 
known that magnetic systems have immence impact on the 
uncertainty of balances [8]. The advanced-type Sm–Co magnets 
were chosen because even in the case of standard Sm–Co 
magnets, the effect of a temperature increase of 100°C on their 
residual magnetic flux density fis usually below 3% [9]. And 
secondly,  it was important to reduce sorption-induced mass 
variation, which may have dramatic effect on the mass 
measurement results [10].  

2. Sorption-induced mass variation       

The coil mass can be largerly by humidity dynamics, because 
a coil has large sorption surface. The problem can not be 
definitely solved solely by fine polishing of the surfaces, since 
they always retain small pores able to absorb some humidity. 
The initial researches indicated that in a mass comparator, the 
coil prevents from the measurement accuracy increase due to 
its sorption-induced mass variation. Re-design of the coil was 
proposed with special seal, and it was tested after stabilization 
in the air for 24 hours at a temperature of 25°C and humidity of 
50%. Then, the mass m1 was measured and air humidity was 
increased up to 70%, but the temperature remained 25°C. After 
stabilization in new conditions for 23 hours, the second 
measurement was made, denoted m2. The procedure was 
repeated 10 times.  

The differences Δmi = m1i – m2i (for i=1 to 10) demonstrate 
the degree of sorption-induced mass variation for the novel coil 
applied in AK-4 device and the standard one. From the 
histograms of the obtained of Δmi values presented in Figure 1, 
it can be seen that not only average Δm was reduced by 85%, 
but also the standard deviation of the results decreased in the 
similar degree from 0.02709 mg down to 0.00672 mg.  
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Figure 1. Results of sorption-induced mass variation measurement (red 
histogram corresponds with a standard coil, blue one with a novel 
protected coil design) 

3. Type A uncertainty      

To keep repeatability conditions, the Type A uncertainty 
check included 20 repetitions of full measurement cycles. Each 
cycle consisted of six ABBA sequences, where each sequence 
measured a difference between the mass of a test mass (B) and 
a reference mass standard (A) [11]. The Shapiro–Wilk statistical 
test confirmed normal distribution, and standard deviations sd 
of each repetition were analysed. In Figure 2, there are results 
for the reference mass of 0.2 mg. Figure 3 contains the 
respective histograms of the results obtained by AK-4 novel 
mass comparator and the ones from UMA-5 device with the 
best achievable readability of 0.1 μg. 

  

 
 

Figure 2. Comparison of the measurement results for the novel AK-4 
mass comparator with readability of 0.01 μg and UMA-5 with 
readability of 0.1 μg 

 

 
 
Figure 3. Histograms of the results obtained from 20 repetitions with 
AK-4 novel mass comparator  (left) and UMA-5 mass comparator (right) 
 

Standard uncertainty for AK-4 measurement of the mass 0.2 
mg was u(x) = 0.0359 μg. Compared with the value of u(x) = 
0.159 μg obtained for the best available device UMA-5, it is by 
77% smaller. These results demonstrated that not only resolution 
of 10 ng is possible to be achieved, but also the standard 
uncertainty u(x) = 35.9 ng reasonably corresponds with 
readability of the novel mass comparator shown in Figure 4.  

 
 

Figure 4. View of the novel AK-4 mass comparator with readability of 

10 ng 

4. Conclusions      

The results of mass measurement with the novel AK-4 mass 
comparator of readability 10 ng, compared to the most 
accurate available comparator UMA-5, demonstrated 
substantially better performance. Improvements of actuator 
material, less sensitive to the temperature variations, and 
redesigned coil minimized the effects of ambient conditions on 
the measurement results. In particular, sorptio-induced mass 
variation Δm for the new coil protected with a special seal, was 
reduced by 85%. 

The standard uncertainty of mass measurement was reduced, 
too. The novel design AK-4 measured the mass of 0.2 mg with 
the expanded uncertainty U95 = 0.070 μg (level of confidecne 
p=95%, k=1.96), which was by 77% smaller than that of UMA-5. 
The experiments proved that the proposed desigh ensured 
nanoscale mass measurement, unreacheble before. 
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Abstract 
This paper presents an effective semi-analytical approach for predicting lower-order dynamics of horizontal machine tools, which is 
composed of cutting tool kinematics chain, workpiece kinematics chain plus machine bed. First, the governing equations of motion 
of component substructures within the kinematics chains are formulated by finite element analysis (FEA). Then, the degrees of 
freedom (DOFs) of internal and external nodes are reduced using dynamic condensation and rigid multipoint constraint, 
respectively. This is followed by exploiting a general stiffness model of joint substructures connecting component substructures by 
taking interface stiffness into consideration. Finally, by merging the component and joint substructures, the reduced dynamic 
model of the entire system is developed based on substructural synthesis. The comparative study shows that the computational 
results estimated by the proposed approach have very good agreement with those obtained by a full order FE model, including 
lower-order natural frequencies, mode shapes of the entire system, and frequency response functions (FRF) between the tool and 
workpiece. The merits of this approach lie in that the established model enables the full set of lower-order dynamics of the entire 
system within the workspace to be predicted in a computationally effective and accurate manner.  

 
Keywords:  Machine tools, Dynamic modelling, Modal reduction, Interface reduction, Rigid multipoint constraint  

 

1. Introduction 

Dynamic behaviour is one of the most important 
performance factors of machine tools since they are mainly 
designed and developed for machining where the spindle is 
excited by dynamic loadings caused by tool-workpiece 
interaction. Finite element analysis (FEA) is the most accurate 
method since the 3-dimension geometry of components, 
contact elasticity of joints can be precisely meshed and 
modelled [1]. However, the full FE model has to be re-meshed 
over and over again at different positions of the machine tool, 
which is pretty time-consuming. Considering dynamic 
behaviour is highly pose-dependent within the workspace, it is 
of great importance to establish the dynamic model which can 
accurately and efficiently evaluate the lower-order natural 
frequency and FRF (Frequency Response Function) distribution 
in the whole workspace of the machine tool system in the 
conceptual design, optimization analysis, and structural 
modification stage.  

To improve the computational efficiency for dynamic 
behaviour prediction at the stage of conceptual design, the 
semi-analytical model is proposed based on different 
techniques. The component mode synthesis is mostly used in 
the modelling of machine tools where each substructure is 
modelled by a set of interface DOFs complemented by a set of 
modal DOFs corresponding to the interior DOFs based on the 
FE model [2,3]. However, the CMS mainly focuses on the DOFs 
of internal nodes, instead of the interface nodes, which still 
contain a large number of DOFs and influence the 
computational efficiency. The interface nodes can be reduced 
or expressed efficiently based on the rigid multipoint constraint 
and interpolation multipoint constraint [4].  

By merging the dynamic condensation and rigid multipoint 
constraint organically, this paper presents a general approach 

for the rapid evaluation of machine tools’ dynamics. The major 
interests will be focused on the establishment of a model for 
components based on the substructure and interface reduction. 
The paper is organized as follows: Having addressed a brief 
introduction to the dynamic modelling methodology in Section 
1, a generalized method for dynamic modelling of kinematics 
chains is presented in Section 2, including reduction model of 
component substructure, stiffness model of joint substructure, 
and substructure synthesis. Then, by taking a horizontal 
machine tool named M800H as an example, a comparative 
study is calculated and compared with the results obtained by 
the full FE model in Section 3 to illustrate the effectiveness of 
the proposed semi-analytical approach, before conclusions are 
summarized in Section 4.  

2. Generalized dynamic model for kinematics chain 

Figure 1 shows the schematic diagram of the kinematics 
chain comprising several components by mechanical joints, 
which can be seen as the simplified model of cutting-tool or 
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workpiece chain of the machine tool.  
2.1 Reduction model of component substructure 

Without loss of generality, consider the component 
substructure i in the kinematics chain. Regardless of the 
number of the component substructure, the undamped 
equation of motion can be represented in its body-fixed frame:  

 mu ku f                                         (1) 

where m and k are the mass and stiffness matrices, u and f 
are the nodal displacement and force vector of the full FE 
model of the component substructure, respectively. To derive 
the reduced model, partition u into two subsets, i.e. the 

exterior nodal displacement vector 
Eu  and the interior nodal 

displacement vector 
Iu  as shown in Fig. 1 such that 
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The exterior nodal displacement vector 
Eu  can be further 

expressed according to the joints such that 
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where 
1, ,i n kδ  represents the nodal displacement vector of the 

kth node in interface n of joint 1i  . 

2.1.1 Reduction of internal nodes 
In the modal order reduction, it is assumed that u can be 

linearly expressed in terms of a reduced nodal displacement 

vector u  

Du Φ u                                             (4) 
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where 
Pu  is the modal coordinate vector corresponding the 

first p elastic modes by locking all DOFs of 
Eu . 

DΦ  denotes 

the transformation matrix from the reduced nodal 
displacements to the full FE nodal displacements. 
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 B k k  is the equivalent static (Guyan) 

transformation, and 
PΨ  is the modal matrix formed by the 

first p mode shapes of the constrained substructure by solving 
a generalized eigenvalue problem.  
2.1.2 Condensation of external nodes 

Based on the rigid multipoint constraint, a condensation 

node 
1,i nN 

 can be created in the centre of interface n, as 

shown in Fig. 2. In this case, it can be seen that the interface 
and the condensation node move together as a rigid system, 
then  

1, , 1, 1, , 1,i n k i n i n k i n     δ δ r ε                            (6) 

where 
1,i nδ , 

1,i nε  are the displacement and orientation of 

condensation node 
1,i nN 

 expressed in the frame of 
1,i n

; 

1, ,i n kr  is the position vector from node 
1, ,i n kN 

 to condensation 

node 
1,i nN 

 evaluated in frame 
1,i n

. Then, 
1,i nu  can be 

expressed as 

1, 1, 1,i n i n i n  u T U                                       (7) 
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where 
1,i nU  is the nodal displacement vector of 

1,i nN 
, and 

1,i nT  is the reduction matrix at interface level.  

Similarly, the rigid multipoint constraint can be applied for a 
second time at the joint level. As shown in Fig. 3, a 

condensation node 
1iN 

 is created in the centre of joint 1i  , 

which can be used to describe the motion of interfaces.  

1, 1, 1i n i n i  U T U                                      (9) 
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where 
1iU  is the nodal displacement vector of 

1iN 
, and 

1,i nT  is the reduction matrix at joint level. 
1,i nr  is the position 

vector from node 
1,i nN 

 to condensation node 
1iN 

 evaluated 

in the frame 
1i

. Substituting Eq. (9) into Eq. (7) leads to 

1, 1, 1, 1i n i n i n i   u T T U                                (11) 

Then, 
1iu  can be expressed as 
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where 
1iT  is the transformation matrix from the condensation 

nodal displacements to the FE nodal displacements at joint 

1i  . For joint i 

i i iu T U                                         (13) 

Substituting Eq. (12) and Eq. (13) into Eq. (4) leads to 

u TU                                            (14) 

Fig.2 Schematic diagram of interaction between  
condensation nodes in interface 
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Having developed the reduced model of the component 

substructure evaluated in the body-fixed frame 
C

, the 

following coordinate transformation can be made to map the 
reduced nodal displacements from its body-fixed frame to the 

global reference frame  

CU T U                                          (16) 

where =diagC C C
  T R R  with 

CR  being the orientation 

matrix of 
C

 with respect to . Substituting Eq. (16) to Eq. 

(14), and then to Eq. (4) leads to 

D Cu Φ TT U                                       (17) 

such that 

 MU KU F                                     (18) 

   
T

= D C D CM Φ TT m Φ TT ,    
T

= D C D CK Φ TT k Φ TT   (19) 

where M and K are the reduced mass and stiffness matrices, U 
and F are the nodal displacements and nodal force vectors of 

the component substructure evaluated in . It is clear that 

the component substructure can be described by a group of 

generalized nodes with  12 DOFsP , which can significantly 

reduce the dimension of calculation.  
2.2 Stiffness model of joint substructure 

Under rigid multipoint constraint, the relationship between 
the constraint stiffness of interface and joint can be derived 
based on the screw theory, as shown in Fig. 4.  
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where 
1,i cK  is the constraint stiffness of joint 1i  , 

1,i nk  is 

the constraint stiffness of interface n, and 
1,i nX  represents 

the adjoint transformation matrix.  

The actuation stiffness of joint 1i   with Fixed-Fixed support 

can be modelled as  
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where 
nutk  is the stiffness of nut, 

1bk  and 
2bk  are stiffness of 

the front and rear bearing, respectively, and 1

1 1lk l EA  , 

1

2 2lk l EA   (as shown in Fig. 5). Then the 6-DOFs stiffness 

matrix of the joint can be written as 
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2.3 Substructure synthesis 
Regardless of the kinetic energy of the joint substructure, the 

total kinetic energy and potential energy of the entire machine 
tool can be derived as 
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where 
,S iT  and 

,S iV  represent the kinetic energy and potential 

energy of component substructure i, and 
,J iV  is the potential 

energy of joint substructure i. From Eq. (23), the undamped 

equation of motion can be assembled in the frame .  

 MU KU F                                     (26) 

where M is a block diagonal matrix, and K is a banded matrix.  

3. Numerical example 

In this section, the dynamic model of a 4-axis ‘box-in-box’ 
horizontal machine tool, named M800H as shown in Fig.6, is 
established to illustrate the accuracy and effectiveness of the 
proposed method. The workspace of the machine tool is 
defined as a cube with the length of one side 800mm, which 
means the coordinates of the X/Y/Z axis are all from 

400mm 400mm  . The reference configuration is defined as 

 0 0 0 mm .  

Fig. 7 shows the first six mode shapes of the machine tool 
predicted by the proposed model and an FE model established 
by using commercial software SAMCEF at the reference 

Fig.4 The relationship between interface stiffness  
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configuration. The results show that the mode shapes 
predicted by the FE model match well with those obtained by 
the proposed model. Then, the Modal Assurance Criterion 
(MAC) is employed to verify the consistency between mode 
shapes by two models. Fig. 8 shows clearly that the values of 
diagonal elements are much larger than those of the non-
diagonal elements, confirming the validity of the proposed 
model for predicting the lower-order dynamics of the machine 
tool. In addition, the maximum discrepancy of the natural 
frequencies calculated between the two models is less than 7%, 
which demonstrates the accuracy of the proposed model. Fig. 9 
shows FRFs between tool and workpiece along the x, y, and z 

axes of . The damping ratio for all modes is set to be 0.03 

identically in the two models. Clearly, the results calculated by 
the proposed model are a little higher than the FE model since 
the rigid multipoint constraints improve the potential energy of 
the joint substructure. Fig. 10 shows the distributions of the 
first fourth natural frequencies across the entire workpiece, 

which were obtained with no more than 1 second using a 
laptop equipped with an Intel i7-8750 CPU and 16 GB RAM. 

4. Conclusions 

This paper presents a rapid and effective approach to predict 
the dynamic performances of the machine tool. The 
conclusions are drawn as follows 
(1) By combining FEA with modal reduction and interface 
reduction technique, the reduced model of component 
substructure is proposed. Then, the stiffness model of joint 
substructure is derived by screw theory. Finally, merging the 
elastic potential and kinetic energies of the entire system 
results in the general dynamic model of kinematics chains.  
(2) A comparison study between FEA and the proposed model 
is developed to demonstrate the effectiveness of the proposed 
model. The results show that the dynamic performances can be 
predicted with sufficient computational accuracy and huge 
computational time savings across the entire workspace.  
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Abstract 
Multi-axis aerostatic bearing stages are one of key enabling element units for precision and ultra-precision machines. These stages 
are essentially important for high precision positioning of the tool and/or workpiece and their dynamic and static actuation, while 
their higher and more robust dynamic performance is increasingly demanded.  
In this paper, an integrated modelling and analysis approach is presented for the multi-axis aerostatic bearing stages system. The 
approach is focused on addressing two folds of challenges, i.e. the integrated analysis of mechanical design, electric drive actuation 
through the advanced cross-coupling-controller with variable gains for a direct drive aerostatic bearing linear stages as a complete 
high precision mechatronic system, and the simultaneous tuning and further analysis of the multi-axis aerostatic bearing stage system 
through PID control algorithms. It thus aims to achieve the higher positioning accuracy, response time and stability of the stage 
motions, especially during the high-speed multi-axis synchronized actuations in a precision engineering application. The modelling 
and analysis are implemented in MATLAB/Simulink environment and further supported by advanced control functions particularly 
for coupling, tuning and dynamic performance analysis. The paper is concluded with a further discussion on the potential and 
application of the approach for high precision multi-axis stages. 
 
Keywords: aerostatic bearing, high precision multi-axis stages, integrated modelling and analysis, cross-coupling control, high precision mechatronics. 

 

 
1. Introduction 

Over the past three decades or so, aerostatic bearing direct drive 
stages have been gaining increasingly wide applications because 
of their nanometric positioning accuracy, extremely high 
dynamic performance, almost zero friction and unique 
environment-friendly characteristics. They are becoming the key 
indispensable building component for modern advanced 
machines and utilized in various precision engineering 
applications, such as ultraprecision machine tools, metrology 
instruments and equipment, the XY platform for high-precision 
3D printing, and the positioning/actuation system for 
micromachining purposes, etc [1]. Therefore, the design, 
simulation and commissioning of drive and control systems for 
aerostatic bearing direct drive stages have received increasing 
R&D attention, as they directly affect the accuracy and dynamic 
performance of the stage systems. However, for most precision 
machines, their motion/positioning systems are often 
composed of multi-axis slideways or stages while individual 
single-axis slideway being tuned and commissioned during 
manufacturing, which often produces unexpected errors when 
multi-axis slideways work together simultaneously in the 
complex multi-axis CNC working environment. Therefore, with 
the increasing demands for higher precision of multi-axis 
machines, the development of a multi-axis cross-coupling 
control and the corresponding advanced control algorithms is 
essentially needed to realize integrated tuning of the multi-axis 
motion system, especially for rapid modular reconfiguration of 
multi-axis slideways/stages at a high precision machine. In 
addition, the cross-coupling control method can help 
compensate for contouring errors based on the feedback of 
actual tracking errors and thus further improving the motion and 

positioning accuracy particularly in machining complex freeform 
surfaces. 
Koren firstly introduced the biaxial control strategy in 1980s [2] 
and further developed the cross-coupling-control method in 
early 1990s [3]. However, most of the early research and 
development related work for cross-coupling control was 
applied to the control of conventional CNC machines with servo-
motor-driven ball screw-lead slideways/stages. The stiffness of 
the slideways/stages system is often dependent on and limited 
by the ball screw-lead mechanical structure, the advantage of 
using cross-coupling-control for machining high precision 
complex surfaces would not be well demonstrated. In late 
1990s, however, multi-axis slideways/stages using linear motor 
direct drive were started as almost the ‘standard’ design 
configuration for ultraprecision machines and other precision 
engineering applications [4]. Typically, the aerostatic bearing 
direct drive stages/slideways on these machines have become 
more technically complex because of the high precision 
mechanical components, electrical direct drives, encoders as 
positioning feedback and advanced control algorithms involved 
and consequently the dynamics of the system highly dependent 
on the mechatronic system control, which further challenge the 
design and development of such mechatronics dominated 
products. In this study, the simulation result proved that biaxial 
cross-coupling controller with contour error compensation 
algorithm have great potential and positive influence on the 
design and development of aerostatic bearing stages and may 
contribute to integrated adjustment, error optimization, 
increased stability and continuous improvement for the whole 
motion system. 
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2. Multi-axis aerostatic bearing stage system working for high 
precision      
The motion system of aerostatic bearing stage can be roughly 
divided into three parts: the mechanical actuation system, the 
motion control system, and the related algorithms, as shown in 
Figure 1.  

 
 

Figure 1. Composition of biaxial stage motion system 
 

2.1 Single-axis motion/positioning system 
As the basic unit of ultraprecision motion system, aerostatic 
bearing slideway relies on an external source of high-pressure 
air to generate appropriate load-carrying capacity. The principle 
of aerostatic bearing slideway is to generate an air film between 
the moving part, which is driven by a linear motor and the 
stationary part; this air film acts as the lubricant during the 
relative motion. The mechanical structure and the control 
system block diagram for a single aerostatic bearing slideway is 
shown in Figure 2. Although the stiffness of air film is normally 
lower compared with other lubrication material like oil, but it 
generates lower heat and surface adhesions at the same time, 
which give the slideway an extremely long service life and low 
ratio damping [5]. 

 
 
 

 
 

Figure 2. The aerostatic bearing slideway with linear drive and its 
control system block diagram (in MATLAB programming) 

 
2.2. Biaxial coupled control system 
Depending on the control method, biaxial control systems can 
be classified as uncoupled or coupled. Uncoupled control focus 
on the corresponding motor for each single axis, through the 
improvement of single-axis performance, for example, the 
design and development of large gain controllers, feed-forward 
controllers, etc., in order to reduce the tracking error of whole 
system. However, when another motion axis is involved, the 
synchronization or coordination problem cannot be effectively 
solved if another axis is not able to receive the real-time dynamic 

information (e.g., the change of load, speed, etc.) about the 
changing axes and adjusts accordingly. In addition, the dynamic 
performance of each axis is usually affected by factors such as 
load or noise disturbances, so uncoupled control has certain 
limitations in the complex coordination system which requires 
high speed and high motion accuracy.  
Coupled control is an overall control strategy for multi-axis 
motion systems. The cross-coupled controller (CCC) is based on 
the tracking error of each axis and able to directly reflect the 
contour error, then the position compensation value of each axis 
is obtained by computing through the cross-coupled controller 
and finally added to each axis as a gain, thus ensuring that one 
axis can adjust to the dynamic characteristic changes of another, 
and ultimately eliminating dynamic effects between axes so that 
to improving coordinated control performance. The block 
diagram of CCC based control system is shown in Figure 3: 
 

  
 

Figure 3. Block diagram of CCC based control system 

 
As illustrated by figure 3, control systems of each axis are 
coupled through CCC. The value difference between input signal 
and feedback signal from one axis is calculated as tracking error, 
which is converted into the contour error through the algorithm 
before input to the CCC (which is internally controlled by a PID) 
and then returned to each axis though the variable gain CX and 
CY. The principle of contour error is shown in Figure 4. 
 

 
(a) 

 

 

 
(b) 
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(c) 

 
Figure 4. Principle of the contour error 

 
Figures 4(a), 4(b), 4(c) are three types of contour errors, i.e. 4(a): 
linear; 4(b): circular (radius r, center coordinate X0, Y0); and 4 (c): 
generic (dashed circle is the inscribed circle of the corresponding 
curve at the point N). Where: The curve in the diagram is ideal 
trajectory, at a given moment the desired position of stage is N 
while the actual position is M, so line MN is the tracking error ε 
of stage, divided by each axis into εx and εy. According to the 
definition, contour error is the shortest distance from point M 
to the trajectory and is represented by the dash line, with e as 
its length. 
According to the control theory and analysis [2], the contour 
error is calculated as follows: 
 
Type (a): e = MN = ε𝑦cos 𝜃 − ε𝑥sin 𝜃 

 

Type (b): e = √(𝑋0 − 𝑥)2 + (𝑌0 − 𝑦)2 − 𝑟 
 

Type (c): e ≈ (sin 𝜃 +
ε𝑥

2𝑟
) ε𝑥 − (cos 𝜃 −

ε𝑦

2𝑟
) ε𝑦 

 
When the value of is relatively big, type (c) can be simplified as: 
Type (c)*: e ≈ 𝑒𝑥sin 𝜃 − 𝑒𝑦cos 𝜃 

 
Where: 
θ is the angle between the tangent line through the point and 
the x-axis, with: 
 

𝜃 = tan−1
𝑑𝑦

𝑑𝑥
 

 
The contour error is normally caused by the uncoordinated 
movement of displacement velocity of single axis motion and is 
an important component in assessing the accuracy of motion 
control. The aim of CCC is to establish a real-time contour error 
model and making the corresponding compensation for each 
coordinate axis, thus to reduce or ideally eliminate it. The 
following simulation will use circular trajectory as an example. 
 
3. Simulation results 

Based on the theoretical principles of the previous chapters, the 
model was created in the MATLAB Simulink environment. The 
trajectory is set as a circle with radius 1mm, input signal 
frequency 2*PI*2 for each axis. After initial tuning of the single 
axis control system, CCC is implemented for coupling the whole 
system, in order to simulate the actual working environment, 
the disturbance of 2N/50Hz for X axis and 1N/44Hz for Z axis are 
added. The results are shown in Figure 5:  
 

 
(a) Contour error without applying CCC 
 

 
(b) Contour error with applying CCC 
 
Figure 5. Simulation results of the system contour error. 
 

As illustrated, the average contour error after 0.2 sec is reduced 
from 0.107 mm to 1.816 μm. 
 
4. Conclusions and discussion 

The simulation from the programming environment of MATALB 
Simulink shows that for biaxial motion control system, the 
applying of variable gain cross-coupling controller can reduce 
the contour error to a certain extent, and thus achieve a better 
accuracy. This further reveal the possibility of cross-coupling-
control method for being used as an enabling methodology for 
development the control system of high precision aerostatic 
bearing stage products. Through this approach, it is also likely to 
reveal the collective effects of contour error compensation on 
the system dynamic performance, and to develop a forward-
looking design method for future aerostatic bearing stage 
control systems. 
Explorations on implementation perspectives of this approach 
are worth further discussed. For a future-oriented precision 
machine platform, the reconfigurability and the ability to be 
combined with digital twin system is necessary. According to the 
above discussed CCC technology, this kind of integrated tuning 
and compensation method can assistance single slideway 
product directly integrated as a multi-axis stage, it is more in line 
with the future trend of manufacturing smarter and more 
flexible ultra-precision machine platform products and realize 
the function of “plug and produce” function for digital twin 
system. 
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Abstract 
Image semantic segmentation performed on molds is used to achieve automatic and continuous defect detection during injection 
molding processing. Generally, a crucial prerequisite for training a robust segmentation neural network is to build a suitable dataset, 
which requires a large amount of image data with plentiful mold colors, different illumination conditions and specific defect labels. 
The approach requires long data preparation to collect a sufficient dataset, which could meet the needs of online defect detection 
during injection molding. To address robust dataset development, the present work uses a 3D CAD modelling software to fabricate 
defects and colors on molds, creating an augmented mixed dataset with virtual and real-process data. In this investigation, molds 
printed by vat photopolymerization are used as objects where both the mold images during injection molding process and the virtual 
mold images from the 3D modelling software are collected. Mixed datasets with different proportions of virtual images are labelled 
and fed into the segmentation neural network. The experimental work shows that the proposed method provides a reliable dataset 
augmentation for subsequent IM semantic segmentation frameworks.     
 
 
Injection molding, Data augmentation, Semantic segmentation, Defect detection 

 

1. Introduction  

Injection molding (IM) with additive manufactured molds 
outperforms conventional fast-prototype approaches [1]. The 
molds are printed by Vat-Photopolymerization (VPP) [2] and 
mounted into IM machines within few hours from their 
conceptualization, which significantly shortens the product 
development and update cycle . However, photopolymer molds 
suffer from lower strength and higher distortion during the 
printing and mounting processes, which makes them more 
vulnerable when compared with metal molds. Once the mold is 
broken, the IM process cannot continue before changing a new 
mold. Semantic segmentation [3] for IM has a potential to detect 
and segment the breakage automatically, but it requires a robust 
model due to the randomness and diversity of the occurrence of 
breakage on a mold. A sufficient IM dataset should consider 
molds with colors, materials, illumination conditions and 
different types of breakages. Preparing such a dataset is time-
consuming and costly.  

The present work proposes a new method for augmenting the 
IM dataset, where mold images are collected from both the real-
world via IM experiments and a 3D modelling software. Semi-
virtual datasets are generated and fed into model. The 
performance is evaluated by comparing the model trained by 
different proportions of virtual mold images. 

2. Methodology    

2.1. VPP based molds printing  
The real-world molds were produced by a VPP process, 

illustrated in Figure 1. The CAD file is sliced into several slices 
along the Z axis. Those slices can be represented as 2-dimension 

matrices, from where the sliced images can be projected by the 
UV projector. In each cycle, the building plate moves down, one 
slice is projected and cured, then the building plate moves up. 
By repeating this cycle, the mold can be printed on the building 
plate. It usually takes 40 minutes to print a mold with a thickness 
of around 2 cm. 
 

 
Figure 1. VPP process  
 

2.2. Virtual mold and labelling 
Although the VPP process is very fast, it still takes a long time 

to print and to conduct the IM experiments. To increase the 
diversity of the dataset, virtual data is produced by a 3D 
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modelling software. The CAD files of the molds are built in 
Solidworks (Dassault Systems S.A.), where the colors and 
breakages can easily be edited.  

After collecting images of the VPP molds and virtual molds 
with different colors and breakages, the labels of those images 
are generated. Each and every pixel in the images is labelled as 
a class among ‘mold’, ‘breakage’ and ‘background’, as depicted 
in Figure 2. 

 

 
Figure 2. VPP printed mold, virtual mold and labels.  

 
2.3. Semi-virtual datasets generation 

Virtual ratio 𝑟𝑣 represents the proportion of virtual images in a 
dataset: 

𝑟𝑣 =
𝑛𝑣
𝑁

 

 
where, N is the total number of images in a dataset,  𝑛𝑣 is the 
number of images from the 3D modelling software. 

In this investigation, four types of semi-virtual IM datasets are 
designed with different virtual ratios: 0, 0.25, 0.5 and 0.75. 
Semantic segmentation models are trained separately based on 

these four datasets. The Intersection over Union (IoU) [4] of the 

segmentation results are calculated in order to evaluate the 
performance. 

 

 
Figure 3. Generation of semi-virtual datasets. 

3. Results and analysis 

The training is conducted through DeepLab V3 [3] on Nvidia 
Tesla V100 with 100 epochs each. After the training, the trained 
model is tested using VPP mold images which are not included 
in the training set. The results of different virtual ratios are 
shown in Figure 4.  

 

 
Figure 4. IoU of mold and breakage in different virtual ratios.  
 

It can be noticed that the segmentations of the molds have 
better IoUs than of the breakages. Considering the datasets, the 
overall area of the mold is far bigger than of the breakage. In 
some images before the molds break, there are only mold pixels. 
This fact explains why the mold class has a better training result 
than the breakage.  

The result shows a drop of IoUs when adding the ratio of the 
virtual dataset. When the virtual ratio is increased from 0 to 
0.25, the IoUs of class ‘mold’ and ‘breakage’ decreases to 2.15% 
and 0.9%, respectively. However, the advantages greatly 
overweight the drop. By introducing the virtual data, fewer 
injection molding experiments are needed to collect the 
varieties of data, thus a large amount of time and costs can be 
saved. The proposed method has a good cost-performance 
balance. 

4. Conclusion 

In the injection molding experiments, especially with additive 
manufactured molds, there is a high chance of mold breakages. 
It is hard to predict the locations of the breakage on a newly 
designed mold. It is extremely difficult to collect a sufficient 
dataset that contains all the types of breakages by repeating 
injection molding experiments. The proposed method shows a 
way to tackle this problem in an industrial setting. 

This investigation proposed an economic and fast method for 
data augmentation for IM semantic segmentation. Changing 
rendering appearances (colors, materials, illuminations, etc.) 
takes only seconds in 3D modelling software, which dramatically 
boosts the efficiency of data augmentation and decreases the 
cost. In this investigation, several semi-virtual datasets with 
different virtual ratios are generated and tested. The result 
shows that in low virtual ratios the proposed method has a great 
cost-performance balance. 
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Abstract 
 
The NanoPla is a large-range nanopositioning stage that was designed, manufactured and built at the University of Zaragoza, and 
whose design and implementation have been subject of previous works. The moving platform of the NanoPla performs a planar 
motion along a range of 50 mm × 50 mm with a submicrometre resolution. The first prototype of the NanoPla is intended for the 
metrological characterization of large surfaces at a submicrometre scale. In these applications, the metrological instrument is 
attached to the moving platform, and the sample is placed on a piezostage that is fixed to the inferior base that is static. Thus, the 
NanoPla implements a two-stage architecture, where the positioning process along the large working range is performed by the 
instrument attached to the moving platform, while the scanning motion is performed by the piezostage that moves the sample along 
a small range of 100 µm × 100 µm × 10 µm. This work focuses on the integration of the measuring instrument and the piezostage in 
the NanoPla, the definition of its kinematic model, and the identification of the errors that affect the measurement procedure. These 
errors are caused by component inaccuracies, and geometrical errors due to the relative misalignments between parts. 
 
Nanopositioning, piezostage, kinematic model, geometrical errors.   

 

1. Introduction 

The NanoPla is a large-range nanopositioning stage that was 
designed, manufactured and built at the University of Zaragoza, 
and whose design and implementation have been subject of 
previous works [1]. The NanoPla moving platform performs a 
planar motion along a range of 50 mm × 50 mm with a 
submicrometre resolution. The first prototype of the NanoPla is 
intended for the metrological characterization of large surfaces 
at a submicrometre scale. In these applications, the metrological 
instrument is attached to the moving platform, and the sample 
is placed on a commercial piezostage (NPXY100Z10A from 
nPoint) that is fixed to the inferior base. Thus, the NanoPla 
implements a two-stage architecture, where the positioning 
process along the large working range is performed by the 
instrument attached to the moving platform. Once the 
measuring instrument is positioned over the area of the sample 
to be measured, the platform and the instrument remain static. 
Then, the scanning motion is performed by the piezostage that 
moves the sample along a small range of 100 µm (X) × 100 µm 
(Y) × 10 µm (Z).  

The NanoPla is completely functional, thus, at this point of the 
project, this work focuses on the integration of the measuring 
instrument and the piezostage in the NanoPla. Then, the 
kinematic model of the complete NanoPla system is defined, and 
the error components of the translation vectors and rotation 
matrixes are analysed. The major error sources that are 
expected to affect the positioning accuracy are kinematic errors, 
thermo-mechanical errors and motion control [3]. 

2. NanoPla system overview 

The NanoPla consists of three stages, an inferior and a superior 
base that are fixed, and a moving platform that is placed in the 
middle (Figure 1). The positioning control system of the NanoPla 
basically consists of a 2D plane mirror laser system and four 
Halbach linear motors that allow performing planar motion 
along the large working range. The positioning system controls 
the position in the XY-plane and rotation around Z-axis of the 
moving platform, while the position in Z-axis and the rotation 
around X and Y-axes are only monitored by a capacitive sensor 
system. The positioning system and the measuring procedure 
were described and analysed in previous works [2].  

 
Figure 1. Exploded view of the NanoPla. 
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3. Integration of the measuring instrument and the piezostage 

The measuring instrument is fixed to the metrology frame of the 
moving platform through a bracket (Figure 2). This bracket 
consists of two parts: the first part is a holder screwed to the 
metrology frame, and the second part, which fastens the 
measuring instrument, is attached to the first one by a kinematic 
coupling preloaded by magnets. The second part is an adapter 
specific for each instrument and allows an easy integration of 
different measuring systems in the NanoPla. 

 
Figure 2. Measuring instrument attached to the metrology frame. 
On the other hand, the piezostage is attached to the metrology 

frame of the inferior base through a levelling system consisting 
of three micrometres (Figure 3). The micrometres are fixed to 
the metrology frame, while the piezostage lays on their spherical 
tips by means of a kinematic coupling of spheres and cylinders, 
preloaded by magnets. The measuring sample lays on the 
piezostage, which can be levelled by adjusting the micrometres. 

 
Figure 3. Piezostage, metrology frame and levelling system. 

4. Kinematic model 

Once the piezo stage and the measuring instrument have been 
integrated in the NanoPla system, its kinematic model can be 
defined. Figure 4 shows the scheme of the measurement loop. 

 
Figure 4. Global scheme of the NanoPla measurement loop. 

Two chains are defined; the first chain starts with the inferior 
base {0} that is kept fixed. Attached to its metrology frame, there 
is the levelling system {LS} consisting of three micrometres, each 
one with relative displacement in Z-axis. The piezostage is 
attached to the levelling system, and it moves the sample {S} in 
X, Y and Z-axes. The end point of this first chain is the point of 
the sample that intersects with the scanning beam of the 
confocal sensor, Ps. The second chain also starts with the inferior 
base. The moving platform {1} lays on the inferior base and 
provides displacement in the XY-plane to the confocal sensor 
{SC} attached to it. The end of the second chain is the point of 
the scanning beam that intersects with the sample, PSC. Thus, PSC 
is a vector (0, 0, 𝑧𝑠𝑐), where  𝑧𝑠𝑐 is the readout provided by the 

sensor (𝑧𝑆𝐶
𝑒𝑥𝑝

) along its axis, minus its reading errors (휀𝑆𝐶): 

𝑧𝑆𝐶 =  𝑧𝑆𝐶
𝑒𝑥𝑝

− 휀𝑆𝐶  (1) 

The starting point of both chains is the fixed base, while their 
end point, Ps and PSC, is also coincident. Relating the two chains, 
Equation 2 is obtained. 

𝑃𝑆 = [𝑅𝐿𝑆
𝑆  ]−1 · [[𝑅0

𝐿𝑆]−1 · [𝑅0
1 · (𝑅1

𝑆𝐶 ·  𝑃𝑆𝐶 + 𝑇1
𝑆𝐶) + 𝑇0

1 − 𝑇0
𝐿𝑆]

− 𝑇𝐿𝑆
𝑆 ] 

(2) 

Where 𝑅𝑖
𝑗
 is the rotation matrix from {i} to {j} systems; and 𝑇𝑖

𝑗
 is 

the translation vector between {i} and {j} origins. Table 1 
summarizes the components of these vectors and matrixes, and 
the ranges within which they will be comprised. 
Table 1. Description of translation and rotation matrixes. 

Parts 𝑻𝒊
𝒋

, 𝑹𝒊
𝒋
 Components Range 

{0}-
{1} 

𝑇0
1 

Displacement: 𝑥{1}, 𝑦{1}  50 mm 

Positioning errors: 𝛿𝑥
{1}

, 𝛿𝑦
{1}

, 𝛿𝑧
{1}

  

33 nm, 33 
nm, 100 
nm 

𝑅0
1 Spurious rotations:  ɛ𝑥

{1}
, ɛ𝑦

{1}
, ɛ𝑧

{1}
 1 × 10-6 rad 

{1}-
{SC} 

𝑇1
𝑆𝐶  No relative motion - 

𝑅1
𝑆𝐶  Angular misalignments: ɛ𝑥

{𝑆𝐶}
, ɛ𝑦

{𝑆𝐶}
 TBD* 

{0}-
{LS} 

𝑇0
𝐿𝑆 

Displacement: 𝑧{LS} 10 mm 

Positioning errors: 𝛿𝑧
{LS}

 0.2 µm 

𝑅0
𝐿𝑆 Rotations: ɛ𝑥

{𝐿𝑆}
, ɛ𝑦

{𝐿𝑆}
, ɛ𝑧

{𝐿𝑆}
 

0.06 rad, 
0.13 rad, 
0.14rad 

{LS}-
{S} 

𝑇𝐿𝑆
𝑆  

Displacement: 𝑥{S}, 𝑦{S}, 𝑧{S} 
 

100 µm, 
100 µm, 10 
µm 

Positioning errors: 𝛿𝑥
{S}

, 𝛿𝑦
{S}

, 𝛿𝑧
{S}

 50 nm 

𝑅𝐿𝑆
𝑆  Spurious rotations Negligible 

*To be determined experimentally 

Ideally, 𝑇0
1 should only include the displacement in X and Y-axes 

produced by the positioning system (𝑥{1}, 𝑦{1}). However, it also 

includes positioning errors in X and Y-axes (𝛿𝑥
{1}

, 𝛿𝑦
{1}

) and 

spurious motion in Z-axis (𝛿𝑧
{1}

). 𝑅0
1 includes the spurious 

rotations of the platform (ɛ𝑥
{1}

, ɛ𝑦
{1}

, ɛ𝑧
{1}

) that take place during 

the displacements caused by misalignments between parts. The 

confocal sensor is fixed to the moving platform, thus, 𝑇1
𝑆𝐶

  is null, 

and 𝑅1
𝑆𝐶  includes misalignments of the assembly that result in 

angular deviations around X and Y-axes of the confocal sensor 

(ɛ𝑥
{𝑆𝐶}

, ɛ𝑦
{𝑆𝐶}

). The confocal sensor reading errors (휀𝑆𝐶) must also 

be considered in the vector PSC. The levelling system controls the 

position in Z-axis (𝑧{LS}) and orientation of the piezostage 

(ɛ𝑥
{𝐿𝑆}

, ɛ𝑦
{𝐿𝑆}

, ɛ𝑧
{𝐿𝑆}

), with an associated positioning error (𝛿𝑧
{LS}

). 

𝑇0
𝐿𝑆

 is the translation vector of the piezostage (𝑥{S}, 𝑦{S}, 𝑧{S}), 

with its associated positioning errors (𝛿𝑥
{S}

, 𝛿𝑦
{S}

, 𝛿𝑧
{S}

). Spurious 

rotations of the piezostage are negligible.  

5. Conclusions  

In this work, first, a confocal sensor and a piezostage have 
been integrated in the NanoPla. Then, the kinematic model of 
the NanoPla system has been defined, identifying all the 
displacements, geometriacal errors and spurious motions that 
affect the final measurement. Future work should focus on the 
development of calibration procedures that allow the 
characterization of these errors in order to compensate them 
and to define the NanoPla measurement uncertainty. 
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Abstract 

For 49 million people globally with blindness, braille labels in their homes, workplaces and schools could enable independence. 
Yet, labels are not widespread. A review of existing braille label making technology shows that the key technological gap is a personal, 
precise (+/- 100 𝜇𝑚), low-cost (<$10), and language independent (130 braille scripts) braille dot embossing machine.  

This paper presents the design of an embossing mechanism comprised of six, radially oriented, spherically tipped, flexural beams 
on a ring which are actuated by a flexural “keyboard” to deform cellophane tape into an anvil die. An elastic averaging interface 
connects the ring and anvil, providing planar and axial constraint, aligning the embossing arms with the anvil-die cups in x, y, and 𝜃. 
The embossing arms are monolithically molded and comprise a connector ring, a stiff cantilevered beam to transmit 9.8N embossing 
force and a compliant hinge with a stress ratio less than 0.2. The tapered beams provide planar stiffness in x and y, while the flexural 
hinge provides normal compliance in z. The elastic averaging connector provides an estimated 15 𝜇𝑚 of repeatability, based on 28 
points of contact. Radial error is elastically averaged and minimized at the central point of interest. The system was prototyped using 
multi-jet fusion additive manufacturing and designed for two part injection molding, quoted to cost $1.44 per device at scale. 

An error budget was used to guide the mechanism design with the average of the linear sum and root square sum of errors 
calculated at the point of interest to compare with the allowable error. Error from manufacturing, elastic averaging, and load-induced 
Abbe and cosine errors were calculated to be 69 𝜇𝑚 in x and 16 𝜇𝑚 in y, less than the bugeted 100𝜇𝑚 of allowable error.  
 
Keywords: Accuracy, Constraint, Design, Error  

 

1. Introduction 

For an estimated 49 million people globally with blindness, 
braille labels in their homes, workplaces and schools could 
enable independence.  Yet, there is no label maker that meets 
the requirements of users, in particular, the accuracy and price 
point required to make widespread adoption affordable and 
accessible.  A review of existing braille label making technology 
shows that the key technological gap is achieving personal, 
precise (+/- 100 𝜇𝑚), low-cost (<$10), and language 
independent (130 braille scripts) braille dot embossing. Current 
state of the art is either expensive, only in a few languages, or 
non-intuitive to use. 

This paper presents the design of a new braille embossing 
mechanism meets accuracy and price point requirements by 
utilizing flexural beams and an elastic averaging connector, all 
designed to be simply injection moldable for cost requirements. 

The design methodology utilized error budgets to select and 
integrate components in the structural loop, based on 100 𝜇𝑚 
allowable planar error in x and y. Stiffness and compliance are 
addressed through design choices in the embossing beams. The 
embossing beams and the anvil die are separate pieces for 
moldability, thus risk of error in the connection is mitigated by 
using elastic averaging techniques. Calculated error for the 
structural loop and manufacturing quotes show the design 
presented meets the key functional requirements.      

2. Design Methodology    

In order to design a precise actuator, sources of error must be 
identified and reduced throughout the structural loop. This 
analysis focuses on geometric and load induced errors between 

the embossing beams and anvil die. Deflections, forces, stiffness, 
and compliance are considered in the beam design. 
Repeatability is considered for the elastic averaging connector.   

Accuracy and repeatability of the size and spacing of the dots 
and characters are essential for reading comprehension. 

 
Figure 1: Braille dot and cell specifications 

2.1. Embossing Beams    
In this model, a short flexural segment allows for deflection, 
while the forward part of the beam acts as a stiff stage to 
transmit the force from the snap dome to the embossing tip.  

Fig. 1 shows the embossed dots are 2.5 mm apart while 
buttons for the user’s fingers to push need to be more than 18 
mm apart based on human factors [1].  Initially for simplicity we 
sought to push direction raised features along the beams 
lengths, but variations in how users push on the buttons creates 
parasitic forces that cause unacceptable errors at the embossing 
tips.  Hence the buttons were moved to their own flexural 
mounts which then provide a more pure motion to apply force 
to the embossing beam as shown in Fig. 2. This point of force 
application is still removed from the tip of the embossing beam, 
and hence with the embossing force creates a moment near the 
end of the beam.  Either a uniform thickness cantilever beam or 
a flexural hinged beam can be molded.  The latter was found to 
give better control of the tip contact angle. A model for large 
deflection, beam-based flexure joints, using a semi-analytical 
model [2] shown to closely match non-linear solutions, was used 
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to calculate the bending force 𝐹𝑏 in Eq. 1.  Eq. 2 is derived from 
the classical model for a simply supported beam with an 
intermediate load. 

 
 

𝐹𝑏 =
𝐸𝐼 𝜃 𝑙⁄

(𝑙𝑣 +
𝜌 𝑙
2𝜔

) 𝑠𝑖𝑛 (
𝜋
2

− 𝜃)
 

(1) 

 
𝐹𝑒 =

𝐹𝑡(𝐿 + 𝑙)

𝑙𝑣 + 𝑙
 

(2) 

 
 Figure 2. Free body diagrams for the flexure-joint and embossing models. 

 
2.2. Elastic Averaging Connector    
The embossing arms are molded as a single unit, as are the finger 
pushing buttons and the anvil, and all must be accurately located 
with respect to each other.  Achieveable pin-in-slot molding 
tolerances were not sufficient so we created an elastic averaging 
connector, using Lego™-like features. The relative accuracy 

obtainable was calculated using Eq. 3: 𝑟 =  𝛿 √𝑛2⁄  , where r is the 
obtained accuracy, 𝛿 is the typical positional error of the elastic 
features, and n is the number of elastic features in contact. [3,4]. 

3. Results 

The embossing mechanism is comprised of six, radially oriented, 
spherically tipped, flexural beams on a ring which are actuated 
by a flexural “keyboard” to deform cellophane tape into an anvil 
die, shown in Fig. 3. An elastic averaging interface connects the 
ring and anvil, providing planar and axial constraint, aligning the 
embossing arms with the anvil-die cups in x, y, and 𝜃. A similar 
interface connects the human interface flexures with the ring. 
The embossing arms are monolithically molded and comprise a 
connector ring, a stiff cantilevered beam to transmit 9.8N 
embossing force and a compliant hinge with a stress ratio less 
than 0.2. The tapered beams provide stiffness in x and y, while 
the flexural hinge provides compliance in z. The elastic averaging 
connector provides an estimated 15.1 𝜇𝑚 based on n=28 points 
of contact and 𝛿 = 80 𝜇𝑚 manufacturing tolerance. This seems 
reasonable compared to experimental results for similar 
geometry in [3]. Radial error is elastically averaged and 
minimized at the central point of interest. Minimizing the 
embossing arm ∆𝑧 deflection reduced cosine error and beam 
stress. Sources of error are tabulated in Table 1. 

The mechanisms are prototyped using multi jet fusion additive 
manufacturing and are also designed for manufacturing by two 
part ABS injection molding, which has been quoted to cost $1.44 
per device at scale. 

 

 
Figure 3. Top view of 6 flexural beams connected by a ring with elastic 
contact points shown by red dots. Cross-sectional view of the embossing 
structural loop comprising the beams, anvil and interface buttons. 

 
Figure 4. Cross sectional view of the prototype labeller and a photo of 
the handheld device showing human interface and the embossing loop 
connected to the tape handling rollers.  
 
Table 1 Error budget for the embossing structural loop 
 

Sources of Error 
Sensitive 

Directions 
X (𝜇𝑚) Y (𝜇𝑚) 

Geometric 16.00 16.12 
 Beams molding tolerance 8.00 8.00 
 Anvil molding tolerance 8.00 8.00 
 Elastic averaging connection 10-6 0.12 

Load Induced 60.00 parasitic 
 Tip abbe error from bending 39.99  
 Cosing error from bending ∆𝑥 20.01  

Linear sum of errors 76.01 16.12 
Root square sum of errors 62.10 16.12 
Average of linear and RSS 69.06 16.12 
Allowable error 100 100 

4. Conclusion      

This paper demonstrates the use of an error budget to select 
and integrate components in the structural loop of a braille dot 
embossing mechanism. The design utilizes flexural beams and 
elastic averaging connectors which are simply injection 
moldable and snap together for assembly. Calculated error for 
the structural loop and manufacturing quotes show the design 
presented meets accuracy and price point requirements, thus 
enabling development of an easily assemblable device to 
emboss braille labels by and for people with blindness.  

Future work would experimentally measure accuracy of the 
device and labels created to compare with calculated results, 
and ultimately result in a mass produced low cost device that 
could be readily accessable for use by blind people around the 
world to make braille labels for their own use.  
 
References      

 
[1] Tilley, A. R. and Henry Dreyfuss Associates, 2002, The Measure of 

Man and Woman: Human Factors in Design by Tilley, Alvin R., 
Henry Dreyfuss Associates (2002) Hardcover, John Wiley & Sons. 

[2] Teo, T. J., Chen, I.-M., Yang, G., and Lin, W., 2008, “A Semi-
Analytic Model for Large Deflection Beam-Based Flexure Joints,” 
Advanced Intelligent Mechatronics, 2008. AIM 2008. IEEE/ASME 
International Conference On, IEEE, pp. 78–83. 

[3] Slocum, A. H., and Weber, A. C., 2003, “Precision Passive 
Mechanical Alignment of Wafers,” J. Microelectromechanical 
Syst., 12(6), pp. 826–834. 

[4] Teo, T. J., and Slocum, A. H., 2017, “Principle of Elastic Averaging 
for Rapid Precision Design,” Precis. Eng., 49(Supplement C), pp. 
146–159. 

 

180



 

          
 

 

 

euspen’s 22nd International Conference & 
Exhibition, Geneva, CH, May/June 2022 

www.euspen.eu  

Control signal of levitation actuator using vertically vibrating piezoelectric actuator 
 
Ryosuke Kawai 1, Akihiro Torii 1, Suguru Mototani 1, Kae Doki 1 
 
1Aichi Institute of Technology, Japan 
 
torii@aitech.ac.jp 

  
Abstract 
Control signal of a levitation actuator is described in this paper. The levitation actuator is used to realize a non-contact conditions. 
The vertically vibrating stacked-type piezoelectric actuator (piezo), a weight, and a circular plate consist the levitation actuator. The 
weight is about six times heavier than the plate. The piezo is sandwiched in the weight and the plate.  The piezo vibrates around the 
resonant frequency. Squeeze air film is generated underneath the plate, and the positive pressure of the squeeze air film underneath 
the plate supports the levitation actuator.  The AC voltage with variable frequency is applied to the piezo. The input signal and the 
levitation height are measured simultaneously. The instantaneous power and levitation height are recorded  and discussed according 

to the drive frequency. The experimental results revealed the following points. (I) The levitation height of the actuator is about 1 m, 

although the amplitude of the vibration of the plate is as small as 0.1 m.  (II) The levitation height depends on the mass of the 
weight. (III) The electric power applied to the piezo shows similar trend of the levitation. 
 
Levitation actuator, levitation, piezoelectric actuator, electric power, frequency 

 

1. Introduction 

Many functions are integrated in the limited size of industrial 
products and electrical appliances. Small production systems is 
suitable for a versatile and compact movement mechanism. A 
precise motion is usually realized by stacked-type piezoelectric 
actuators (piezos). The piezos are used in a lot of precision 
machines. If a levitation function is added to the mechanism, 
energy loss and positioning error due to friction during a motion 
can be reduced.  

Levitation caused by a vertical vibration of the piezo was 
introduced to realize a levitation actuator for a non-contact 
mechatronic system [1-3]. The electrical signal at a resonant 
frequency is applied to the actuator.  A displacement meter was 
used to measure the levitation height of the levitation actuator. 
A measurement method without using  a displacement meter 
will be required when the levitation actuator is installed in a 
micro-robot, micro-machine, and micro-system.  

This paper describes the relationship between the power, 
power factor, and the levitation height of the levitation actuator. 

 

2. Structure of the levitation actuator     

Figure 1 shows a photograph of the levitation actuator. The 
levitation actuator consists of a disk-shaped plate, a weight, and 
a piezo. They are attached with cyanoacrylate adhesive. The 
mass of the weight is 47.1 g. The diameter, thickness, and mass 
of the plate are 30 mm,  3 mm, and  4.0 g, respectively. The total 
length of the entire levitation actuator is 38 mm and the mass is 

47.1 g. The piezo (NEC-tokin,AE0505D16DF) deforms 11.6 m 
when 100V DC is applied.  Three weights, 26.8 g, 47.1 g, and 79.4 
g are tested. 
 

3. Principle of levitation  

When a high-frequency voltage is applied to the piezo, it 
vibrates in the vertical direction. The plate attached to the piezo 
vibrates synchronously. The vibration of the plate generates 
positive pressure between the plate and the ground surface, and 
an air film is formed between the plate and the ground surface, 
causing the levitation actuator to float. This phenomenon is 
called the squeeze film effect, and the film is called a squeeze air 
film. The squeeze film effect continues while high frequency 
voltage is applied to the piezo, and the actuator continues to 
levitate. At the beginning of the levitation, the weight starts 
vibrating by the piezo vibration, and the actuator starts 
levitating. Then, the piezo keeps vibrating and the actuator 
continues levitation. Finally, the constant levitation is 
established.  

4. Experimental method 

The power and power factor (Q-factor) are measured by a 
power meter, and levitation height of the levitation actuator is 
measured by a laser displacement meter (Keyence, LK-G3000 
series, 0.05% of full scale linearity). Figure 2 shows the definition 
of the levitation height. The levitation height is measured at the 

 
 

Figure 1.  Levitation actuator 
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top surface  of the plate. The levitation height  is the vertical 
displacement of the plate, and is defined from the average value 
for one second (1 s). This is because the plate vibrates at the 
frequency applied to the piezo and the instantaneous value of 
the levitation height oscillates. Vibration amplitude is defined as 
shown in Figure 2. 

The voltage from a function generator is passed through an 
amplifier to apply an AC voltage to the piezo. The input voltage 
to the piezo is a sinusoidal voltage of 8 V peak-to-peak and an 
offset of 5 V. The frequency of the input voltage is between 1 
kHz and 15 kHz, in 0.2 kHz increments. Since the weight is much 
heavier than the plate, the vibration amplitude of the weight is 
small. 

5. Experimental results 

Figure 3 shows the levitation height of the actuator with a 47.1 
g weight. The signal applied to the piezo is sinusoidal wave of 8 
V peak-to-peak with 5 V offset and 12.8 kHz. At the beginning of 
the operation, the voltage begins to oscillate and then the 
levitation actuator starts levitating. The measured height is 
synchronized with the input signal. The average levitation height 

is 1.32 m and  the vibration amplitude of the plate is 0.19 m. 
The ratio of the amplitude to the average height is 6.8. Small 
vibration amplitude of the plate causes large levitation. 

Figure 4 shows the power, power factor, and levitation when 
the frequency is from 1 kHz to 15 kHz in 0.2 kHz step. The 
horizontal axis indicates the frequency, the vertical axis indicates 

the power, power factor, and the levitation height. Both the 
levitation height and the power are maximum at 12.8 kHz. The 

levitation height is 1.32 m and the power is 0.22 W. The 
maximum power factor is 0.44 at 13 kHz. The power and power 
factor are large during the levitation, and they show similar 
trend. 

Table 1 summarizes the results obtained by three different 
weight. The maximum levitation heights obtained by different 
frequency are summarized. The heavy weight reduces the 
levitation height. 

6.  Summary 

The purpose of this paper was to find out the relationship 
between the power, power factor, and the levitation height of 
the levitation actuator during levitation. Both the levitation 
height and the electric power were maximum at 12.8 kHz. The 

levitation height was 1.32 m and the power was 0.22 W. While 
the actuator was levitating, the power was large and the electric 
power consumed in the levitation actuator showed similar trend 
with the levitation height. In future, theoretical power 
consumption is discussed, and levitation height estimation is 
realized using electric power measurement. This work was 
supported by JSPS KAKENHI Grant Number 21K03972.   
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Figure 2.  Definition of levitation height 

 

 
Figure 3.  Result of levitation height measurement 
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Figure 4.  Power, power factor, and levitation height 

 
Table 1  Levitation height obtained by different weight 

 
Weight [g] Levitation height [m] 

26.8 1.98 

36.9 1.32 

79.4 1.03 
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Abstract 
There are many studies on the displacement error of a stage caused by the internal heat source, but only few studies have been done 
on the error caused by the external heat source. The displacement error caused by the external heat source called environmental 
thermal induced error occurs when the stage is affected by the temperature change of the environment due to the external heat 
source. In order to reduce that error, a method of maintaining a constant environmental temperature has been proposed, but in 
general working environment, it is difficult to completely control the environmental temperature and error due to various external 
heat sources. Therefore, the effect of the environmental temperature change on the error of the stage should be analysed first. In 
this study, we propose a method to model and analyse the environmental thermal induced error of the stage using the artificial 
neural network(ANN). Several thermal sensors are used to measure the temperature of environment and stage, and a measurement 
system is used to measure the displacement error of the stage. The above-mentioned measurement process is performed according 
to the time interval, and an artificial neural network-based error model is established using the measurement data. The proposed 
model can be applied to evaluate the precision of various stages. 
 
 
Neural Network, Thermal Error, Precision, Evaluation 

 

1. Introduction 

Among the various source of machine tool errors, thermal 
induced errors make up 40-70% followed by geometric errors.[1] 
To reduce thermal induced error of the machine tool, various 
methods such as thermo symmetric design, separation of the 
heat source from the machine body, cooling method, correction 
of errors, and operating in a constant temperature chamber 
were proposed and research for these have been continued.[2-
7] However, in general, the machines are used in an 
environment where the temperature is not in constant, and it is 
difficult to find out the exact location of the external heat 
source.[8] The machine tool generates heat on the stage due to 
the cutting process, etc. This causes the stage to deform under 
the influence of heat in a general working environment where 
constant temperature and humidity are difficult to achieve. In 
addition, although various studies have been proposed on the 
internal heat source of the machine tool, research on thermal 
induced error by the environmental temperature caused by 
external heat source is still ingoing. Since the location and the 
amount of heat generated by the internal heat source can be 
known, thermal induced error can be corrected through 
methods such as thermo symmetric design, but in the case of 
the external heat source, it is difficult to predict and correct 
thermal induced error because the location and the amount of 
heat source are hard to calculate. The need for a model that can 
effectively solve these problems and can be easily applied in the 
field has been raised. There are methods that have been used to 
correct thermal induced error, the finite element method and 
engineering empirical model. The finite element method is 
useful when the exact location, size, and boundary conditions of 

heat sources are known.[9] The empirical model using multiple 
regression analysis has a high-order term variable, so there is a 
problem in robustness, and a lot of effort and knowledge are 
required. In addition, there is a limit to modeling and calculating 
all heat sources outside the machine tool. Therefore, the 
thermal induced error of the stage on the machine tool by the 
environmental temperature is modeled using ANN (Artificial 
Neural Network). By measuring the temperature of the stage, 
the thermal induced error can be predicted by ANN model, and 
using this, the thermal induced error of the stage can be 
corrected afterwards. 

 

 
Figure 1. Sensors on the Stage 
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2. Pre-experiment and ANN modeling 

 
The machine tool used for measurement is komatec's SPT-T-

30. Table 1 shows the material of the stage used for the T-30. 
Seven thermocouples were placed to measure the 

temperature of the stage. Six of them(T1 – T6) were attached to 
the stage to measure the temperature of the stage, and one(T7) 
was attached outside the stage to measure the environmental 
temperature as shown in Figure 1. Two LVDTs (Linear Variable 
Displacement Transducers) were used to measure the 

displacement of the stage. The stage of the T-30 has two slides 
at the bottom, so main thermal expansion is expected in the 
slide direction, so one LVDT was placed on the left and the other 
was placed on the right in the slide direction. K-type 
thermocouples were used for the thermal sensor, and Sony's 
DK802LR was used for the LVDTs. The performance of 
Thermocouple is shown in Table 2 and the performance of LVDT 
is shown in Table 3.  

As an external heat source, heat was applied to the stage by 
placing a heater at an arbitrary position. The initial temperature 
was 15 degrees Celsius in equilibrium both the environment and 
the stage. The experiment was conducted for about 3 hours, it 
was confirmed that when the external temperature changed to 
20 degrees as shown in Figure 2-(a),  the stage also showed a 
change in temperature up to 26.3 degrees as shown in Figure 2-
(b). The displacement of the stage was 14 μm in the P1 direction 
and 43 μm in the P2 direction as shown in Figure 2-(c). 

Error prediction model was generated using an ANN to train, 
validate and predict the displacement of the stage using the 
measured temperature. When determining the structure of the 
ANN, hyper-parameters such as the number of hidden layers and 
the number of units must be determined. Hyper-parameters 
affect accuracy and loss value among parameters constituting 
ANN. Therefore, to get minimum loss value without falling into 
overfitting, the hyper-parameter should be optimized. However, 
since there is no general rule in determining hyper-parameters, 
it must be followed by the designer's intuition using the grid 
search method or the random search method. [10,11] In this 
study, the epoch, the number of hidden layers, the number of 
units, and the optimizer type were set using the grid search 
method to have the minimum loss value. 

11665 data set was obtained through the experiment which 
includes the temperature of the stage measured by six 
thermocouples and the displacement obtained from two LVDTs 
as one data set. Data set was divided into training data and 
validation data in a 7:3 ratio. As shown in Figure 3, the hyper-
parameters of the model using the training data were set to 3 
hidden layers, 200 units, Adam for the optimizer, and 50 epochs 
by the grid search method. The generated model showed a loss 
value of 0.13 for the validation data. 

3. Performance evaluation of generated ANN model 

In order to evaluate the performance of the generated model, 
the data obtained from three temperature sensors at arbitrary 
positions on the stage were applied to models generated by  

Table 1 Specification of T-30 Stage 
 

Material S45C Length 0.6m 

Thermal 
Property 

14μm/m-℃ Width 0.38m 

Table 2 Specification of Thermocouple 
 

Thermocouple Type K 

Ambient Temperature Min -50℃ 

Ambient Temperature Max 200℃ 

Ambient Temperature Error Max ±0.75℃ 

 
Table 3 Specification of LVDT 
 

Name DK802LR 

Measuring Range 2 mm 

Resolution 0.1 μm 

Operating Temperature 0℃ - 50℃ 

Output Voltage 

 

(a)   Temperature of Air 
 

(b)   Temperature of Stage 
 

(c)   Deformation of Stage 
Figure 2. Thermal Effect of Stage 

 

 Figure 3. Hyper-parameters of ANN 
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linear regression analysis and ANN. To check whether the 
thermal induced error can be predicted using the temperature 
measured at arbitrary positions, three of the sensors were 
chosen randomly for the training data and the others were used 
for testing data. The ANN model is compared with linear 
regression model to verify its accuracy of error prediction. 

Regression analysis is a method of calculating and evaluating 
the relevance of each obtained or given data. The multiple linear 
regression equation with 𝑘 independent variables is formulated 
as Equation (1) by the least squares method that minimizes the 
sum of squared errors. [12,13] 

 
𝑌𝑖 =  𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + ⋯ +  𝛽𝑘𝑋𝑘  (1) 

 
In the Equation (1), 𝛽𝑘  means a 𝑘-th coefficient, 𝑋𝑘  is a 𝑘-th 

independent variable and 𝑌𝑖  is dependent variable. When a 
linear regression model(LRM) was made with the data of the 
experiment performed in this study, P1 and P2 were expressed 
as Equation (2) and (3), shown as Figure 4.  
 

𝑃1 = −14.61774704 − 1.0816478𝑇1 + 1.64223143𝑇2 +
0.53484341𝑇3  (2) 

 
𝑃2 = −54.11475207 − 2.54939173𝑇1 + 6.2839985𝑇2 +

0.07861386𝑇3  (3) 
 

The LRM was optimized with the gradient descent optimizer, 
and the results predicted by the LRM were compared with the 
experimental data.  

On the other hand, the error of the stage predicted by the ANN 
model is as shown in Figure 5. This indicates that the model 
made with ANN can predict more accurately compared to LRM 
when predicting the heat induced error using the temperature 
data measured on the stage. 

4. Conclusion      

An ANN model was generated to predict the thermal induced 
error of the stage caused by the influence of the environmental 
temperature. The temperature of arbitrary positions on the 
stage was measured using thermocouples, and the displacement 
was measured using LVDTs. Hyper-parameters for the model 
were set using the grid search method to get minimum loss 
value. To test the prediction accuracy, ANN model was 
compared with the linear regression analysis model, which is a 
commonly used as prediction model. As a result of comparison, 
it was found that both the maximum error value and the average 
error value were decreased in the ANN model. Compared with 
the experimental data, the linear regression analysis model was 
able to predict the thermal induced error with an error of up to 

 

(a) Deformation at P1 
 

(b)  Deformation at P2 
Figure 4. Prediction result using LRM 
 

 

(a) Deformation at P1 and P2 
 

(b)  Error of P1 and P2 
Figure 5. Prediction result using ANN 
 

 
Table 4 Prediction Result 
 

 LRM ANN 

P1 
Mean 8.2015μm 0.2403μm 

Max 11.0085μm 1.1767μm 

P2 
Mean 25.2303μm 0.8057μm 

Max 31.9598μm 1.7692μm 
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31.9598μm, and the ANN model was able to predict the thermal 
induced error with an error of up to 1.7692μm. 
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Abstract 

 
On-line measurement of paperboard air permeability during the manufacturing process allows process control with a shorter 

feedback loop than measuring off-line in the lab after the process. Measuring the permeability with airflow-based instruments has 
been only possible with stationary sample pieces, as the sample needs to be clamped against the instrument to create a seal between 
the instrument and the sample. 

The proposed method is based on creating a pressure difference across the paperboard and measuring the air flow rate through 
the web. The control volumes of the developed device are sealed against the paperboard with porous aerostatic bearings, in contrast 
to conventional solutions utilizing contact seals such as O-rings. Using aerostatic non-contact seals, paperboard web can travel 
through the measurement device at a high speed. The accurate measurement of the flow through the paperboard requires 
measurement of the seal leakage flowrate and the chamber inlet and exhaust flow rates. Thus, the air feeds are instrumented with 
flow meters, and the seal is designed so that it divides the flow to the volume and the ambient in a deterministic way. 

The present study focuses on stationary performance of the proposed method and does not consider the effects originating from 
the web traveling through the device. The device is validated in stationary conditions against a reference measurement, that uses a 
device based on O-rings to seal against the paperboard. Presented comparison of the studied non-contact seal to the reference 
contact seal allows determining the accuracy of the air permeability measurement method, including the methods to mitigate the 
effects of the added air flow from the aerostatic bearings. 
 
aerostatic bearing, aerostatic seal, paperboard permeability 

 
 

1. Introduction 

Measurement of paperboard permeability is vital for quality 
control of the product. There are both on-line and off-line 
measurement methods that are used. Various off-line methods 
are outlined in the ISO 5636-3:2013 standard [1]. 

The methods are based on measuring the flow through a 
certain area of paper and have contacting seals that are pressed 
against the measured paper sheet [2,3]. In some methods, the 
sample is supported by a mesh or a porous surface [4,5]. 

The developed method is based on aerostatic seals that are 
contactless. The contactless seals allow for the paper sheet to 
travel through the measurement device at high speed, allowing 
disturbance-free on-line measurement. In the present study, the 
measurement method with aerostatic seals was validated 
against a reference measurement with O-ring seals. 

 

 
Figure 1. The measurement setup with aerostatic seals. The aerostatic 
seals had individual air feeds for inside and outside edges. The inlet to 
the paper chamber is from the top half, and the exhaust is from the 
bottom half. Each supply and exhaust line are equipped with pressure 
and flow sensors.  

2. Methods 

The measurement setup consists of a pair of chamber halves, 
that are positioned on both sides of the sample sheet (Figure 1). 
The seal bodies were made from aluminum. The O-rings in the 
reference seals were SMS 1149 standard square profile EPDM 
seals with 25mm internal diameter. In contrast, the aerostatic 
seals feature a graphite restrictor with a 25mm internal 
diameter. The external diameter of the seal is 58mm and the 
thickness of the graphite is 4mm. The graphite restrictor was 
attached to the body with epoxy, and the seal surface was 
lapped planar. In addition, there are two independent feed 
grooves behind the restrictor in order to separate the flow to the 
inside and outside edges (Figure 2).  

The measurement setup is instrumented with pressure and 
flow sensors in the chamber inlet and exhaust lines and in each 
seal feed. The individual sensors allow to separate the seal 
leakage from the flow through the paper sheet. The 
specifications of the sensors are presented in Table 1. 

The measurement data was acquired with a NI 9220 module 
in a CDAQ-9174 chassis. At each measurement point, 10 000 
samples were measured at 1 kHz sampling rate. In processing of 
the measurement data, values at each measurement point were 
averaged. In the reference measurement with O-rings seals, the 
flow through the sample was calculated as the average of 
chamber inlet and exhaust flows. However, in the measurement 
with aerostatic seals, the seal leaks air into the inlet and exhaust 
chambers. Therefore, the flow through the sample was 
calculated by subtracting the seal leakage flow from the exhaust 
flow. The seal leakage into the exhaust chamber was measured 
from the inner feed groove of the seal. The flows at the exhaust 
chamber were used as its pressure is closer to the ambient 
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pressure than the high-pressure inlet chamber. The closer to 
ambient pressure results in cleaner division of the seal flow 
between the chamber and the ambient. 

The same paper sample was measured with the aerostatic 
seals and the O-ring seals. The measurement procedure for the 
reference and the aerostatic seal measurements was the 
following: 

1. Place the sample into the measurement setup. 
2. Set the seal feed pressure regulator to 0.5MPa in the 

aerostatic seal measurements. 
3. Increase the chamber inlet pressure by roughly 10 kPa 

and measure. 
4. Repeat steps 3. until the measured flow is out of the 

measurement scale of the sensor. 

 
Figure 2. The measurement setup with aerostatic seals. Flow and 
pressure were measured at inlet, exhaust, and each seal feed. The color-
coded arrows describe the flow paths through the device.  

Table 1. Specifications of sensors in the measurement setup. The 
accuracy is presented as a percentage of the full-scale value. 

Sensor Type Scale Accuracy 

Chamber pressure SMC PSE543A -100 – 100kPa 1% 
Seal pressure SMC PSE540 0 – 1MPa 2% 
Chamber flow SMC PFM710 0 – 10L/min 3% 
Seal flow SMC PFMV530 0 – 3L/min 5% 

3. Results 

The air flow through the measured paper sheet in relation to 
the pressure difference across the sheet is presented in Figure 
3. The measured sample was a copy paper with a basis weight of 
80 g/m2. The relative error between the measurement with 
aerostatic seals and the reference measurement with O-rings is 
presented in Figure 4. The measurement error was only 0.5% at 
its minimum and 10.8% at its maximum. 

 
Figure 3. Flow through the paper sample in relation to the pressure 
difference across the paper sample. The measurement area of the device 
was a 25mm diameter circle. The error bars represent the type B 
standard uncertainty of the measurement originating from the sensors. 

 
Figure 4. Measurement error between the aerostatic seal and the 
reference measurements. 

4. Discussion 

The measurement results show that utilizing aerostatic 
bearings as seals for a paper permeability measurement device 
is feasible, even with the simple flow calculation method used in 
the present study. The flow through the paper sheet for air 
bearing was calculated by subtracting the seal leakage flow into 
the bottom chamber from the exhaust flow the bottom 
chamber. The method could potentially be improved by 
including the inlet side flows. However, the calculation is not 
simple due to the high pressure in the inlet chamber diverting 
more of the seal flow into the ambient.  

The accuracy of the measurement depended on the pressure 
difference across the paper sheet. At low pressure differences, 
the measurement accuracy suffers due to the low flowrate 
through the sample. At higher pressure differences, the sheet 
starts to deform and the higher pressures in the chambers start 
to affect the seal flows. 

The largest contributor to measurement uncertainty was 
estimated to be the measurement uncertainty of the sensors. 
Thus, Type B uncertainty was evaluated [6]. Further 
uncertainties can originate from movement of the sample 
during measurements. This could be compensated by measuring 
the speed of the sample and correlating it to the effect on flow 
measurement. Additionally, manufacturing accuracy of the 
aerostatic bearings can affect the flow and leakage into the 
chamber. However, the evaluation of these uncertainties was 
not included in the present study. 

The paper made partial contact with the seals during the 
measurements, presumably due to deformation of the paper at 
higher pressure differences. Further studies should focus on 
how to limit the amount of contact between the aerostatic seals 
and the paper. 
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Abstract 
Thermal errors represent one of the main error sources regarding the volumetric accuracy of machine tools. Real time thermal error 
compensation comes as a relatively low-cost solution to improve the accuracy of machine tools. The estimation is usually based on 
temperatures measured on certain points in the machine and a compensation model that is obtained from some training tests where 
temperatures and thermal errors are measured. After the initial test is done, the model is usually verified by periodic measurements 
throughout the machine working life, but such measurements should be kept to a minimum, as they affect the productivity of the 
machine. In this work, a thermal monitoring system is presented based on the Proper Orthogonal Decomposition reduction of an 
initial thermal test. This surveillance system proved to be useful to detect erratic thermal behavior or the apparition of new 
uncharacterized heat sources. An adaptive compensation approach was presented capable of adapting its inputs according to the 
temperature behavior. 

 
Keywords: Thermal error compensation, Optimal sensor position; Proper Orthogonal Decomposition, Adaptive Model, Machine Tool 

 

1. Introduction   

Thermal errors are one of the main contributors to the 
volumetric error of machine tools, causing relative displacement 
between workpiece and Tool Center Point (TCP). Numerical 
compensation relies on model-based prediction of the 
thermoelastic deformation of the machine and it is a relatively 
low-cost solution to improve the accuracy of machine tools once 
they are placed on the shopfloor. 

Extensive research has been done on developing effective 
compensation models [1]. They are usually based on 
temperature measurements and other available machine data 
to obtain reliable models that can predict the thermal behavior 
in real time. Ideally, this compensation models should be able to 
capture and compensate different error sources such as 
localized heat sources (e.g. main spindle bearings), 
environmental or distributed effects (varying ambient) or even 
moving heat sources (ball screw, conduction through moving 
parts). 

An initial training phase, measuring TCP displacements, is 
usually carried out in order to obtain the compensation model, 
where the correlation between temperature sensors and 
displacements is identified [2]. Alternatively, structure-based 
compensation models, physical representations of the 
thermoelastic functional chain, can be designed, optimized and 
trained in a virtual environment [3], saving machine occupation 
time. Even so, their performance needs to be validated in a real 
working environment in order to consider modelling errors or 
uncertainties. 

Due to the necessity to minimize machine occupation time, 
the compensation model has to be able to predict thermal 
behavior beyond training phase with none or limited 
displacement measurements. Yet, developing such a robust 
model would need long training tests and excitation of all 
possible heat sources, which is not always possible. 
Furthermore, conditions in or around the machine tool can 
change. These changes should be detected so that the model 

can be retrained. Several works have been focused on adaptive 
models and varying measuring frequencies to overcome this 
problem [4]. 

When large amount of temperature data is available (either 
from simulation or actual on-machine measurements) reduction 
techniques, such as Proper Orthogonal Decomposition (POD) 
based approaches, allow to identify dominant trends in the 
thermal field. They are usually combined with optimal sensor 
placement procedures in order to select the optimal location 
and number of sensors needed to compensate certain thermal 
behaviors [5]. 

In [6], a thermal error compensation solution for local and 
distributed thermal effects was proposed, based on POD and 
stablished optimal sensor placement procedures. The model 
showed good prediction capability, even when the amplitude 
and frequency of the characterized heat sources changed. In this 
work a modification of this approach is presented, capable of 
monitoring the thermal state of the machine and detect 
temperature behaviors that differ from those of the training 
phase. Furthermore, an adaptive compensation model is 
developed, that changes according to these outliers detected in 
the temperature data. In section 2, basics of POD and optimal 
sensor placement, as well as the compensation model are 
explained. In section 3, a FE model of a machine column with 
different load cases is presented. In section 4, thermal 
monitoring and adaptive compensation are implemented in a 
virtual environment to show the functioning of the approach. 
Section 5 closes with conclusions. 

2. Compensation model based on POD  

2.1. POD based reduction and optimal sensor placement 
Proper Orthogonal Decomposition is a Model Order Reduction 

(MOR) technique that uses Singular Value Decomposition (SVD) 
to capture and classify the dominant modes of any data set 
stored in a matrix. Applied to thermomechanical systems, POD 
is used to reduce the temperature field so that it can be 
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represented with orthogonal thermal modes that describe its  
spatial and temporal evolution. 

The temperature field is arranged in the so-called snapshot 
matrix of dimension 𝑛𝑥𝑚, with the rows representing n different 
nodes or temperature sensors and the columns m time instants. 
By selecting the first r dominant modes (with 𝑟 ≪ 𝑛) a reduced 
modal basis Φ𝑟, of dimension nxr, can be obtained capturing 
almost all the information with just a few dominant modes. 

𝑻(𝑡) ≈ 𝚽𝑟 · �̂�(𝑡) (1) 

where 𝑇 represents the full thermal field and �̂� the coefficients 
multiplying each mode at a given instant. In order to implement 

a compensation model, the coefficients in �̂� need to be 
estimated in real time from actual temperature measurements.  

Optimal sensor placement strategies have been widely used in 
order to select the optimal measurement points to estimate 

coefficients in �̂�. In this work, a similar approach to the one 
described in [5] is used, where the sensors are selected in a 
sequential way based on covariance matrix between 
measurements. In order to estimate the state of 𝑟 thermal 
modes, a minimum of 𝑠 = 𝑟 sensors will be needed. 

In order to estimate �̂�, system in eq. (1) is solved by means of 
least squares (see eq. (2) and (3)). but selecting only the rows 
corresponding to the sensor selection. 

𝑻𝑠 ≈ 𝚽𝑟(𝑛𝑠) · �̂� (2) 

�̂�(𝑡) ≈ 𝐀 · 𝑻𝒔(𝑡)    where    𝑨 = 𝚽𝑟
+(𝑛𝑠) (3) 

where 𝑛𝑠 is the subset of selected nodes to be measured, 𝑻𝑠(𝑡) 
represents the temperature measurements in the 𝑛𝑠 spots (with 
𝑠 ≥ 𝑟 ) and 𝐀 is the pseudoinverse of 𝚽𝑟(𝑛𝑠), i.e. the relation 
between sensors and thermal mode coefficients. Combining 
equations (1) and (3), the full thermal field can be approximated 
from the measurement of just a few sensors.  

Details on the sensor selection procedure can be found in [5]. 
Once the temperature field has been estimated, the 
thermoelastic coupling matrix of the FE model is used to 
compensate displacement at any given point or points. 

 
2.2. Temperature monitoring 

According to the previous section the real time temperature 
predictor is constructed as follows: 

𝐓(𝑡)𝑛𝑥1 ≈ 𝚽𝒓𝑛𝑥𝑟
· 𝐀𝑟𝑥𝑠 · 𝑻𝒔(𝑡)𝑠𝑥1 = 𝑴 · 𝑻𝒔(𝑡)𝑠𝑥1 (4) 

where M represents the temperature prediction model that 
relates measured temperatures with the full temperature field, 
that will depend on the selected 𝑟 modes and  𝑛𝑠 temperatures. 
This means that the measured temperatures 𝑻𝒔 are also self-
predicted in 𝑻.  

If the number of sensors equals the number of modes a trivial 
solution is achieved in 𝑴 for the 𝑛𝑠 temperatures, with unitary 
coefficients in the corresponding columns. This means that each 
node is just predicting its own value through direct output and 
is independent from the other temperatures in 𝑻𝒔. 

𝑠 = 𝑟     ⇒      𝐓𝑛𝑠
= 𝐓𝑠 (5) 

If the selected number of nodes is bigger than the number of 
modes an overdetermined system is obtained in eq (3). When 
recombining with eq. (4) the temperature predictions of the 𝑛𝑠 
nodes are no longer independent. This means that the self-
prediction of the 𝑛𝑠 temperatures will not be exact, and will only 
hold if the thermal behavior of the machine going on is similar 
to the interval where the original temperature matrix was 
recorded. 

𝑠 > 𝑟     ⇒      𝐓𝑛𝑠
≈ 𝐓𝑠 (6) 

𝑬𝒔 = 𝐓𝑠 − 𝐓𝑛𝑠
 (7) 

The error term in eq. (7) represents the self-predicting errors of 
the model at measured temperatures. Therefore, the 
temperature behavior of the machine can be monitored by 
measuring 𝑻𝒔 and computing eq. (4) in real time. Errors in 𝑬𝒔 will 
indicate whether the thermal behavior is similar to the model 
training phase or not. If 𝑬𝒔 increases, it would indicate that there 
is some thermal phenomena that was not adequately captured 
in the training test. 

 
2.3. Adaptive thermal model 

Furthermore, outlier temperatures (i.e. the ones that are not 
behaving as expected), can be detected from eq. (7) by selecting 
the ones with the highest deviations. Nodes with self-predicting 
errors over certain tolerance are eliminated from 𝑛𝑠 and the 
model is recalculated from equations (3) and (4). This will always 
be possible as long as the number of nodes in 𝑛𝑠 is still higher 
than 𝑟. Temperature prediction of eliminated nodes is still 
computed so that they can be reincorporated to the model 
when the error falls below the tolerance again. The functioning 
of this adaptive compensation system is illustrated in Figure 1. 

 
Figure 1. Illustrative example of the adaptive thermal model. At t1 model 
starts predicting, after training is done. At t2, T1 gets out of tolerance, so 
the model is updated ignoring it. At t3, it is incorporated again. 

3. Case study 

3.1. Column model 
A milling machine column Finite Element (FE) model has been 

developed and it is used as a case study. The FE model, as well 
as the main heat sources affecting the column, are shown in 
Figure 2. A local heat source Q1 (e.g. heat generated by a motor 
or an auxiliary system located in this area) has been defined at a 
fixed location. A moving heat source Q2 (e.g. heat being 
conducted from the ram to the column as the vertical axis 
moves) is defined near the theorical location of the vertical 
guideways. An additional local source Q3 has been defined for 
validation purposes (see section 3.3) External surfaces exchange 
heat with the varying ambient by convection. Thermal 
conductivity was set at 50 W/m·⁰C and the specific heat to 500 
J/kg·⁰C. 

   
Figure 2. Finite Element model of the column and main heat sources. 
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3.2. Model training 
In order to obtain a compensation model, the temperature of  

the machine has to be registered during a training test and 
arranged as a snapshot matrix. In this case, a transient 
thermoelastic simulation is carried out, where all heat sources 
defined in section 3.1 are varied. Step inputs in Q1 and Q2 are 
introduced with amplitudes of 200W and 250W respectively, as 
well as sinusoidal variation of ±2⁰C and 24h period in the 
ambient. Position of Q2 is also varied at two different speeds. 
Details of the amplitude and position variation of the heat 
sources are shown in Figure 3. 

The temperature of each node is registered every 100 seconds 
and stored in the snapshot matrix T. A snapshot of the thermal 
field at a given instant is plotted in Figure 4, where the effects of 
the heat sources are clearly appreciated. 

 
Figure 3. Training load cycle for the of the compensation model. 
Approximate vertical movement of Q2 (in black) is also represented. 

 
 

Figure 4. Snapshot of the temperature of the machine at t=8.8h 

Following the procedure described in section 2, the snapshot 
matrix of temperatures is decomposed using SVD, and reduced 
by selecting the first dominant r modes. In this case, selecting 
𝑟 = 15 modes was enough to capture the 99% of the 
information in T. This suggests that, as long as the thermal field 
varies in a similar way to the testing cycle, 15 modes will be 
enough to predict the behavior of the full temperature field. 

e 

 
Figure 5. Front and back view of the column  with the node distribution 
resulting of the optimal node selection with r=15 modes and s=25 nodes.  

3.3. Model testing 
In order to validate the compensation model a testing cycle is 

defined. For this purpose, load sources present in the training 
cycle are varied in a different way: Warm-up cycle of varying 
amplitudes is defined for local source Q1, trajectory in Z is 

changed with 3 different velocities for Q2 and ambient 
temperature phase and amplitude is varied. Additionally, a third 
heat source Q3 is introduced at the second half of the testing 
cycle, in order to prove the temperature monitoring ang 
adaptive model. Details of the amplitude and position variation 
of the heat sources are shown in Figure 6. 

 
Figure 6. Testing load cycle with an extra heat source (in green). 

4. Thermal monitoring and adaptive model 

In this section the performance of the thermal monitoring and 
the adaptive compensation model are evaluated using the 
testing cycle defined in section 3.3. 

First of all, the performance of the temperature prediction 
model M is evaluated by computing the Root Mean Square 
(RMS) error of the overall temperature field at each time step. 
Figure 7 shows the error throughout the testing cycle. 

 
Figure 7. RMS error of the full temperature prediction throughout the 
testing cycle. 

As it can be seen, the model predicts the temperature field 
with relatively good accuracy as long as thermal conditions 
remain similar to the training test, even if the amplitudes, 
frequencies and feed rates of the loads are varied (see Figure 6). 
However, when Q3 is turned on, the model loses accuracy as 
expected and it comes back when the effects of Q3 dissipate. 

In real on-machine implementation the full temperature field 
will not be available, but only a few sensor measurements in the 
selected spots (𝑛𝑠). However, by observing the self-prediction 
error 𝑬𝒔 (see eq. (7)), disturbance introduced by Q3 can also be 
observed. The evolution of 𝑬𝒔 is shown in Figure 8 for each of 
the sensors.  

 
Figure 8. Self-prediction error Es of the selected temperature sensors. 
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As expected, sensors near the heat source Q3 show the largest 
deviation from its predicted value. By stablishing tolerance 
thresholds, a temperature surveillance system can be 
implemented. To avoid large data storage, prediction error is 
only calculated in a moving window of the las 10 time steps. To 
illustrate the functioning of the system Figure 9 shows the state 
of the temperature prediction at t=17h. Sensors out of ±0.8⁰C 
tolerance are shown in red, those between ±0.4⁰C and ±0.8⁰C 
are shown in yellow and the ones inside ±0.4⁰C in green. 

  
Figure 9. Temperature prediction state at t=19h 

Though, predicted values are interdependent through the self-
prediction model, and therefore, other sensors located further 
away from heat source are also affected by the values of the 
erratic sensors. This problem is faced by detecting and 
eliminating the outliers and updating the compensation model 
with the remaining sensors (see section 2.2). Simulation from 3.3 
is carried out again, but this time allowing the adaptive 
modelling. Figure 10 shows the self-prediction error of the 
measured temperatures for adaptive compensation.  

 
Figure 10. Self-prediction error with adapting compensation model. 
Nodes eliminated from the model are plotted with dot lines. 

With the perturbation of Q3, the temperature near the heat 
source (purple outlier in Figure 10) got out of tolerance at t=17h, 
and therefore, was eliminated from the compensation model. A 
temperature near the moving source (yellow outlier in Figure 10) 
also showed an erratic behavior and was eliminated from the 
model at several points throughout the test. Comparison 
between Figure 8 and Figure 10 shows that several temperature 
predictions were being affected by the outlier temperature. 
Once the outlier temperatures were eliminated from the model, 
the remaining ones were again in accordance with the 
prediction inside the stablished tolerance. When Q3 was shut 
down, the erratic temperatures slowly returned to tolerance and 
were finally reincorporated to the model. 

As explained in section 2.1, thermoelastic and elastic matrix of 
the FE model were used to obtain the compensation of every 
node in the column using the prediction of the temperature 
field. Figure 11 show trajectory prediction for several nodes 
located at different points of the column. 

 
Figure 11. Trajectory prediction for 3 different points. Actual trajectory  
is shown against predicted by fixed (yellow) and adaptive (red) model. 

Displacement prediction error was relatively good at different 
points of the column until disturbance Q3 was turned on. 
Sudden changes due to model updates can be observed at t=17h 
and t=19h. Prediction of the points further away from Q3 heat 
source (EX and EY errors in Figure 11) was improved, compare to 
the case were the model remains fixed. However, prediction in 
the nodes near the heat source was worsened. Therefore, 
eliminating nodes with erratic behavior from the model 
demonstrated to be a good decision, as it allows to compensate 
the effects that were characterized in the training cycle and 
ignore the ones that make the model malfunction. 

5. Conclusions      

Compensation model was presented that proves to work 
properly when amplitude, phase and position of the heat 
sources vary, as long as they had been excited in training test. 

Temperature monitoring system was implemented, a 
surveillance system that allows to easily identify thermal 
behavior that differs from training phase. This allows to take 
corrective actions like restarting model training under new 
thermal conditions or checking faulty machine elements that 
may be causing the thermal distortion. 

An adaptive compensation model was also implemented. 
Responding to the information of the surveillance system, nodes 
were eliminated or incorporated to the model in order to 
eliminate unknown phenomena from the prediction but still 
compensate expected behavior. 

This work is focused on simulation results in order show the 
methodology. However, implementation in real machines and 
experimental thermal tests will be carried out in the near future. 
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Abstract 
A 4-axis positioning mechanism using a flexure guide and an electromagnetic actuator is developed, and a prototype of surface 
topography measurement and processing system is fabricated using the developed mechanism. A vertical Z-axis mechanism is 
integrated with a planar positioning mechanism in X-Y-θ axes. A simple stylus probe using a thin cantilever with strain gauges is 
attached to the Z stage, and the developed mechanism is extended to a system enabling both functions of topography 
measurement and surface processing by scratching. Straight lines with 0.3 mm length and fine lattice patterns with 6.25 microns 
pitch were scratched by the processing mode, subsequently followed by the measurement mode to derive the surface topography. 
The measurement results show the actual surface profile, and the potential of the system is thereby demonstrated.  
 
Keywords: Positioning mechanism, 4-axis, Flexure guide, Electromagnetic actuator, Surface topography measurement, Scratch processing 

 

1. Introduction 

Current precise positioning mechanisms can be divided into 
two categories: Long-stroke positioning mechanisms and fine-
positioning mechanisms with strokes measured in micrometres. 
To find a medium range between these two categories, the 
authors proposed a positioning mechanism with nanometric 
resolution over a 1-mm stroke using a flexure guide and an 
electromagnetic actuator. They previously reported about an 
ultraprecision positioning mechanism with four degrees of 
freedom [1].  In this report, the developed mechanism is 
extended to a system enabling both functions of topography 
measurement and surface processing by scratching. 

2. Construction of measurement and processing system 

Figure 1 shows the construction of the developed positioning 
mechanism. The mechanism consists of a planer positioning 
mechanism in X-Y-θ axes and a vertical positioning mechanism 
in Z-axis [2, 3]. The planer mechanism is constructed using a 
monolithic flexure device, and a cubic Z stage is also guided 
elastically using double-compound rectilinear leaf springs. The 

stages are driven by four pairs of voice coil motors. 
To construct a surface topography measurement system using 
the 4-axis mechanism, a simple stylus probe using a thin 
cantilever with strain gauges was devised and attached to the Z 
stage. Figure 2 shows the arrangement of sensors around the 
processed or measured specimen. The motion of the planar 
mechanism in X-Y-θ axes is measured by three axes of laser 
interferometers with resolution of 0.6 nm, while the 
displacement of the vertical mechanism is measured by a 
spectral-interference laser sensor with resolution of 1 nm. To 
compensate for the parasitic motion of the X-Y-θ stage in Z 
direction, the motion Z0 of the reference plane is measured by 
the capacitive gap sensors at three points around the specimen.  
Figure 3 shows architecture of the total system. The specimen 
is set on the X-Y-θ stage to move in the X-Y plane, while the Z 
stage moves in the vertical direction to keep contact between 
the stylus tip and the surface of specimen. The relative 
displacement S between the Z stage and the specimen 
measured by the stylus prove is called a ‘pushing deflection’. 
The motions along the 4 axes are independently controlled by a 
full-closed feedback system as shown in Figure 4. The Z stage is 
controlled to keep the probe at a constant pushing deflection 
induced by contact force. 

 
Figure 2 Arrangement of sensors 

    
Figure 1 Schematics of 4-axis positioning mechanism and stylus probe 
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3. Processing mode and measurement mode 

If the contact between the stylus and the specimen is a 
Hertzian contact as shown in Figure 5, the pushing deflection S 
and maximum contact pressure σmax are described as 

 
22 2

1 23
max 3 2

1 2

1 16 k S
r E E

ν νσ
π

−
 − −

= + 
 

 (1) 

where k is a spring constant of the cantilever, r is a tip radius of 
the stylus and E1, ν1, E2, ν2 are Young’s modulus and Poisson’s 
ratio of the stylus and specimen [4]. In processing mode, 
sufficient pushing deflection is applied so that σmax is larger 
than the indentation hardness of the specimen, while the X-Y 
stage is moved in a desired direction to scratch the surface. In 
measurement mode, the pushing deflection is decreased to 
keep damage onto the specimen as slight as possible. 

4. Performance 

To evaluate the performance of the system, straight lines with 
0.3 mm length were scratched on a standard material 
measures for surface roughness (HV330) by the processing 
mode under different values of pushing deflection Srk from 
1 µm to 5 µm, subsequently followed by the measurement 
mode under pushing deflection Srm of 0.1 µm to derive the 
surface topography after scratching. Figure 6 (a) shows a 
measured result by the measurement mode of this system with 
scanning pitch of 0.04 mm for 100 scanned lines. The surface 
topography after scratching is clearly shown that the width and 
depth of scratched grooves become larger as the processing 
pushing deflection increases. Figure 6 (b) shows a measured 
result by an optical interference microscope for verification. 
The measurement results show the actual surface profile with 
scratched patterns, and the potential of the system is thereby 
demonstrated. 
Figure 7 shows actual pushing force F and positioning deviation 
∆X and ∆Y under (a) processing mode or (b) measurement 
mode. Though disturbance Fd caused by pushing deflection of 
the stylus probe is applied to X-Y-θ stage as shown in Figure 4, 

the positioning deviations are controlled within 0.2 µm. 
Figure 8 shows the photograph of fine lattice pattern processed 
by this system. Most fine pattern has 6.25 microns pitch, and 
the fine performance of the developed system is shown, which 
has potential enabling to process and measure various fine 
features on a micro machine element. 

5. Conclusion 

A 4-axis positioning mechanism with a millimetre stroke 
developed previously using flexure guides and electromagnetic 
actuators was extended to a system enabling both functions of 
topography measurement and surface processing by scratching. 
It was shown that the system had a performance in the 
measurement mode reproducing surface profile. Moreover, in 
the processing mode, the system had a performance 
generating fine scratched patterns, and the potential of the 
prototype system was thereby demonstrated. 
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(a) Process-mode (Srk=5µm) (b) Measurement-mode (Srm=0.1µm) 
Fig. 7 Positioning property under different mode 

 
Fig. 8 Photograph of processed lattice patterns 

 
Fig. 5 Hertzian contact and pushing deflection 

  
(a) Measured by this system                          (b) Measured by Zygo New View 

Fig. 6 3D map of measurement results of scratched grooves 

 
Fig. 3 System architecture 

 
Fig. 4 Control system 

Tip of stylus 
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Abstract 
Many precision machines, such as wafer scanners, have an internal motion stage. These stages generate reaction forces that act 
directly on the machine frame. A common method to minimize the effect of these reaction forces is a balance mass. To eliminate the 
need for this balance mass, it is proposed to use an active vibration isolation system as a virtual balance mass. Such can be achieved 
by constructing a force that is based on the reference of the motion stage that cancels its correlated reaction force. This appends the 
primary objective of an active vibration isolation system, which is to reduce the sensitivity to direct and indirect disturbances. A self-
tuning algorithm is implemented to deal with parameter uncertainty and variation. The performance of the proposed method is 
experimentally validated on a 6-DoF active vibration isolation system, which is appended with a flexure based, straight guided motion 
stage. A 300 Hz frame mode is introduced of which the displacement can be measured to assess the performance of the method. 
The proposed method improved the tracking accuracy of the motion stage by a factor of 3.8 and reduced the settling time of the 
frame mode by a factor of 91, compared to the system without a virtual balance mass. 
 
Vibration, motion, adaptive control, ultra-precision        

 

1. Introduction 

Moore’s law has driven the demand for accuracy in the 
semiconductor industry for the last decades [1]. This demand for 
accuracy is combined with an increased demand for throughput. 
Similar trends can be seen in other applications, such as electron 
microscopy. In these applications, precision machines with an 
internal motion stage for reference tracking [1], and a vibration 
isolation system for floor disturbance rejection [2] make up an 
important class of equipment. However, the demand for 
accuracy and throughput set conflicting requirements on these 
machines since an increase in throughput results in higher 
actuation forces. These actuation forces work as a disturbance 
on the other parts of the machine, which in turn reduces the 
accuracy. Conventionally, these reaction forces are directed 
toward a balance mass to reduce this loss in accuracy [1].  

Active Vibration Isolation Systems (AVIS) can be included in 
motion stage precision machines. They can attenuate the 
sensitivity to both direct disturbances, which act on the sensitive 
part of the system, and indirect disturbances, which act on the 
system through the suspension. This contrasts with passive 
vibration isolation systems, where a trade-off is always present 
between sensitivity to direct and indirect disturbances [2]. 

Typically, AVIS involve a combination of both feedback and 
feedforward control. The classical approach for feedback control 
is skyhook damping [3]. Other methods are proposed that 
improve the performance of the feedback controller such as 
acceleration feedback, position feedback and optimal control 
[4]. The feedback controller can be appended with a disturbance 
feedforward controller [5]. This controller uses a measurement 
of the floor vibration to generate a cancelling force.  

In this paper, it is proposed to extend this feedforward 
controller with information of the reference of the motion stage, 
such that it acts as a virtual balance mass. For this purpose, the 
existing hardware of the AVIS can be used, and it eliminates the 
need for a balance mass. Therefore, it reduces the complexity of 
the machine. 

To this end, first, the ideal feedforward controllers for an AVIS 
with a motion stage are derived. This is obtained by setting up 
the linear equations of motion and sequentially closing the 
different control loops. These ideal controllers can be used to 
show how the AVIS feedforward controller can be appended.  

Second, these ideal controllers are included in an adaptive 
control method that aims to minimize the residual vibrations of 
the sensitive part of the machine. This adaptive method 
improves the performance of the control method under 
parameter uncertainties and variations. A FeLMS method [5] is 
modified for this purpose.  

Last, the proposed method is experimentally validated. An 
existing AVIS is extended with a motion stage, which is straight 
guided by flexures. The tracking error and frame deformation 
are compared for different control schemes. 

The outline of the paper is as follows. First, the system and 
problem descriptions are presented in section 2. The control 
method is derived in section 3, and the experimental setup is 
introduced in section 4. The results are presented in section 5. 
The discussion and the main conclusions are given in section 6 
and 7 respectively. 

2. Problem description 

The planar ideal physical model of the considered system can be 
found in figure 1.  This system consists of three parts, the AVIS, 
the motion stage, and the compliant frame mode.  For clarity of 
representation, the springs dampers, and actuators in figure 1 
are not named.  

The performance objectives of this system are twofold; 1) 
accurate reference tracking of the motion stage, and 2) minimize 
internal deformation of the perpendicular frame deformation 
𝛿𝑧. These two performance objectives can be achieved when the 
following conditions are met. ①, accurate reference tracking of 
the motion stage on a fixed base, and ②, minimal frame 
acceleration 𝒂1.  

The equations of motion of the rigid body dynamics are 
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𝑴𝑖 𝟎 𝟎
𝟎 𝑚𝑎 0
𝟎 0 𝑚𝑐

] {

�̈�1(𝑡)
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[

𝑫𝑖 𝒃𝑖𝑎𝑑𝑎 𝟎
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𝒅𝑐𝑖 0 𝑑𝑐
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�̇�1(𝑡)
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[

𝑲𝑖 𝒃𝑖𝑎𝑘𝑎 𝟎
𝒃𝑎𝑖𝑘𝑎 𝑘𝑎 0
𝒌𝑐𝑖 0 𝑘𝑐

] {

𝒙1(𝑡)

𝑥𝑎(𝑡)

𝑧𝑐(𝑡)
} 

= [
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𝑭𝑖(𝑡)

𝐹𝑎(𝑡)
} + [

𝑫𝑖 𝑲𝑖
0 0
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]
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𝑩𝑥

{
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𝒙0(𝑡)
}, 

(1) 

where 𝑴𝑖 , 𝑫𝑖 , 𝑲𝑖 ∈  ℝ
6×6 are the mass, damping and stiffness 

matrices of the AVIS. The dynamics of the flexure-based motion 
stage are parameterized by 𝑚𝑎, 𝑑𝑎 , 𝑘𝑎 and the compliant frame 
mode by  𝑚𝑐 , 𝑑𝑐 , 𝑘𝑐. The indirect disturbances related to 𝒙0 ∈
 ℝ6×1 act on the system through input matrix 𝑩𝑥 ∈ ℝ

8×12.  
The block scheme that describes the closed loop system is 

given in figure 2. In this figure, the controllers are indicated with 
𝐶 and the mechanical transfer functions with 𝑃. The signals 
𝒂0, 𝒂1, and Δ𝑥𝑎 are measured, and 𝑟 is the apriori known 
reference signal. The tracking error is given by 𝑒. 

The closed loop error of the motion stage can be expressed in 
the Laplace domain as 

 
𝑒(𝑠) = 𝕊𝑎(𝑠)(1 − 𝑃2,𝑎(𝑠)𝐶𝐹𝐹,𝑎(𝑠))𝑟(𝑠) 

         +𝕊𝑎(𝑠)(𝒃𝒂𝒊 − 𝑷1,𝑎(𝑠))𝒙𝟏(𝑠).  
(2) 

The (s) argument is hereafter left out for notational simplicity. 
The closed loop expression for 𝒂1 is given as 

𝕊𝑖
−1𝒂1   =  (𝑷1 + 𝑷2𝑪𝐹𝐹,𝑖𝑓)𝒂0 

 +(𝑷4,𝑎𝑖𝑃2,𝑎(𝕊𝑎𝐶𝐹𝐵,𝑎(1 − 𝑃2,𝑎 𝐶𝐹𝐹,𝑎) + 𝐶𝐹𝐹,𝑎)

+ 𝑷2𝑪𝐹𝐹,𝑖𝑎)𝑟, 

(3) 

These expressions include the motion stage sensitivity  
 

𝕊𝑎 = (1 + 𝑃2,𝑎𝐶𝐹𝐵,𝑎)
−1
, (4) 

And the AVIS sensitivity  

𝕊𝑖 = (𝑰 + 𝑷4,𝑎𝑖(𝑃2,𝑎𝐶𝐹𝐵,𝑎(𝑷1,𝑎 − 𝒃𝑖,𝑎) − 𝑷1,𝑎)𝑠
2

−𝑷2𝑪𝐹𝐵,𝑖)
−1
. 

(5) 

For convenience, the effects of sensor noise are left out, but can 
straightforwardly be included. 

The closed loop expressions are based on five relevant 
mechanical transfer functions. These can be derived from 
equation (1), and are the primary path 

 𝑷1 =  𝑮(𝑫𝑖𝑠 + 𝑲𝑖); (6) 

 
the secondary path 

 𝑷2 =  𝑠
2 𝑮𝑷𝑎,𝑖; (7) 

the motion stage transfer function 
 𝑃2,𝑎 = 𝑃𝑎,𝑎(𝑚𝑎𝑠

2 + 𝑑𝑎𝑠 + 𝑘𝑎)
−1; (8) 

the couple terms 
 𝑷1,𝑎  = (𝒃𝑎𝑖𝑑𝑎𝑠 + 𝒃𝑎𝑖𝑘𝑎)𝑃2,𝑎; (9) 

and  
 𝑷4,𝑎𝑖 = 𝑠

2𝑮𝒃𝑖𝑎𝑚𝑎, (10) 

with the common factor  
 𝑮 = (𝑴𝑖𝑠

2 + 𝑫𝑖𝑠 + 𝑲𝑖)
−1. (11) 

In equation (7), the term 𝑷𝑎,𝑖 is used to account for the actuator 

dynamics, which relate the voltage 𝑽𝑖 to the force 𝑭𝑖 according 
to 

 𝑷𝑎,𝑖  =   𝑲𝑚,𝑖(𝑰 + 𝑨𝑠)
−1, (12) 

where 𝑨 contains the inverse of the actuator poles on its 
diagonal, and 𝑲𝑚,𝑖 a diagonal matrix with the DC-motor 

constants. The actuator dynamics of the motion stage relate the 
current 𝐼𝑎 to the force 𝐹𝑎 and are given by 𝑃𝑎,𝑎 = 𝑘𝑚,𝑎. The 

motor constants 𝑲𝑚,𝑖 and 𝑘𝑚,𝑎  are hereafter absorbed into the 

system parameters. 

3. Control method  

The conditions ① and ② for achieving the performance 
objectives can be used to derive the ideal control laws. Due to 
the hierarchical nature of the control scheme, a sequential loop 
closing approach can be used without relevant loss of generality.  
First, the well-known solution to the feedforward controller for 
the motion stage feedforward is given by 

 𝐶𝐹𝐹,𝑎 = 𝑃2,𝑎
−1, (13) 

and the feedforward controller of the AVIS that gives 𝕋 = 0 is 
given by  

 𝑪𝐹𝐹,𝑖𝑓 = −𝑷2
−1𝑷1. (14) 

Substituting these feedforward controllers and into equation 
(3) yields 

 𝒂1 = 𝕊𝑖[𝑷2𝑪𝐹𝐹,𝑖𝑎 + 𝑷4,𝑎𝑖]𝑟, (15) 

Where the effect of the reference 𝑟 on the acceleration 𝑎1 is 
eliminated by taking, 

 𝑪𝐹𝐹,𝑖𝑎 =  −𝑷2
−1𝑷4,𝑎𝑖 . (16) 

With these feedforward controllers, the condition ② is satisfied 
since substituting equation (14) and (16) in equation (3) yield 
𝒂1 = 0.  Substituting   this   result  and  equation  (13)  into 
equation (2) yields 𝑒 = 0 and therefore condition ①. 

The feedback controllers 𝐶𝐹𝐵,𝑎 and 𝑪𝐹𝐵,𝑖  are used to suppress 

Figure 1. Ideal physical model AVIS with motion stage, with 𝛿𝑧 measured 
frame deformation, 𝑎0 floor acceleration and 𝑎1 frame acceleration. 

Figure 2. Block scheme AVIS with motion stage. 
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unknown disturbances. These do not have an explicit solution, 
and a multitude of designs can be implemented. Here, a PID 
controller with a cross-over frequency 𝜔𝑐 = 200 Hz is chosen 
for 𝐶𝐹𝐵,𝑎. For  𝑪𝐹𝐵,𝑖 a skyhook damper is chosen with a relative 

damping 휁 = 1.  

3.1 Adaptive Control 
The parameters of the system are not exactly known and are 

varying over time. One cause of these time variations is the 
temperature dependent actuator dynamics of the AVIS. To 
increase the performance of the feedforward controller under 
this parameter uncertainty and variation, an adaptive control 
method can be used. A suitable candidate for this adaptive 
control method is the FeLMS algorithm [5]. This method is 
previously used for 𝑪𝐹𝐹,𝑖𝑓 and can straightforwardly be 

extended to include 𝑪𝐹𝐹,𝑖𝑎. To this end, first 𝑪𝐹𝐹,𝑖𝑓 and 𝑪𝐹𝐹,𝑖𝑎  

are written in matrix vector notation 

𝒖𝑓𝑓,𝑖 = −[𝑨𝒃𝑖𝑎𝑚𝑎 𝒃𝑖𝑎𝑚𝑎 𝑨𝑫𝑓 𝑫𝑓 + 𝑨𝑲𝒇 𝑲𝑓]⏟                            
𝑾

  

                ⋅ [𝑟𝑠3 𝑟𝑠2 𝒂𝟏 𝒂𝟏𝑠
−1 𝒂𝟏𝑠

−2]𝑇⏟                      
𝝍

, 
(17) 

where the pure integrators can be approximated by weak 
integrators 𝐻(𝑠) to prevent the amplification of low frequency 
noise [5]. This can be written in discrete time and linear in the 
parameters according to 

 

𝒖𝑓𝑓,𝑖 =  − [
𝝍𝑇(𝑘) ⋯ 𝟎
⋮ ⋱ ⋮
𝟎 ⋯ 𝝍𝑇(𝑘)

]

⏟              
𝚿(k)

[

𝑾(:,1)
𝑇

⋮
𝑾(:,6)
𝑇
]

⏟    
𝒘

. (18) 

The FeLMS algorithm uses a steepest descent method with the 
update law 

 
𝒘(𝑘 + 1) = 𝒘(𝑘) −

𝜇

2
𝚪(
𝜕𝐽1(𝑘)

𝜕𝒘
)

𝑇

, (19) 

to minimize scalar valued cost function 𝐽1(𝑘)  
 𝐽1(𝑘) = 𝜺1

𝑇(𝑘)𝜺1(𝑘), (20) 

where 𝜺1(𝑘) = �̂�2
−1𝒂1(𝑘). An estimate of 𝑷2, indicated with 

the ⋅̂ operator, is used to align the acceleration signal with the 
input signal in time. The gradient can be approximated as [5] 

 𝜕𝐽1(𝑘)

𝜕𝒘
≈ 2𝚿𝑇(k)𝜺(𝑘),  (21) 

The matrix 𝚪 is used to balance the relative power of the 
regressor vectors in 𝚿(𝑘).  

The ideal motion stage feedforward controller can be written 
linear in the parameters as 

 𝐹𝑎(𝑠) = [𝑠
2    𝑠    1]𝑟(𝑠)𝜽𝑎,  (22) 

with 𝜽𝑎 = [𝑚𝑎    𝑑𝑎    𝑘𝑎]
𝑇. A recursive estimate of 𝜽𝑎 can be 

 

 

obtained using a Kalman filter that minimizes the second cost 
function 𝐽2(𝑘) = 휀2(𝑘)휀2(𝑘), with the error function [6] 

 휀2(𝑠)   = 𝐹(𝑠)(𝐹𝑎 − [𝑠
2    𝑠    1]Δ𝑥𝑎(𝑠)𝜽𝑎) ,  (23) 

where 𝐹(𝑠) is a low pass filter of sufficient order to mitigate the 
noise amplification of the pure differentiators and make the 
pure differentiators proper. 

4. Experimental setup 

The derived control method is validated on an experimental 
setup. This setup is displayed in figure 3, and consist of an AVIS, 
with a motion stage, which is straight guided by flexures.  The 
AVIS is a hard-mount system with the suspension frequencies 
related to translating modes of 24 Hz, and related to rotation 
modes of 28 Hz and 42 Hz. The accelerations 𝒂0 and 𝒂1 are 
measured with accelerometers. 

The motion stage consists of a shuttle, which is suspended by 
six folded leaf springs. This yields a symmetric system with one 
overconstraint. Two current controlled VCM’s, linked in parallel, 
are used to actuate the system. The displacement of the shuttle 
relative to the frame Δ𝑥𝑎 is measured by an optical encoder with 
a resolution of 4.8 nm.  

The internal frame deformation is measured by a capacitive 
sensor with a resolution of 0.7 nm, which is suspended on 
parallel leaf springs. The resonance frequency of this frame 
mode is 300 Hz, is representative for typical applications.  

The controllers and adaptation laws are implemented on a 
real-time system with a sample rate of 6.4 kHz. As reference 
trajectory for the motion stage a third order profile from -5 mm 
to 5 mm, with a peak acceleration of 50 m/s2  is used. This 
results in a setup time of 40 ms. 

5. Results 

The validation of tracking error performance is given in figure 
4. In this figure, the motion stage is controlled by the described 
PID controller in combination with the feedforward controller 
after the adaptation has converged. Three different test cases 
are considered. The first is without control of the AVIS, the 
second is with the skyhook damper controller implemented on 
the AVIS and the third is with the skyhook damper and the 
feedforward after convergence. The maximal tracking error 
decreases with respect to the passive AVIS control by a factor 
1.6 for the feedback case, and with a factor 3.8 for the feedback 
and feedforward case. The settling times of the different test 
cases are given in table 1. The settling time is defined as the time 
it takes for the error to settle back to a threshold value after the 
end of the reference. For the error, this threshold value is set to 
250 nm. The settling time for the feedback case decreases with 

 

 

 

 

 
 

 

 

Figure 3. CAD drawing (left) and photo (right) of the experimental setup with: 1) VCM actuators, 2) Flexure based straight guide motion stage,                  
3) motion stage, 4) Payload, 5) Payload accelerometers, 6) Floor, 7) Floor accelerometers, 8) Piezo electric actuators for floor excitation. In the CAD 
drawing, some of the components of the AVIS are left out to better show the payload and the motion stage. 
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a factor of 11 and it decreased with a factor of 91 for the 
feedback and feedforward cases, with respect to the passive 
case. 

The frame deformations are given in figure 5. The peak frame 
deformation only differs slightly between the different test 
cases. The frame deformation shows a clear velocity 
dependency. The measurement of the frame deformation is 
compensated for the geometric misalignment of the motion 
stage by removing a least square fitted third order power series 
of the position Δ𝑥𝑎. The settling times of 𝛿𝑧 are given in table 1. 
The threshold value for 𝛿𝑧 is 50 nm.  The settling time reduced 
w.r.t the passive case with a factor 50 and 96 for the feedback 
and the feedback and feedforward case respectively. 

Table 1. Experimental settling times. 

Method Passive Feedback Feedback+ 
Feedforward 

Settling time 𝑒 (ms) 385 35.6 4.22 

Settling time 𝛿𝑧 (ms) 779 15.6 8.13 

6. Discussion 

The proposed method is advantageous when it can be 
implemented without significant amplification of the actuator 
noise [2]. This implies that  the output amplitude of the 
feedforward controllers 𝑪𝐹𝐹,𝑖𝑎 and 𝑪𝐹𝐹,𝑖𝑓 should be of similar 

magnitude. The peak force of 𝑪𝐹𝐹,𝑖𝑓  in the direction of 𝑥𝑎 can 

be estimated as 𝐹𝐹𝐹,𝑖𝑓 ≈ 𝑘𝑥𝑎𝑥0,𝑝𝑘, with 𝑘𝑥𝑎  the stiffness and 

𝑥0,𝑝𝑘 the peak displacements [2] along 𝑥𝑎. The 𝑪𝐹𝐹,𝑖𝑎 peak force 

can be approximated by 𝐹𝐹𝐹,𝑖𝑎 ≈ 𝑚𝑎𝑎𝑎,𝑚𝑎𝑥 . Therefore, the 

system is suitable for the proposed method when the condition 
 𝑘𝑥𝑎𝑥0,𝑝𝑘 =  𝛽𝑚𝑎𝑎𝑎,𝑚𝑎𝑥 ,  (24) 

holds for 𝛽 ≈ 1. This condition can be used as guideline to 
choose a suitable 𝑚𝑎, 𝑎𝑎,𝑚𝑎𝑥, and 𝑘𝑥𝑎𝑖

. This implies it is 

beneficial to have a stiffer mount in the actuated directions.  
It should be noted that this method is effective for suppressing 

vibrations up to the flexible mode where the flexibility is 
between the driving points of the motion stage and AVIS 
actuators, since the base frame is assumed to be rigid. 
Deformations in the frame between this base and the point of 
interest can be of lower frequency.  

Several points of improvement can be identified, which need 
further research. The first can be seen in figure 5, where the 
frame deformation is clearly correlated to the velocity of the 
motion stage, the cause of which is not yet fully understood.  The 
second point is the addition of a feedback controller from the 
tracking error to the AVIS. This improves the decoupling of the 
vibration isolation performance from the tracking performance. 
This can be appended with a feedback controller from 𝒂1 to the  

 

 
motion stage. Third, the movement of the shuttle changes the 
mass matrix of the system, affecting the inertia properties as 
well as the gravitation load. This nonlinear effect should be 
considered to further reduce the tracking error and the frame 
deformation. 

7. Conclusion 

This paper proposes a method to use an active vibration 
isolation setup to improve the tracking performance of a motion 
stage and reduce the internal frame deformation, by introducing 
a virtual balance mass. This mitigates the need for a separate 
balance mass and/or force frame. To this end, first the governing 
equations of motion are derived. From these, ideal control laws 
are obtained using a sequential loop closing approach. These 
ideal controllers are rewritten into a linear in the parameters 
form. The linear in parameter form is used to adapt the 
parameters by minimizing two cost-functions in a least-square 
sense. The minimization problem can be solved in an adaptive 
fashion.  

The proposed method is applied to an experimental setup. It 
reduced the peak tracking error by a factor 3.8 and its settling 
time with a factor of 91. Simultaneously, the settling time of the 
frame deformation was reduced by a factor of 96. This is all 
achieved without modifying the AVIS setup.  
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Abstract 
In precision mechanics, kinematic couplings are well known for positioning two parts with respect to each other with high accuracy 
and high repeatability. These kinematic couplings consist of a fixed base and a movable part with six defined contact points between 
both parts, where each contact point is constraining one degree of freedom to the relative motion between the both parts. Under 
real assembly conditions with friction and gravity, self-locking can occur and thus preventing both parts to get into contact at all six 
contact points. 
The presented method shows, how to check whether a match in all six contact points is possible for a given geometry of the kinematic 
coupling, taking into account friction, nesting force and possible external force such as gravity. The method can be used in the early 
design process for adapting the geometry or  the nesting process, so that the kinematic coupling works properly. 
 
kinematic coupling, self-locking, instantaneous screw axis, statically indetermined, lift-off of contact  
 

1. Introduction 

Kinematic couplings are often used for positioning two parts 
with respect to each other with high accuracy and high 
repeatability [1]. This accurate and repeatable alignement of the 
both parts is realised by six defined contact points, each 
constraining one degree of freedom of the relative motion 
between both parts. Since the reliable match of all six contact 
points is a necessary precondition for reaching a good 
repeatability of the kinematic coupling, which is treated and 
examined in the Ref. [2-5], this article is focusing on possible self-
locking preventing a match in all six contact points. Patti and 
Vogels [6] present two methods for determing the limiting 
coefficient of friction, which indicates self-locking, if the real 
coefficient of friction is higher than the limiting one. In both 
methods presented in Ref. [6], the limiting coefficient of friction 
is estimated by a system of nonlinear equations based on static 
equilibrium. For practical application, it is favourable to avoid a 
system of nonlinear equations, because standard software is 
often not suitable for its solution. 

 In this article, the system of nonlinear equations is changed 
into a system of six easily solvable linear equations by presetting 
the coefficient of friction and implementing an accelerating 
load, which drives the movable part of the kinematic coupling 
into the nested position. For implementing the accelerating 
load, the nesting motion is determined, which is generally a 
combination of translation and rotation. This motion is 
described as screw motion with position, orientation and pitch 
of the screw axis (see Ref. [7]). It can be argued, that the ratio of 
translation to rotation – also understood as the pitch of the 
instantaneous screw axis – is the same as the ratio of force to 
torque of the accelerating load at every point on this screw axis. 
The system of equations is completed with the position, 
orientation and the “pitch” of the accelerating load, so that the 
values of the accelerating load and all six contact forces can be 
determined. The self-locking is detected by a negative sign of the 
acceleration load. The method in this article allows also to detect 

a possible lift-off in a contact point, indicated by a negative sign 
of a contact force, because on the contrary to the methods of 
Ref. [6], this method is no more based on static equilibrium. 

In the second method of Ref. [6] a possible effect of 
deformation of the kinematic coupling to self-locking is 
considered. An example for this deformation effect is a ball 
sticking in an acute-angled v-groove by friction and an internal 
force loop through ball and v-groove (wedge effect). It is 
assumed in this article, that the geometry of the kinematic 
coupling is free from wedge effects and no internal force loops 
are stored by deformation from previous matching steps. 

 

2. Self-locking and accelerating load    

The situation with five matched contact points and only one 
degree of freedom left for matching the sixth one is considered 
as most critical for self-locking (see Ref. [2], [6]).  

The self-locking in a kinematic coupling is indicated by a 
negative sign of the accelerating load, because the friction forces 
can only reduce the size of the accelerating load but cannot 
change its direction. Thus, a negative sign means no motion. 

In this article, the accelerating load is the remaining 
combination of force and torque, which drives the kinematic 
coupling into the nested position, after subtraction of all contact 
forces and friction forces from the external nesting force. The 
accelerating load must not be confused with the inertial load, 
which results from the product of the inertia of a body with its 
acceleration. This inertial load can impact the contact forces, 
whereas the accelerating load has no impact on the contact 
forces per definition. 

Since the inertia of the movable part of the kinematic coupling 
is not known in an early design state, the accelerating load is 
used in this article with the assumption, that the acceleration is 
too small for influencing on the contact forces. 
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2.1. Determing position, orientation and pitch of the 
instantaneous screw axis 

 
Assuming small motions, a system of linear equations is 

presented in Ref. [6] for determing the nesting motion described 

by a translation vector Δ𝑠𝑂 and a rotation vector Δ𝜃 in the origin 
of the describing coordinate system. Necessary for the 
calculation are the position vectors 𝑟𝑖 and 𝑟𝑗 of the contact points 

and the unit normals �⃗⃗�𝑖 and �⃗⃗�𝑗  of the tangent planes of both 

surfaces in the contact points. The index 𝑖 expresses, that the 
point is in contact, whereas the index 𝑗 designates the single 
point, which is not in contact. 

 

{
(Δ𝑠𝑂 + Δ𝜃 × 𝑟𝑖) ∙ �⃗⃗�𝑖 = 0 𝑖 = 1, 2,… , 6 𝑒𝑥𝑐𝑒𝑝𝑡 𝑗

(Δ𝑠𝑂 + Δ𝜃 × 𝑟𝑗) ∙ �⃗⃗�𝑗 = −1
  (1) 

 
For the further calculation the translation vector Δ𝑠𝑂 and 

rotation vector Δ�⃗� are transformed to the standardised 

translation vector Δ𝑠𝑂 and the standardised rotation vector Δ𝜃𝑠 

by dividing both by the value |Δ�⃗�| of the rotation vector. The 

standardised rotation vector Δ𝜃𝑠 represents also the orientation 
of the instantaneous screw axis. 

If the value of the rotation vector  Δ𝜃 is zero, the nesting 
motion is a pure translation and the standardised translation 
vector is obtained by dividing the translation vector Δ𝑠𝑂 by its 
value. In this case, the pitch and the position of the 
instantaneous screw axis have not to be determined. 
 

{
Δ𝑠𝑂𝑠 =

Δ𝑠𝑂

|Δ�⃗⃗⃗�|
Δ𝜃𝑠 =

Δ�⃗⃗⃗�

|Δ�⃗⃗⃗�|
𝑖𝑓 |Δ�⃗�| ≠ 0

Δ𝑠𝑂𝑠 =
Δ𝑠𝑂

|Δ𝑠𝑂|
𝑖𝑓 |Δ�⃗�| = 0

      (2) 

 

The scalar product of the standardised rotation vector  Δ𝜃𝑠  
with the standardised translation vector Δ𝑠𝑂𝑠 describes the 
value of the component of the translation vector, which is 
parallel to the rotation vector and represents the pitch 𝑝𝑎 of the 
instantaneous screw axis. 

 

𝑝𝑎 = Δ𝜃𝑠 ∙ Δ𝑠𝑂𝑠     (3) 
 
The position of the instantaneous screw axis is described by he 

perpendicular  𝑟𝑎 from the origin of the coordinate system to the 
instantaneous screw axis. The direction of the perpendicular 𝑟𝑎 
can be expressed with the cross product of the rotation vector 

Δ𝜃𝑠 and the translation vector Δ𝑠𝑂𝑠 because of its 
perpendicularity to both vectors (see Figure 1.). 

 
𝑟𝑎

|𝑟𝑎|
sin 𝛼 = Δ𝜃𝑠 ×

Δ𝑠𝑂𝑠

|Δ𝑠𝑂𝑠|
    (4) 

 

 
Figure 1. Position and orientation of the screw axis 

According to Figure 1., the relation between the values of the 
perpendicular 𝑟𝑎 and the translation vector Δ𝑠𝑂𝑠 can be 
obtained for small rotation angles 𝜑 around the screw axis as 
shown in equation (5). 

 
𝜑 |𝑠𝑂𝑠| sin 𝛼 = 𝜑 |𝑟𝑎|    (5) 

 
The combination of equations (4) and (5) results in the cross 

product of the rotation vector Δ𝜃𝑠 and the translation 
vector Δ𝑠𝑂𝑠 for calculating the perpendicular 𝑟𝑎. 

 

𝑟𝑎 = Δ𝜃𝑠 × Δ𝑠𝑂𝑠     (6) 
 
After determing all parameters of the instantaneous screw 

axis the accelerating load can be defined. 
 
 
2.2. Implementation of the accelerating load 
 

In Ref. [6], six equations of static equilibrium are presented 
with the values 𝑁𝑖 of the forces in the five contact points, the 
displacement directions 𝑠𝑖 in the contact points, the external 

nesting force �⃗�𝑒, the position 𝑟𝑒 of its force application point and 
the coefficient of friction 𝜇. 

 

{
�⃗�𝑒 +∑ (𝑁𝑖 �⃗⃗�𝑖 − 𝜇𝑁𝑖

Δ�⃗⃗�𝑖
|Δ�⃗⃗�𝑖|
)𝑖≠𝑗 = 0

𝑟𝑒 × �⃗�𝑒 + ∑ 𝑟𝑖 × (𝑁𝑖 �⃗⃗�𝑖 − 𝜇𝑁𝑖
Δ�⃗⃗�𝑖
|Δ�⃗⃗�𝑖|
)𝑖≠𝑗 = 0

  (7) 

 
The displacement directions 𝑠𝑖 at the five contact points are 

obtained equivalent to Ref. [6] with equation (8). 
 

Δ𝑠𝑖 = Δ𝑠𝑂𝑠 + Δ𝜃𝑠 × 𝑟𝑖    (8) 
 
A body guided in one degree of freedom is accelerated only by 

forces parallel to the displacement direction of their force 
application point or by torques parallel to the rotation axis of the 
guided motion. The accelerating load for a screw motion is a 
combination of force and torque both parallel to the screw axis 
and with a force application point on the screw axis. For being 
parallel to the screw motion, the ratio 𝑝𝑙 of force to torque of 
the accelerating load is the same as the ratio of translation to 
rotation, the pitch 𝑝𝑎 of the screw axis, only regarding the 
absolut values and not the units. 

 
|𝑝𝑙| =  |𝑝𝑎| 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑣𝑎𝑙𝑢𝑒𝑠 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑢𝑛𝑖𝑡𝑠 (9) 
 

Equation (9) allows to express the accelerating force �⃗�𝑎𝑐𝑐  and 

the accelerating torque �⃗⃗⃗�𝑎𝑐𝑐 with the value 𝐿𝑎𝑐𝑐 of the 
accelerating load according equations (10) with the ratio 𝑝𝑙 of 
the screw axis. 

The pitch 𝑝𝑎 of the screw motion describes also the ratio of 
the displacement, which is parallel to the screw axis, to the 
displacement, which is perpendicular to the screw axis, on a unit 
circle around the screw axis. For the compatibility between 
different length units such as meter and millimeter, all length 
dimensions inclusive the ratio 𝑝𝑙 are divided in the following 
equations (10), (11) and (12) by the value |𝑝𝑎| of the pitch, which 
is a characteristic length dimension of the screw axis for 
standardisation. 

If the value of the rotation vector is zero, the accelerating force 
is parallel to the standardised translation vector according 
equation (2) and is applied in the origin of the coordinate 
system, whereas the accelerating torque is zero. If the value |𝑝𝑎| 
of the pitch is zero, the motion is a pure rotation, so that the 
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accelerating force is zero and the accelerating torque is parallel 
to the standardised rotation vector. 

 

{
 
 

 
 �⃗�𝑎𝑐𝑐 = 𝐿𝑎𝑐𝑐 Δ𝑠𝑂𝑠 �⃗⃗⃗�𝑎𝑐𝑐 = 0 𝑖𝑓 |Δ𝜃| = 0

�⃗�𝑎𝑐𝑐 = 0 �⃗⃗⃗�𝑎𝑐𝑐 = 𝐿𝑎𝑐𝑐 Δ�⃗�𝑠 𝑖𝑓 |𝑝𝑎| = 0

�⃗�𝑎𝑐𝑐 = 𝐿𝑎𝑐𝑐  
𝑝𝑙

|𝑝𝑎|
 Δ𝜃𝑠 �⃗⃗⃗�𝑎𝑐𝑐 = 𝐿𝑎𝑐𝑐 Δ�⃗�𝑠 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (10) 

 
The system of six equations (7) are complemented with the 

accelerating force �⃗�𝑎𝑐𝑐  and the accelerating torque �⃗⃗⃗�𝑎𝑐𝑐 on the 
right side. For the extension of the torque equations, the 

additional torque resulting from the accelerating force �⃗�𝑎𝑐𝑐  and 
the distance between origin of the coordinate system and the 
screw axis, which is the perpendicular 𝑟𝑎, has to be considered. 
Also all length dimensions are standardised by dividing them by 
the value |𝑝𝑎| of the pitch. 

 

{
 
 

 
 �⃗�𝑒 + ∑ (𝑁𝑖  �⃗⃗�𝑖 − 𝜇 𝑁𝑖  

Δ�⃗⃗�𝑖
|Δ�⃗⃗�𝑖|
)𝑖≠𝑗 = �⃗�𝑎𝑐𝑐

𝑟𝑒

|𝑝𝑎|
× �⃗�𝑒 + ∑

𝑟𝑖

|𝑝𝑎|
× (𝑁𝑖  �⃗⃗�𝑖 − 𝜇 𝑁𝑖  

Δ�⃗⃗�𝑖
|Δ�⃗⃗�𝑖|
)𝑖≠𝑗 =

=
𝑟𝑎

|𝑝𝑎|
× �⃗�𝑎𝑐𝑐 + �⃗⃗⃗�𝑎𝑐𝑐

  (11) 

 
For a screw motion, the equations (11) are transformed into a 

system of six linear equations for calculating the values 𝑁𝑖 of the 
five contact forces and the value 𝐿𝑎𝑐𝑐 of the accelerating load by 

replacing the accelerating force �⃗�𝑎𝑐𝑐  and the accelerating torque 

�⃗⃗⃗�𝑎𝑐𝑐 with the equations (10). These equations can be 

complemented with additional external forces �⃗�𝑘 for example a 
force due to gravity by considering the torque resulting form 

forces �⃗�𝑘 and the distances between the origin of the coordinate 
system and the positions 𝑟𝑘 of application points of the forces 

�⃗�𝑘. 
 

{
 
 

 
 �⃗�𝑒 + ∑ �⃗�𝑘𝑘 +∑ 𝑁𝑖 ( �⃗⃗�𝑖 − 𝜇 

Δ�⃗⃗�𝑖
|Δ�⃗⃗�𝑖|
)𝑖≠𝑗 = 𝐿𝑎𝑐𝑐  

𝑝𝑙

|𝑝𝑎|
 𝜃𝑠

𝑟𝑒

|𝑝𝑎|
× �⃗�𝑒 + ∑

𝑟𝑘

|𝑝𝑎|
× �⃗�𝑘𝑘 + ∑

𝑟𝑖

|𝑝𝑎|
× 𝑁𝑖 ( �⃗⃗�𝑖 − 𝜇 

Δ�⃗⃗�𝑖
|Δ�⃗⃗�𝑖|
)𝑖≠𝑗 =

= 𝐿𝑎𝑐𝑐 (
𝑟𝑎

|𝑝𝑎|
×

𝑝𝑙

|𝑝𝑎|
 𝜃𝑠 + 𝜃𝑠)

 (12) 

 
A negative sign of the value 𝐿𝑎𝑐𝑐 indicates self-locking, 

because the friction, which works against the accelerating load, 
cannot change the direction of the acceleration. Thus, a negative 
sign of the accelerating load means no motion at all. 

3. Verification of the method 

With the presented method, the limiting coefficient of friction 
can be determined approximately by varying the friction until 
the accelerating load is reduced to zero. 

For verifying the method, the limiting coefficients of friction 
were estimated for a standard kinematic coupling (see Figure 2.) 
and compared with the known limiting coefficients of friction 
without deformation effect in Ref. [6] (see Table 1). 

This kinematic coupling has three v-grooves equidistant 
arranged on the circumference of a circle and three balls 
matching to the v-grooves. The nesting force is applied on the 
center of the circle. The limiting coefficients of friction are 
estimated for several v-groove angles 𝛽, which is the angle 
between the contact plane and the vertical. A change in the 
diameter of the circle or the balls has no influence to the limiting 
coefficient of friction. 

 

 
 
Figure 2. Standard kinematic coupling with central nesting force, 

contact point diameter, ball diameter and v-groove angle 

 
The limiting coefficients of friction of Ref. [6] are extracted 

from ‘Fig. 6. : Limiting coefficient of a standard kinematic 
coupling.’ in the reference and are not calculated in this article. 
That is why the values are indicated only approximately. 

Table 1 Comparison of limiting coefficient of friction determined by two 
different methods 
 

The limiting coefficients of friction estimated by the method in 
this article show a good congruence with those of Ref. [6], so 
that the method seems to offer a reliable tool for examinating 
kinematic couplings in regard to the limiting coefficient of 
friction. This comparison does not allow a statement about a 
correct calculation of the accelerating load 𝐿𝑎𝑐𝑐 and the values 
𝑁𝑖 of the contact forces, because the accelerating load is 
reduced to zero by varying the coefficient of friction. 

Thus, the calculation of the contact forces according to 
equations (12) is tested by a comparison with contact forces 
calculated by using the static equilibrium. In the following 
example, the friction is set to zero and an additional lateral force 

�⃗�𝑙𝑎𝑡 is applied to a kinematic coupling parallel to a v-groove in 
the plane, which is defined by the centre points of the three balls 
(see Figure 3.), so that the accelerating load 𝐿𝑎𝑐𝑐 vanishes and 
the equations (12) as well as the equations (13) of static 
equilibrium can be applied. 
 

{
�⃗�𝑒 + �⃗�𝑙𝑎𝑡 +∑ 𝑁𝑖  �⃗⃗�𝑖𝑖 = 0                            𝑖 = 1, 2,… , 6 

𝑟𝑒 × �⃗�𝑒 + 𝑟𝑙𝑎𝑡 × �⃗�𝑙𝑎𝑡 +∑ 𝑟𝑖 × 𝑁𝑖  �⃗⃗�𝑖𝑖 = 0
 (13) 

 
The accelerating load and the contact forces in point 4 and 5 

vanish for a ratio of the lateral force �⃗�𝑙𝑎𝑡 to the nesting force �⃗�𝑒 
of nearly 0.577, which corresponds to an inclination of the 
central axis of the kinematic coupling of nearly 30° to the 
gravitational direction, if nesting force and lateral force only 
result from gravity. In Table 2 are shown the calculated values of 
the accelerating load and the contact forces for the load cases 
‘no contact in point 4’ and ‘no contact in point 5’ and for the 
static equilibrium. 

Comparison of limiting coefficient of friction 

v-groove 
angle 𝛽 

limiting coefficient of 
friction without 
deformation effect in 
Ref. [6] 

limiting coefficient of 
friction estimated 
with the presented 
method 

10° ~0.3 0.298 

20° ~0.355 0.354 

30° ~0.365 0.361 

40° ~0.34 0.337 

50° ~0.29 0.291 

60° ~0.23 0.230 
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Figure 3. Standard kinematic coupling with central nesting force, 

lateral force and the position of the contact points 

 
Table 2 Comparison of contact forces  

 
The comparison between the calculation of the contact forces 
according to the equations (12) and (13) show a good 
congruence, so that the equations (12) seem to be correct. 

4. Application and limitations of the method 

The limiting coefficient of friction is not a pure property of the 
geometry of a kinematic coupling, it depends also from the 
applied nesting force or direction of gravity, which is a well 
known phenomenon in the matching process of a kinematic 
coupling. Besides  the limiting coefficient and self-locking, a 
possible lift-off in an already matched contact point is also 
counterproductive for the matching process. A lift-off is 
indicated by a negative sign of a contact force. 

In the following example of Figure 3, the friction is set to 0.1 

and the ratio of lateral force �⃗�𝑙𝑎𝑡 to the nesting force �⃗�𝑒 is 
changed to 0.521, which corresponds to an inclination of the 
kinematic  coupling of nearly 27.5°. In Table 3, the values of the 
accelerating load 𝐿𝑎𝑐𝑐 and the contact forces 𝑁𝑖 for all six 
possible constellations are listed for showing a matching step 
with lift off resulting in a matching step with self-locking. 

For the load case ‘no contact in point 1’ in the first line of the 
table, the point 4 lifts off indicated by the negative value for 𝑁4 
 (𝑁4 𝑁⁄ = −0.1). This leads to the load case ‘no contact in point 
4’ in the fourth line, where the values of the accelerating load is 
negative and no aligning is possible. Also the load case ‘no 
contact in point 2’ with lift off in point 5 results in load case ‘no 
contact in point 5’ with self-locking. Only in the load cases ‘no 
contact in point 3’ and ‘no contact in point 6’ an alignment of the 
kinematic coupling is possible. 

In Ref. [6] a method is presented, which includes the effect of 
deformation for self-locking and differs significantly in the 
results for small v-groove angles from the methods excluding 
deformation. Thus, the method described in this article cannot 
be applied for kinematic couplings with small v-groove angles. 

 
Table 3 Values of accelerating load and contact forces with lift-off and 
self locking 

 
An example for such a possible deformation is a ball sticking 

similar to a wedge in an acute-angled v-groove held by friction 
and an internal force loop through ball and v-groove due to 
elasticity. This means otherwise that the two parts of the 
kinematic coupling stick together and have to be pulled apart 
with force for separating them. This behaviour is unlikely for a 
common kinematic coupling, so that the presented method 
should be suitable for most kinematic couplings. 

5. Summary      

The presented method allows to check a kinematic coupling in 
regard to self-locking and lift-off without solving a system of 
nonlinear equations. This enables an unsophisticated 
application of the method using standard software available 
nearly for everybody in the design process and not only for 
simulation specialists, which is especially important for a short 
development time. 

The approach enables the examination of self-locking as well 
as the examination of a lift-off of an already matched contact 
point, which is also important for designing the matching 
process. 

For the future, a better verification of the range of validity for 
the method should be better examined concerning small v-
groove angles 

At the moment the presented method treats only the nesting 
process. But with the information obtained from the nesting 
process, such as the variation of the contact forces, a better 
prediction of the repeatability of the kinematic coupling could 
be possible. 
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Comparison of contact forces 
diameter of contact points    𝐷 = 100 𝑚𝑚 
diameter of balls     𝑑 = 10 𝑚𝑚 
v-groove angle     𝛽 = 45° 
nesting force    𝐹𝑒 = 10 𝑁 
lateral force    𝐹𝑙𝑎𝑡 = 5.774 𝑁 
coefficient of friction   𝜇 = 0 

no contact 
in 

𝐿𝑎𝑐𝑐

𝑁
 

𝑁1

𝑁
 

𝑁2

𝑁
 

𝑁3

𝑁
 

𝑁4

𝑁
 

𝑁5

𝑁
 

𝑁6

𝑁
 

point 4 0.0 2.4 2.4 4.7 -- 0.0 4.7 

point 5 0.0 2.4 2.4 4.7 0.0 -- 4.7 

static equi. -- 2.4 2.4 4.7 0.0 0.0 4.7 

Accelerating load and contact forces 
diameter of contact points    𝐷 = 100 𝑚𝑚 
diameter of balls     𝑑 = 10 𝑚𝑚 
v-groove angle     𝛽 = 45° 
nesting force    𝐹𝑒 = 10 𝑁 
lateral force    𝐹𝑙𝑎𝑡 = 5.210 𝑁 
coefficient of friction   𝜇 = 0. 1 

no contact 
in 

𝐿𝑎𝑐𝑐

𝑁
 

𝑁1

𝑁
 

𝑁2

𝑁
 

𝑁3

𝑁
 

𝑁4

𝑁
 

𝑁5

𝑁
 

𝑁6

𝑁
 

point 1 2.4 -- 2.9 6.2 -0.1 2.0 4.3 

point 2 2.4 2.9 -- 4.3 2.0 -0.1 6.2 

point 3 5.9 6.4 2.1 -- 0.9 4.3 4.0 

point 4 -0.9 2.1 1.9 4.8 -- 0.1 4.1 

point 5 -0.9 1.9 2.1 4.1 0.1 -- 4.8 

point 6 5.9 2.1 6.4 4.0 4.3 0.9 -- 
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Abstract 
In the framework of the High-Luminosity-LHC (HL-LHC) project at CERN, a Universal Adjustment Platform (UAP) has been developed 
to position accelerator components with a weight below 2 tonnes, according to 5 or 6 degrees of freedom. The target is to achieve a 
displacement resolution of each axis better than 10 µm. The objective of developing such a UAP is to unify the design process, simplify 
the adjustment activities and minimize the time required to align the components installed in high radiation areas. To validate the 
performance of the designed platform, a UAP prototype was built. During the qualification tests, its manual alignment performance 
with a real accelerator component was verified, before equipping it with motors and sensors, towards a completely automatic 
adjustment process. This paper focuses on the qualification tests performed on the manual UAP platform.  
 
Universal Adjustment Platform  

 

1. Introduction   

The objective of the High-Luminosity-LHC (HL-LHC) project at 
CERN is to increase the integrated luminosity of the Large 
Hadron Collider by a factor of 10 with respect to its original 
design. Reaching such a machine performance requires the 
replacement of more than 1.2 km of accelerator components in 
the Long Straight Sections (LSS) around the ATLAS and CMS 
detectors [1, 2].  

The alignment of HL-LHC LSS components will be provided by 
the Full Remote Alignment System (FRAS) adopted for the 
HL-LHC baseline, which consists of several elements allowing the 
remote monitoring and adjustment of accelerator components 
[3]. One of the adjustment equipment is the Universal 
Adjustment Platform (UAP), proposed to ease the adjustment of 
the lighter components of the LSS, mainly collimators, small 
masks and beam instrumentation devices. The UAP has been 
designed as a standardized and scalable solution, allowing both 
for a motorized and manual operation [4]. 

The design and tests of the UAP have started at CERN in 2018, 
with satisfactory results for the small platform prototype for 
component weights < 300 kg [5]. The success of the tests on the 
small UAP allowed to design the large UAP version in 2020, 
dedicated to heavier equipment ranging from 300 kg to 
2000 kg). This large UAP design was targeted to HL-LHC 
collimators; the corresponding qualification tests are described 
hereafter. 

2. Large Universal Adjustment Platform qualification test 

The UAP has been tested with a collimator installed on it (Fig. 1). 
Seven points have been placed on the floor around the UAP in 
order to construct a stable, external reference network (cf. Fig. 
1, blue ‘REFn’). Five points have been installed on the bottom 
plate of the UAP (green ‘Bn’) and 5 points on the top plates (red, 
‘Tn’) in order to follow the movement of the platform with 
respect to the network. The position of the collimator is deduced 
from 9 points referenced to the beam axis of the element 
(yellow, ‘Cn’). The measurements have been performed with a 

laser tracker (Leica AT401) to ensure on each point a position 

measurement accuracy better than  15 μm(1). 

 

Figure 1. UAP test setup loaded with a collimator (approx. 500 kg) 

3. Long-term stability 

  Two long-term stability tests have been performed in two 
different positions of the UAP, each one for a period of 15 days. 
The first stage involved measuring the stability of the collimator 
with respect to the reference points with a platform adjusted 
horizontally (the force vector of the collimator is perpendicular 
to the plane of the UAP). No movement has been observed 
between the platform and the collimator.  
The second stage was to test the long-term stability of the setup 
with a collimator installed to the maximum roll allowed by the 
platform (33 mrad). After 15days, no movement has been 
observed between the platform and the collimator.  

4. Stability with external disturbing and reaction forces 

  Once installed in the accelerator, the components can be 
subjected to external forces such as human handling activities. 
The aim of this test was to control the stability of the element 
after a random disturbance caused by a shock. The position of 
the collimator has been measured before and after being 
disturbed. The component was shaken with 500 N force, 
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assumed as an equivalent of pulling (disturbing) force caused by 
human. The test has been performed in different positions of the 
UAP. No movement has been observed with the platform set 
horizontal. Some movements up to 50 µm have been observed 
on the collimator with a platform tilted to the maximum roll.  
  The components are also subjected to external reaction forces, 
transmitted through the flexible connection bellows from 
adjacent components. The stability of the collimator has been 
checked with an external force of 200 N applied at the level of 
the bellows. This value was assumed as maximum lateral, elastic 
reaction force expected at the bellows level. For a longitudinal 
force of 200 N (along the Y axis), some temporary movements 
up to 80 µm have been observed along the beam axis. 

5. Ergonomics 

  The objective of developing the UAP is to unify the design 
process, simplify the adjustment activities, and minimize the 
time required to align the components installed in areas of high 
ambient dose rate, hence the adjustment ergonomics is an 
essential factor. In order to verify the UAP ergonomics, two tests 
have been performed. The first part consisted of testing 
independently the 5 degrees of freedom. Tables 1 and 2 show 
the behavior of the UAP. The movement objectives and actions 
on the knobs have been set for each degree of freedom. For the 
translation movements (cf. Table 1), no parasitic movement has 
been observed on the other degrees of freedom. For the 
rotation movements (cf. Table 2), the parasitic movements 
observed at the level of the collimator were derived from the 
kinematics of a UAP and could be anticipated in operation. 
 
Table 1. Translation test 

 Radial 
movement  

Vertical 
movement 

Objective 1.00 mm 1.00 mm 

Actions on the 
knobs 

Knob 1 + 1 turn  
Knob 2  +3 turns 
Knob 3  +3 turns 
Knob 4  +3 turns 
Knob 5 +1 turn  

Observations 
on the 

Degrees Of 
Freedom at 

the level of the 
collimator 

Tx 1.00 mm -- 

Ty -- -- 

Tz -- 1.00 mm 

Rx -- -- 

Ry 0.02 mrad -- 

Rz -- 0.02 mrad 

Parasitic movement No No 

 
Table 2. Rotation test 

 Pitch 
rotation 

Roll 
rotation 

Yaw 
rotation 

Objective 3.90 mrad 5.40 mrad 2.60 mrad 

Actions on 
the knobs 

Knob 1   +1 turn 
Knob 2 +3 turns +3 turns  
Knob 3  - 3 turns  
Knob 4 -3 turns +3 turns  
Knob 5   -1 turn 

Observations 
on the 

Degrees Of 
Freedom at 
the level of 

the 
collimator 

Tx -- 1.3 mm -- 

Ty 0.6 mm -- -- 

Tz -- 0.1 mm -- 

Rx 3.90 mrad -- 0.02 mrad 

Ry -- 5.40 mrad 0.02 mrad 

Rz 0.05 mrad -- 2.60 mrad 

Parasitic movement 
Longitudinal 
when  pitch 

adjusted 

Radial 
when roll 
adjusted 

No 

 
  The aim of the second test was to verify the UAP ergonomics 
by a practical adjustment test. A virtual, nominal axis has been 

defined with respect to the floor (cf. Fig. 2). The objective was to 
manually adjust the UAP in a way to match the collimator axis 
with the nominal axis to better than 50 µm. 
  At the initial position, the collimator axis was misaligned up to 
3.8 mm from the nominal axis. A simplified kinematic model has 
been established to calculate the number of turns of each knob 
needed to position the collimatior on the nominal axis. After the 
first iteration, the position of the collimator axis was converging 
towards its objective. A second iteration has been performed in 
order to achieve the nominal position within 20 µm (well within 
the objective). 
 

 

Figure 2. UAP at one of extremity positions 

Table 3. Rotation test 
 Tx 

mm 
Ty 

mm 
Tz 

mm 
Rx 

mrad 
Ry 

mrad 
Rz 

mrad 

Misaligned 
position 

3.166 0.276 3.832 2.276 3.813 2.660 

Alignment 1st 
iteration 

0.065 0.043 0.076 0.279 0.128 0.223 

Alignment 2nd 
iteration 

0.011 0.002 0.017 0.020 0.056 0.061 

 
  The time required to fulfil the alignment within 50 µm 
(objective) was less than 15 minutes and could be even 
optimized by having a better integration of measurement 
software and the kinematic model tool (spreadsheet, software 
tool) used by surveyors. 

6. Conclusions 

  The qualification tests of the large UAP demonstrated a very 
good performance of the platform and its immunity to external 
disturbing forces. The UAP is stable within the required 50 µm 
and provides ergonomics, allowing large range adjustments (3.8 
mm) within 15 minutes by only two iterations. These validation 
tests have proven the UAP capacity to adjust components of 
similar size and weight as FRAS components.  
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Abstract 

 
Kinematic  calibration  improves  the  positioning  accuracy  of  articulated  industrial  manipulators.  Industrial  manipulators  with 

kinematic calibration are more likely to be successfully offline programmed. Almost all manufacturers offer this calibration service. 
The calibration provided by the robot manufacturer is a working space calibration, which means that it guarantees a positioning 
accuracy for all possible configurations. This approach seems reasonable for an unknown target operation and if only a single set of 
model parameters can be stored in the robot controller. However, nowadays robot controllers can store more than one set of model 
parameters to reflect the significantly different orientations in which industrial manipulators can be mounted, e.g., floor-, wall, or 
ceiling-mounted.  Thus,  this  work  investigates  the  variability  of  the  mean  and  maximum  positioning  accuracy  of  industrial 
manipulators in four different operating space calibrations and compares them with the working space calibration provided by the 
robot manufacturer. 

The article concludes with a discussion about potential improvements of existing kinematic calibration procedures. 
 
Keywords: Robot, Calibration, Performance 
 

1. Introduction 

The demand for industrial robots has been increasing and can 
be considered significant, as shown by their market volume of 
approximately 13.2 billion USD in 2020 [1]. These industrial 
manipulators, or robots, are mainly articulated manipulators [5]. 
Wider implementation of offline programming and new 
applications, such as machining, requires a higher positioning 
accuracy of industrial robots [2]. The improvement of 
positioning and path positioning accuracy [3], i.e., a measure for 
the distance between the commanded and the attained position 
of a manipulator, is subject to the study of manipulator 
calibration [4]. Manipulator calibration, as described by Mooring 
in 1991, intends to improve the positioning accuracy by four 
steps; i) modelling the kinematics; ii) measuring the positioning 
accuracy of the actual robot; iii) identifying its model 
parameters, and iv) implementing the model parameters to 
optimize the capabilities of the manipulator [4]. The calibration 
provided by robot manufacturers, namely Absolute Accuracy 
(ABB), High Accuracy (KUKA) and iRCalibration Signature 
(FANUC), are working space calibrations [5]. It guarantees a 
positioning accuracy of approximately 0.5 mm on average and 
better than 1.0 mm at maximum for all configurations [2]. 

Robot controllers can increasingly store more than one set of 
kinematic model parameters, also called Denavit-Hartenberg 
(DH) parameters [4]. Therefore, this study quantifies the 
difference in positioning accuracy of an articulated industrial 
manipulator among four different Operating Spaces (OS) within 
its working space (WS) to highlight the potential improvement 
in positioning accuracy of OS calibration. 

 

Table 1: Nominal modified Denavit-Hartenberg parameters and 
elements of the parameter delta vector [6]. 

𝐽𝑜𝑖𝑛𝑡. 𝑑𝑖in m 𝛼𝑖  𝑖𝑛 𝑚  𝛼𝑖  𝑖𝑛 𝑟𝑎𝑑  𝜃𝑖  𝑖𝑛 𝑟𝑎𝑑 
1. 0.7800 0.0000 0 𝜃1 + 𝛿𝜃1 

2. 0.0000 + 𝛿𝑑2 0.3500 + 𝛿𝑎2 
−𝜋

2
+ 𝛿𝛼2 𝜃2 −

𝜋

2
+ 𝛿𝜃2 

3. 0.0000 + 𝛿𝑑3 1.1450 + 𝛿𝑎3 0 𝜃3 + 𝛿𝜃3 

4. 1.2125 + 𝛿𝑑4 0.2000 + 𝛿𝑎4 −
𝜋

2
+ 𝛿𝛼4 𝜃4 + 𝛿𝜃4 

5. 0.0000 + 𝛿𝑑5 0.0000 + 𝛿𝑎5 
𝜋

2
+ 𝛿𝛼5 𝜃5 + 𝛿𝜃5 

6. 0.2200 + 𝛿𝑑6 0.0000 + 𝛿𝑎6 −
𝜋

2
+ 𝛿𝛼6 𝜃6 + 𝜋 

 
Figure 1: Visualisation of the DH convention on the articulated 

manipulator. 
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2. Methodology 

This study quantifies the difference between the positioning 
accuracy attained after kinematic calibration on an articulated 
industrial manipulator in four different OSs and the 
manufacturer’s WS calibration. The calibration is based on 50 
calibration configurations and validates the calibrated 
manipulator model in an additional 50 validation configurations 
for each OS measured using a Laser Tracker (LT). 
2.1. Modelling 

The movement of an industrial robot is commonly defined by 
the successive positions attained by each joint, resulting in a 
specific End Effector (EE) pose, i.e., combined position and 
orientation. It is mainly expressed in terms of the actuated joint 
angles 𝜽. The EE pose can be modelled using the Denavit-
Hartenberg (DH) convention to relate joint space to Cartesian 
space through the kinematic model parameters [7]. The nominal 
kinematic parameters are depicted in Table 1, and the 
assignment of the coordinate systems to the joints is visualised 
in Figure 1. The nominal parameters are stated as scalar values. 
The calibration procedure aims to identify the actual scalar 
values of the DH parameters. Therefore, the calibrated 
kinematic robot model updates 19 model parameters by 
identifying a parameter delta vector 𝚫𝒗 ∈ ℝ1×19. 

 𝚫𝒗 = [𝛿𝜃1 ⋯ 𝛿𝛼6] (1) 

The number of identifiable model parameters depends on the 
kinematic chain of the industrial manipulator, the modelling as 
well as the measurement approach. The delta parameter vector 
is identified using a linear least-squares parameterisation based 
on the position difference between the nominal kinematic 
model and the measurement from the LT 𝚫𝒑𝒐𝒔 and the 
identification Jacobian 𝑱(𝚫𝒗,𝜽) [8]. Hereafter simply denoted as 
𝑱. 

 𝚫𝒗 = (𝑱𝑻𝑱)−𝟏𝑱𝑻𝚫𝒑𝒐𝒔 (2) 

The identification procedure is based on [9]. Here (𝑱𝑻𝑱)−𝟏𝑱𝑻 
denotes the Moore-Penrose pseudoinverse of the identification 
Jacobian. The identification Jacobian quantifies the sensitivity of 
the position difference to the parameters of the delta vector and 
the manipulator’s configuration. The nominal DH parameters 
are used to identify suitable manipulator measurement 
configurations according to [10]. 
 
 
 

 
2.2. Measurement 

The conceptual measurement setup is shown in Figure 2. The 
setup comprises the following equipment: An articulated 
industrial robot, payload 300 kg and reach 2.7 m, with its 
corresponding controller (not included in the picture), a Leica 
AT901-LR LT (not included in the picture) with a 1.5 ″ Spherically 
Mounted Retroreflector (SMR). The position difference is 
measured at Measurement Application Point (MAP), also 
referred to as a point of interest. The MAP equals the 
translational transformation of the location of the SMR on the 
industrial manipulator relative to the manipulator’s mechanical 
interface. 
The industrial manipulator is programmed to approach 100 
configurations in each OS. There are four OSs in this 
investigation. The joint domains of the OSs are stated in Table 2. 
The distribution was meant to resemble overlapping cubes with 
a side length of one meter according to ISO 9283 [3], which is 
also visualised in Figure 2. OS 1 to 3 have similar joint angle 
domains for joint 1 of approximately 30 deg. OS 4 spans the 
whole domain of the configurations in OSs 1 to 3. Each OS has a 
similar condition number that ensures that the parameter 
identification includes a similar error associated with the matrix 
inversion. The manipulator moves with a velocity of 200 mms-1 
between the configurations and stops for 7.5 s at each 
measurement configuration. Then, the laser tracker takes a 
single stable measurement, i.e., there are 100 measured 
position differences for the 100 programmed calibrations. The 
transformation of the laser tracker data into the Robot Base 
Coordinate System (RBCS) is achieved through the circle point 
method [11]. In general, the preparation of the equipment, task 
programs, etc., has been conducted in accordance with ISO 
9283:1998. Further information on kinematic calibration can be 
found in [12]. 

Table 2: Joint domains of the different OSs. 

𝑶𝑺 
𝜽𝟏  
𝒊𝒏 𝒅𝒆𝒈 

𝜽𝟐  
𝒊𝒏 𝒅𝒆𝒈  

𝜽𝟑  
𝒊𝒏 𝒅𝒆𝒈 

𝜽𝟒  
𝒊𝒏 𝒅𝒆𝒈 

𝜽𝟓  
𝒊𝒏 𝒅𝒆𝒈 

𝜽𝟔  
𝒊𝒏 𝒅𝒆𝒈 

𝑂 1 
−1 
⋯ 
−30 

−10 
⋯ 
35 

−10 
⋯ 
28 

−90 
⋯ 
90 

−90 
⋯ 
90 

−180 
⋯ 
180 

𝑂 2 
−31 
⋯ 
−60 

−10 
⋯ 
35 

−10 
⋯ 
28 

−90 
⋯ 
90 

−90 
⋯ 
90 

−180 
⋯ 
180 

𝑂 3 
−61 
⋯ 
−90 

−10 
⋯ 
35 

−10 
⋯ 
28 

−90 
⋯ 
90 

−90 
⋯ 
90 

−180 
⋯ 
180 

𝑂 4 
−1 
⋯ 
−90 

−10 
⋯ 
35 

−10 
⋯ 
28 

−90 
⋯ 
90 

−90 
⋯ 
90 

−180 
⋯ 
180 

Z

Y

X

   

𝑶𝑺𝟏𝑶𝑺𝟐
𝑶𝑺𝟑

𝑶𝑺𝟒

Figure 2: Visualisation of the conceptual measurement setup: The setup shows a large-sized articulated industrial robot and the different OSs. 
The Measurement Application Point (MAP) is visualised through a 1.5 ″ SMR on the manipulator’s End Effector (EE). 
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a) 

 
b) 

 
c) 

 
d) 

Figure 3: Positioning accuracy for the 50 validation configurations for OSs 1 to 4, i.e., a) – d), for the uncalibrated (UC) and calibrated (C) 
industrial manipulator. 
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Table 3: Mean 𝚫𝒑𝒐𝒔̅̅ ̅̅ ̅̅ ̅, standard deviation 𝝈𝚫𝒑𝒐𝒔, and maximum 𝒎𝒂𝒙 (𝚫𝒑𝒐𝒔) positioning accuracy for the uncalibrated industrial manipulator in 

the OSs. 

 𝑶𝑺𝟏 𝑶𝑺𝟐 𝑶𝑺𝟑 𝑶𝑺𝟒 𝑾𝑺 

Δ𝑝𝑜𝑠̅̅ ̅̅ ̅̅ ̅ 𝑖𝑛 𝑚𝑚 1.18 1.14 0.91 1.07 − 
𝝈Δ𝑝𝑜𝑠𝑖𝑛 𝑚𝑚 0.52 0.36 0.41 0.45 − 

max(Δ𝑝𝑜𝑠) 𝑖𝑛 𝑚𝑚 2.59 2.37 2.21 2.59 − 
Table 4: Mean 𝚫𝒑𝒐𝒔̅̅ ̅̅ ̅̅ ̅, standard deviation 𝝈𝚫𝒑𝒐𝒔, and maximum 𝒎𝒂𝒙 (𝚫𝒑𝒐𝒔) positioning accuracy for the calibrated industrial manipulator in the 

OSs and the WS according to the manufacturer. 

 𝑶𝑺𝟏 𝑶𝑺𝟐 𝑶𝑺𝟑 𝑶𝑺𝟒 𝑾𝑺 

Δ𝑝𝑜𝑠̅̅ ̅̅ ̅̅ ̅ 𝑖𝑛 𝑚𝑚 0.32 0.25 0.25 0.41 0.32 
𝝈Δ𝑝𝑜𝑠𝑖𝑛 𝑚𝑚 0.16 0.11 0.15 0.18 0.13 

max(Δ𝑝𝑜𝑠) 𝑖𝑛 𝑚𝑚 0.63 0.47 0.62 0.90 0.59 

 

3. Results 

The magnitude of the positioning accuracy of the uncalibrated 
and calibrated industrial manipulator can be seen in Figure 3, 
Table 3, and Table 4. Figure 3 shows the positioning accuracy for 
each configuration in each OSs, while Table 3 and Table 4 
summarise the statistical moments of the data. OS 4 has a 
significantly higher positioning accuracy than OS 1 to 3. These 
observations imply that the smaller the OS the smaller the 
positioning accuracy and its standard deviation, cf. OS 1 to 3. 
This appears plausible, as the smaller the OS the less inaccurate 
the industrial manipulator model may be represented by the 
linearisation for the model parameter identification. Other 
factors such as gravity and thermo-elasticity have been 
controlled for in the experiments. 
Nevertheless, this gain in positioning accuracy is difficult to 
quantify as it depends on the calibration procedure. This 
statement can be corroborated by Table 4 which shows that the 
manufacturer’s calibration is significantly more accurate for the 
WS than the proposed calibration for solely OS 4, which is 
approximately one fourth in size compared with the WS. 
There is only one uncertainty contributor associated with the 
measurement which is the measurement instrument 
uncertainty of the laser tracker. Based on the in-built evaluation 
capability provided by the manufacturer, the uncertainty budget 
for the measurement equals ±15 µ𝑚, at a coverage factor of 
𝑘 = 1. The measurement instrument uncertainty is considered 
as a normal distribution. 

 

4. Conclusion 

This work presents a comparison of OS and WS calibration. The 
comparison shows that an improvement in positioning accuracy 
can be achieved for smaller OS. This result seems plausible as 
the kinematic manipulator model needs to be linearised over a 
smaller domain. Nevertheless, it is not straightforward to 
quantify the relationship between the size of the OS and the 
positioning accuracy. This work is serves as a quantitative 
reference to those who intend to achieve a wider 
implementation of offline programming and new applications 
such as machining through OS calibrations. Further future work 
shall focus on providing quasi-static kinematic calibration, i.e., 
the measurement of industrial manipulators under slow 
movement to reduce the time required for the measurement 
phase to facilitate OS calibration. 
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Abstract 
This article discusses a Machine Learning approach for position determination of a target, that is used in a new measurement device 
called Multi-Aperture-Positioning-System (MAPS). The MAPS consists of two components, the measurement unit itself and the LED-
Target, which is mounted to a machine under test – for example, an industrial robot or a coordinate measurement machine (CMM). 
The measurement system is based on a photogrammetric approach using an aperture array and a single camera. To achieve high 
accuracy in position calculation, multiple complex algorithms with high computing effort are used. Actual the MAPS offers an accuracy 
equal to or better compared to existing photogrammetric devices. 

 
Using Machine Learning, a Convolutional Neural Network (CNN) is trained by artificial data and tested on real data. In order to 

generate these data sets, proprietary simulation software is used to generate artificial images. The CMM is used to move the LED-
Target to different positions while MAPS takes images at these. The simulated images are used as input for training, while the real 
images are used to measure the performance of the CNN. Previously MAPS used several algorithms to calculate the position of the 
target from the taken image. The key idea behind the Machine Learning approach is, that a Neural Network, trained on thousands of 
labelled data, should be as accurate as the originally used algorithms in determining the position of the target while being much 
faster. In addition, systematic errors, model errors, and uncertainties in the system parameters can be eliminated. While the Neural 
Network learns directly from the captured data, algorithms use formulas to calculate the position from the images. These formulas 
have a lot of influencing factors, that cannot always be precisely determined, change over time, or are not even known. When using 
a Neural Network instead, the model learns the relation between input and output data including all influences that exist at the 
training time. On the whole, this paper investigates if a Neural Network can replace the originally used algorithms while achieving 
similar or better performance. 

 
Keywords: Photogrammetry, 3DoF Measurement, Machine Learning, Accuracy, Online-Calibration, Neural Network 

 

1. Introduction 

Machine tools, robots and measuring machines can nowadays 
be found in almost every large industry like automotive, 
electronic manufacturing or production of components and 
consumer goods. As the demand for individualized product rise 
and the production batches shrink, multi-purpose machines 
become more and more important [1]. The ability to 
manufacture accurate parts is one of the main performance 
criteria for modern production. Therefore, measuring machines 
gain more importance as the main dimensional quality 
inspection instrument for manufactured parts. Particularly 
where high repeatability is required, measuring machines with 
high capability are essential. Demanding higher product quality, 
improving the measurement accuracy has become an extremely 
important area of investigation [2]. Increasing the accuracy by 
correcting the machines can be done in two ways. Either by 
correcting them in a feedback loop [3] or by calibration, applying 
a correction matrix [4].  
Another important point in modern production is the 
coordination of multiple machines working on a single task or 
workpiece. Synchronising them is the crucial part as otherwise, 

they could fail. To avoid this, all machines and workpieces in the 
process need to be measured precisely in the same coordinate 
system. Measuring machines available today, such as the Laser 
Tracker or camera-based systems do not meet all the following 
criteria together: online measuring, high accuracy, and 
measuring multiple coordinate systems simultaneously. 
Therefore MAPS, a new photogrammetric measurement system 
introduced by Bielke et al. [5]was developed. It’s made of a 
camera sensor, an aperture mask, and a LED-Target. 
 
 This article focuses on developing a new method to determine 
the centre of gravity in the light spots, which are used by MAPS 
to calculate the position of the LED-Target. The goal is to replace 
the traditionally used mathematical algorithms with an image 
regression Convolutional Neural Network. They have already 
proven their value in a wide range of applications. From vehicle 
detection and counting [6] to quantifying cyanobacteria [7] or 
the prediction of pediatric bone age assessment [8]. Neural 
Networks are extremely versatile since they use function 
approximation to best map examples of inputs to examples of 
outputs [9].  
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Beginning with the experimental set-up, the paper shows the 
components that were used in this work. Followed by the 
methodology, the necessary steps to calculate the position of 
the target with MAPS are presented. The simulation of the light 
spots and the training of the Neural Network by them is the 
major part. Explaining how the CNN is implemented is included. 
Applying the CNN to predict the centre of the light spots in an 
experiment demonstrates its performance, which is then 
compared to the traditionally used algorithms.  

2. Experimental set-up 

The experimental set-up is shown in Error! Reference source 
not found.. It has three major components – the measurement 
system MAPS, a CMM (ZEISS PRISMO Access), and the 
proprietary software for simulation and CNN engineering. MAPS 
itself consists of a high-resolution camera, an Allied Vision 
Prosilica GT 3300 with 8.1 megapixels which operate at around 
4 fps in our set-up. In front of the camera is an aperture mask 
mounted. It’s a photomask, coated with a layer of chromium 
including around 40k aperture holes. The third component is the 
LED-Target, amount with an ultra-bright blue LED. MAPS is 
mounted on the CMM’s granite table facing the probe head 
which is the LED-Target in this set-up.  

 
The CMM is used as a reference system for MAPS. As it moves 

the LED-Target to predefined coordinates while the MAPS 
measures the position there, the accuracy of the CMM defines 
the accuracy of MAPS. The images taken by MAPS are saved and 
later used to train the CNN. In addition to the real 
measurements, the simulation software is capable of simulating 
these images, which is explained below.   

3. Methodology 

To determine the position of the light source, MAPS uses a 
sequence of different algorithms on the taken images. An image 
represents a matrix of light spots, mapped by the light of the 
LED-Target passing through the holes of the aperture mask and 
hitting the camera sensor. To calculate the position of the LED-
Target from these images, the following steps are required [10]: 

 
1. In the first step, a blurring and thresholding filter is 

applied to the image which makes it possible to 
differentiate the light spots from the rest of the image.  

2. After that, a peak finding algorithm is used to find the 
centre of each spot individually. Currently, a Gaussian fit 
algorithm [11] or the method of moments [12] can be 
used for that. 

3. After that, the program identifies the marker in the 
image, by which the position on the aperture mask can 
be identified. This is necessary to combine the light spots 
with the aperture holes in the next step. 

4. Finally, a vector from each spot centre through the 
corresponding hole in the aperture mask is defined 
(around 700 in total) after which their intersection point 
can be calculated, which is the actual position of the LED. 

 
The biggest challenge is in fact to determine the centre of the 

light spots. Since it is not accurate enough to calculate the spot 
centre to within one pixel, methods must be used that can 
determine the centre in the subpixel area. With the current state 
of the art, two different algorithms are used for this. While the 
Gaussian algorithm is precise and slow, the Moments algorithm 
is fast and less precise. Since the accuracy in determining the 
spot’s centre position directly affects the finally calculated LED 
position, we want an algorithm that is as accurate as possible. 
Nevertheless, it should also be as fast as possible in order not to 
lose measuring speed. For that reason, a new approach to 
determine the spot centre with a Convolutional Neural Network 
is presented in this work. 

3.1. Factors influencing the measurement uncertainty 

One of the biggest factors is the distance between the LED-
Target and the detector. It depends on the ratio of the camera 
sensor size to the distance. With increasing distance, the 
changes in the image get smaller, which makes them more 
difficult to detect. The measurement uncertainty increases 
because the influence of the disturbance variables increases as 
a result (a full explanation with formulas and graphics will follow 
in the final paper). Other uncertainty influences such as 
temperature changes have not yet been investigated in detail. 
Another major influencing factor is the available number of 
pixels per spot. The more pixels a spot is imaged with, the more 
precisely its centre can be determined. Another aspect is the 
sensor noise. Especially when the intensity of the light spot 
decreases, the noise of the sensor has a stronger effect on the 
measured value. In terms of the Neural Network, the number of 
simulated images, the NN is trained on, affects the 
measurement uncertainty. The more data available, the more 
consistent the prediction of the Neural Network is, as 
experimental trials have shown (results will be included in the 
final paper). 

a) b) 

Figure 1:  MAPS experimental setup. a) Image of the setup mounted on a Zeiss PRISMO Access. The LED-Target is attached to a Zeiss VAST XT 
measurement head. The black box contains the MAPS setup which protects it from stray light and dust. b) Sketch of the MAPS setup inside the 
black box displayed a). The camera is mounted on a Tip, Tilt and Rotation stage on three linear axes for a movement in 6DOF. It allows the 
adjustment of the camera sensor to the aperture mask. 
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3.2. Convolutional Neural Network approach 

Since the MAPS images have a high resolution of 3296 x 2472 
pixel with a depth of 8-Bit, a lot of hardware resources, 
especially video RAM is required. Downscaling is not an option, 
since the relevant information is then lost and the CNN will not 
learn the relation between input and output, as preliminary 
experiments have shown. Dividing the image into smaller 
sections is also not possible, otherwise, the relation between the 
spots and the aperture holes is lost. Not to mention that the 
number of combined spots is directly related to the accuracy in 
LED position determination. For that reason, the task is divided 
into two parts. 

 
Each MAPS image is an arrangement of light spots, as shown 

in Figure 2. The idea is to first use a CNN to determine the centre 
of each of the light spots in the image, replacing the currently 
used algorithms. This allows the entire image to be divided into 
approx. 700 smaller images, reducing the necessary hardware 
resources. The CNN is trained on simulated light spots, of which 
the centre position is known, instead on real spots. Since we 
don’t know the spot centre of the real light spots, only the 
currently used algorithms can calculate them. When we use this 
information to label the spots and train the CNN on that data, it 
will never outperform the traditionally used algorithms. It is 
important, that the CNN achieves a subpixel accuracy in 
determining the spot centre, just like the algorithms used so far. 
But the goal is to perform better than these. 

In the second step, another CNN is designed that takes the 
spot centres as input and returns the LED-Target position. This 
approach aims to investigate whether systematic errors in the 
classical algorithms can be avoided and whether an increase in 
the accuracy of the LED position determination can be achieved. 

3.3. Light spot simulation 

The light spot simulation is a decisive part of this research, as 
the simulated dataset is what the Neural Network learns from. 
They should be as close as possible to the real spot images to 
guarantee a good performance of the CNN later. The simulation 
is realised in a custom-made python program, where the image 
and spot size can be set, as well as random noise and different 
filters. The number of images generated depends on how many 
spot centre positions are given to the simulation. These 
positions are interpreted as offset values to the centre of the 
simulated image.  

As a first approach, the light spots are approximated in the 
simulation by using a two-dimensional Gaussian function 
according to Equation (1) [13]:  
 

 
where 𝑥𝑜 and 𝑦𝑜  represent the centre coordinates of the spot. 

By adding an offset value to these, for example, 0.1 it is possible 
to move the centre in both directions with subpixel accuracy. 
The smaller the offset steps, the more simulated spots are 
created and the better the prediction accuracy of the CNN later 
on. That also allows generating a huge batch of data which is 
crucial for CNN’s training phase. 

 
For the first experiment, three data sets with different noise 

levels (0 %, 1 % and 4 %) are generated, each with 100k samples. 
4 % noise represents the real images ideally, no noise is an 
optimal image and 1 % is chosen because it is in between. The 

difference between the noise levels can be seen in Figure 3. To 
keep this experiment simple, the spot centre is only shifted in 
positive x-direction by 0 to 1 pixel with a step size of 0.00001 
pixels. In addition, random noise of 0 - 10 % of the step size is 
added to the offset values, which approximate the simulated 
spots to the real ones. Finally, both the moments and the 
Gaussian algorithm are applied to each image to calculate the 
spot centres, which serve as comparative values. The aim of this 
experiment is only to determine the CNN’s subpixel accuracy 
and compare it to the other algorithms.  
 

Additional experiments and results are presented in the final 
paper. These will include the simulation of different spot sizes 
and a greater variety of spot centres, which simulates different 
distances and angles between the LED-Target and the detector. 
We will also present the simulation of a complete measured 
image, determining all the spot centres from which the position 
of the LED-Target is calculated. Finally, we will use real measured 
images from which we calculate the position of the Target and 
compare the accuracy with the state of the art algorithms. 

3.4. CNN preparation and training 

The CNN used in the first experiment is a variation of what 
Rosenfelder presented in his work [14]. It is an image regression 
CNN, which means it takes an image as input and outputs a 
numeric value. In our case, we use a spot image as input and get 
the spot centre offset in return. The Network is realised in the 
programming language Python. 

The data preparation is kept simple, as complex data 
augmentation does not bring great advantages, as preliminary 
research has shown. Only normalisation is applied to the images.  
The CNN is trained on each of the three data sets individually. 
The images are split into 70 % training data, 20 % validation data 
and 10 % test data. An additional data set including images with 
randomly generated centre offsets are used to compare the 

 
𝑓(𝑥, 𝑦) =  𝐴 exp (− (

(𝑥 − 𝑥0)2

2𝜎𝑥
2 +

(𝑦 − 𝑦0)2

2𝜎𝑦
2 )) (1) 

Figure 2: Actual image taken by MAPS at a LED distance of 260 mm 
from the sensor. The magnification shows four of the light spots, where 
the gaussian distribution is more clearly visible. The two by two spot 
sized recess in the middle, with some smaller light spot, is the so-called 
marker. It is used to determine which section of the aperture mask is 
shown in the image. 

Figure 3: Intensity diagram of the simulated spots with different 
random noise levels of 0 %, 1 % and 4 %. 4 % noise is close to the real 
camera sensor noise and therefore ideal to represent the spots. The y-
axis represents the pixels (8-Bit) intensity (arbitrary units), the x-axis 
shows the number of pixels in the spot. 
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performance of the CNN with the traditional algorithms. The 
training is set for 200 epochs and a batch size of 128, with early 
stopping to reduce training time and avoid overfitting. 

4. Experimental results 

Training the Neural Network in the first experiment on the 
data sets takes around 50 epochs before the early stopping call 
back interrupts the learning phase. Applying the trained 
Network on the test data set with randomly generated offset 
values gives the results shown in Table 1. 

 
At 4 % noise, the CNN outperforms both the Moments and the 

Gaussian algorithm. With a standard deviation of 0.0411, it is 
twice as accurate as the Moments algorithm and 1.6 times more 
accurate as the Gaussian. As the data set with the 4 % noise best 
represents the real data, this is the most important result. The 
performance at 1 % noise is similar which means, that the CNN 
can learn the relevant relations between in- and output without 
being much affected by the noise in the image. The other two 
algorithms performed much better at this lower noise level.  

 
At 0 % noise, the CNN performs the worst, with a standard 

deviation of 0.1603 pixels. This is due to great outliers in some 
of the prediction values. Since we cannot simply remove these, 
the performance cannot be improved either. Only if a method is 
found to avoid the CNN predicting some very inaccurate values, 
or if a way is found to statistically remove them from the results, 
is it possible to improve performance.  

The Moments algorithm performs much better on this data set 
than the Neural Network with a standard deviation of 0.0360 
pixels. The Gaussian algorithm shows of course no deviation 
since we are using a Gaussian fit to an ideal Gaussian distributed 
spot. 

 
Table 1: Comparison of the different methods for determining the 
spot centre position offset in simulated images. Each method was 

evaluated by the test data set described in section 3.3. The table 
shows the standard deviation of the pixel inaccuracy for each method 
at different noise levels. 

 

 0 % noise 1 % noise 4 % noise 

CNN 0.160273 0.041831 0.041051 

Moments 0.035977 0.029783 0.085795 

Gaussian 0 0.016018 0.067452 

5. Conclusion 

In this article, a novel approach to determining the LED-Target 
position from MAPS images using a Convolutional Neural 
Network was presented. Proprietary simulation software was 
introduced which was used to create artificial MAPS images. The 
light spots created by the software have been proven to be very 
similar to the real ones when a two-dimensional Gaussian 
function, noise and filters are used (will be in the final article). A 
method was introduced to overcome the challenge of training 
the Neural Network on high-resolution images by dividing the 
problem into two tasks. The first CNN was trained on artificial 
light spots generated by the simulation software, while the 
second one was trained on the spot’s centres and LED-Target 
position (final paper). In the first experiment, we aimed to 
outperform the traditionally used algorithms with the CNN at 
different noise levels. This was achieved in the experiment that 
comes closest to reality at 4 % noise. The CNN predicted the light 
spot centre offset with a standard deviation of 0.041051 pixels, 
twice as accurate as the Moments algorithm and 1.6 times more 
accurate as the Gaussian. 

In conclusion, the simulation is capable of representing the 
real images taken by MAPS. The Neural Network trained on 
these data outperforms the mathematical methods in the 
presented experiment. By determining the spot centre more 
precisely, an increase in MAPS’ total accuracy is to be expected. 
In future work, both the simulation and the CNN design can be 
improved. Finally, more data sets can be generated using a 
broader spectrum of simulation parameters like noise to 
increase the performance of the CNN further.  
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Abstract 
Industrial articulated robots appeal to high force processes such as material removal applications mainly due to their high flexibility 
and large working space. However, due to the articulated robot´s lower stiffness, significant deformations arise in the presence of 
process forces which reduces the robot´s positioning accuracy. To improve the positioning accuracy in tasks performed under load, 
offline or online compliance compensation methods are implemented.  
This study presents an experimental comparison of the implementation and performance of offline and online compliance 
compensation strategies in a high-force application, i.e., loaded circular trajectory, characterized by the presence of quasi-static 
forces. The performance of the two compensation strategies was evaluated by calculating the mean deformation (comparison 
between unloaded and loaded trajectories). The results indicate that the performance of the online compensation strategy exceeded 
the offline compensation strategy performance for the case study analyzed. The limitations and potentialities of the different 
compensation strategies are discussed in terms of implementation and applicability for contact applications. 
 
Keywords: Industrial robot, stiffness, compliance error compensation, loaded circular trajectory 

 

1. Introduction 

Industrial articulated robots are mainly used for handling, 
welding, and assembly applications [1]. Despite their higher 
structural compliance, which results in lower accuracy in the 
presence of higher process forces, there is an increasing interest 
in using articulated robots in contact applications due to their 
cost-effectiveness, flexibility, and dexterity [2].  

To improve the articulated robot accuracy under load, the 
state-of-the-art focuses on kinematic and compliance 
calibration. The main strategies to achieve compliance 
compensation are offline and online, or a combination of them, 
also known as hybrid compensation [3]. 

The offline compliance compensation takes place during the 
process planning stage. In the offline strategy, the robot path is 
adapted based on the predicted deviations due to the external 
load. In fact, the articulated robot is not commanded to the 
desired pose but to a pose that will end as close as possible to 
the desired one after the compliance errors have affected the 
robot. Besides a kinematic description and an elastic model, this 
strategy requires a model to estimate the process forces [2]. The 
models generally grow in complexity to accurately represent the 
interaction between the robot, the end effector, and the work 
object. Its performance is highly dependent on the accuracy of 
the robot models and process simulations.  

The online compliance compensation strategy relies on sensor 
signals that can directly (position sensors) or indirectly (force 
sensors) measure or estimate the deviations while the task is 
being performed. The main drawback of this strategy is the 
unavoidable computational delay of the correction signals, 
which can lead to considerable errors in the presence of high-
frequency force components [3] or high trajectory velocities. 

Previous research has primarily tested offline and online 
compliance compensation strategies separately. For instance, 

offline compensation has been implemented to cope with the 
effect of gravity on the articulated robot links and joints without 
considering any external load [4]. Elastic models have also been 
combined with other types of models, i.e., reversal error, to 
calculate the expected deviations and adjust the path in a 
circular milling operation [5]. Recently, an offline correction 
strategy based on a trajectory deviation measured by a 3D vision 
system (mirror correction principle) was proposed to improve 
the positioning accuracy of an industrial robot that machined 
composite material parts [6].  

On the other hand, online compliance has been implemented 
mainly with optical measurement systems such as laser trackers 
[7, 8]. The sensor measurements have been used to compensate 
for the deformations due to external loads applied while moving 
along linear trajectories [9] and circular trajectories [10, 11]. 

Several efforts have also combined the two compensation 
strategies. In 2012, Lehman et al. [12] proposed a three-step 
approach: 1) selection of appropriate milling parameters, 2) 
offline compensation of the force-induced deviations, and 3) 
complimentary online compensation by comparing measured 
with modeled forces and updating the trajectory accordingly, 
though only the first two stages were validated. Lately, Hähn and 
Weigold [13] combined force measurements and a model-based 
online compensation with predicted forces from an offline 
simulation to instantly react to high force variations. 

However, to select offline or online compliance compensation, 
it is necessary to understand the implementational efforts 
required and compare how the strategies perform when applied 
to the same contact application. This study proposed an 
experimental comparison of the application of both strategies to 
compensate for deformations due to the external forces applied 
while moving along a circular trajectory. The performance of the 
compliance compensation strategies was evaluated considering 
potential process parameter variations such as different force 
magnitudes and Tool Center Point (TCP) velocities.  
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2. Methodology 

This section describes the setup used for the experiments and 
the procedure followed to test each compensation strategy. 
 
2.1. Experimental setup 

The setup used for the experiments is shown in Figure 1. It 
comprises the following equipment: 
1. Industrial articulated robot IRB6700 (payload 300 kg, 

reach 2.7 m). 
2. Three-component force sensor HBM MSC10-005-3C, 

connected to a NI cDAQ-9178 via a NI-9237 module for 
data acquisition. 

3. Leica AT901-LR Laser Tracker, represented in the figure by 
its 0.5" Spherically Mounted Retroreflector (SMR). 

4. Loaded Double Ball Bar (LDBB) with its corresponding 
Proportional Pressure Control Valve (PPCV) [14]. 

5. Rigid Table Link (TL). 
6. Dummy End Effector (EE) containing the TCP.  

 

 
Figure 1. Experimental setup for the online compliance compensation 

strategy. For the offline strategy, the force sensor was removed. 

The force sensor was removed from the setup for the offline 
compensation tests, and the EE was connected directly to the 
robot’s mechanical interface. This step was done to ensure that 
both test setups reflect the actual operating conditions of the 
different compensation strategies. 
 
2.2. Compensation strategies 

 
Elasto-geometric model 
The elasto-geometric model of the articulated robot 

comprises the kinematic and elastic models [15]. The articulated 
robot’s kinematics (DH parameters) were obtained from the 
robot manufacturers’ software. The robot elastic model used in 
this work is a lumped parameter model with flexible joints and 
rigid links that correspond to the one proposed by Salisbury [16]. 
Following this model, the deformation angles 𝛥𝜃 can be 
estimated by: 

∆𝜽 = 𝑲𝜃
−1𝑱(𝜽)𝑊𝐴𝑃

𝑇 𝑾    
 
where 𝑲𝜃

  𝜖 ℝ𝑛𝑥𝑛  denotes the diagonal joint stiffness matrix, 
𝑱(𝜽) corresponds to the robot´s Jacobian matrix, and 𝑾 𝜖 ℝ6𝑥1 
expresses the external wrench, i.e., the processes forces and 
torques. The subscript WAP (Wrench Application Point) 
indicates that the Jacobian matrix contains the transformation 
from the robot base to the TCP. The joint stiffness matrices used 
in the experiments were identified following a quasi-static 
compliance calibration procedure described by Theissen et al. 
[17]. This procedure is based on measuring the EE deflections 
due to external loads applied while moving along a trajectory. 

In the case of the online compliance compensation setup, the 
sensor added a compliant element into the flow of forces and 
increased the overhang of the TCP with respect to the 
mechanical interface, which reduced the overall system 
stiffness. Therefore, the elasto-geometric model, i.e., the joint 

stiffness values, was again identified for the offline compliance 
compensation setup. Furthermore, for the compensation 
strategies to achieve optimal performance, the compliant robot 
model was calibrated in the operating space [18], i.e., creating 
local optima for the location of the trajectories. 

 
Offline compensation strategy 
The process followed for implementing the offline compliance 

compensation strategy is described in Figure 2. The offline 
compensation takes place within the process planning stage. 
Therefore, the process started by defining the desired trajectory 
and discretizing it in several configurations according to a 
convenient resolution based on the application requirements. In 
this work, the circular trajectory was discretized in 81 
configurations to obtain an angular resolution of fewer than five 
degrees. 

  
Figure 2. Steps to be followed for the implementation of the offline 

compliance compensation strategy for contact applications. 

Then, the process forces expected to be experienced along the 
circular trajectory due to the loading element LDBB were 
estimated and expressed in the Robot Base Coordinate System 
(RBCS). Next, the deformations due to the external forces were 
computed along the circular trajectory using the elasto-
geometric model and the previously estimated process forces. 
Finally, the trajectory is updated considering the expected 
deformations, and the compensated loaded circular trajectories 
can be performed. 

 
Online compensation strategy 
The online compliance compensation strategy requires the 

force measurements provided by the sensor. Thus, the forces 
that were originally measured in the force sensor’s base 
coordinate system were transformed into the RBCS, considering 
the change of its orientation along the circular trajectory.  

After this rotation, the force signals were further conditioned. 
First, a crosstalk compensation was implemented due to the 
sensing device being strain gauge-based. Second, a low-pass 
filter with a cut-off frequency of 25 Hz was applied to reduce the 
influence of noise. Third, a gravity compensation for the EE was 
implemented to remove the effect that all additional 
components mounted on the mechanical interface could have 
on the force components’ values. Finally, lower and upper 
threshold values were applied to the force components’, so the 
compensation was computed only when the process forces were 
significant. These thresholds also ensured that the 
compensation values did not change the programmed trajectory 
abruptly due to an error in the measurement system [19].  

A combination of LabView and MATLAB was used for the 
compensation algorithm implementation. The former handled 
the data acquisition and communication with the robot 
controller through TCP/IP. The latter dealt with the elasto-
geometric model definition and the deformation computation 
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due to the external wrench [19]. The process followed by the 
online compliance compensation is described in Figure 3.  

  
Figure 3. Steps to be followed for the implementation of the online 

compliance compensation strategy for contact applications. 

While the trajectory was executed and based on the 
knowledge of the current pose, the wrench and elasto-
geometric model were combined to compute the deformation 
angles 𝛥𝜃 following Equation (1). This computation was done 
approximately every 100 ms. Then, the modified compensated 
configuration 𝜽𝒄 was sent to the articulated robot controller to 
update the trajectory [19]. 

In both offline and online strategies, the calculated 
deformation 𝛥𝜃 did not consider the deformations produced by 
the effect of gravity on the articulated robot links and joints. It 
only considered the deformations that originated from 
external/process forces. 

3. Case study: Loaded circular trajectory 

For the experiments, the articulated robot was programmed 
to follow circular trajectories while an external load was applied. 
The loads were exerted using the LDBB, a device similar to the 
traditional Double Ball Bar (DBB) used for circular testing of 
machine tools [20], with a built-in pneumatic actuator to 
regulate the magnitude of the applied force [14].  

As shown in Figure 4, the LDBB was positioned with an 
inclination angle ϕ with respect to the XY plane to assure that 
the load was applied in all spatial directions and that the 
strategies implemented were capable of compensating for these 
effects. The magnitude of the loads |𝐹𝑞𝑠| corresponded to 
125 N, 375 N, and 625 N for the offline tests and 150 N, 400 N, 
and 650 N for the online tests. The load differences are 
explained by a maintenance and recalibration performed to the 
LDBB instrument between the offline and online tests. 

 
Figure 4. Orientation of the force vector applied while performing the 

circular trajectories. 

The unloaded and loaded circular trajectories were executed 
in the same operational space for the offline and online cases. A 
complete test run of either unloaded, loaded uncompensated 
(UC), or loaded compensated (C) trajectories consisted of 

repeating three clockwise and three anticlockwise movements. 
Besides the load variation, the test runs were performed with 
three TCP velocities: 10 mm s−1, 30 mm s−1, and 50 mm s−1, to 
emulate the effect of the variation of process parameters in the 
compensation performance.  

To quantify the performance of the different compensation 
strategies, the Cartesian positions along the unloaded and 
loaded (UC and C) trajectories were measured with the LT at a 
sampling frequency of 1000 Hz. Then, the mean of the 
deformation, i.e., the distance between the loaded (UC and C) 
with respect to the unloaded trajectories performed at the same 
TCP velocity, was computed and used as an indicator for the 
performance comparison. The deformation calculation followed 
the proposal for evaluating positioning accuracy according to 
ISO 9283 [21]. 

4. Results and Discussion 

The performance of the offline and online compliance 
compensation strategies implemented into the loaded circular 
trajectories can be seen in Table 1 and Table 2, respectively.  

 
Table 1. Offline compensation: mean of the distance of the 
uncompensated (UC) and compensated (C1, C2, C3) points along the 
circular trajectory with respect to the unloaded trajectory. The 
compensated trajectories C1, C2, and C3 were performed at 10-, 30- and 
50 mm s−1, respectively.  

 UC 
in mm  

C1  
in mm 

C2  
in mm 

C3  
in mm 

125 N 0.12 0.04 0.04 0.04 

375 N 0.38 0.13 0.13 0.13 

625 N 0.62 0.21 0.21 0.2 

 
Table 2. Online compensation: Mean of the distance of the 
uncompensated (UC) and compensated (C1, C2, C3) points along the 
circular trajectory with respect to the unloaded trajectory. The 
compensated trajectories C1, C2, and C3 were performed at 10-, 30- and 
50 mm s−1, respectively.  

 UC 
in mm  

C1 
in mm 

C2 
in mm 

C3 
in mm 

150 N 0.23 0.07 0.07 0.08 

400 N 0.65 0.16 0.15 0.15 

650 N 1.10 0.25 0.19 0.21 

 
For both compensation strategies, the UC mean deformation 

values presented in Table 1 and Table 2 correspond to the 
average deformation considering all TCP velocities (10 mm s−1, 
30 mm s−1, and 50 mm s−1) due to its minimal variation. The 
maximal observed standard deviation equals 0.05 mm at 
50 mm s−1. For the offline compensation, see Table 1, the TCP 
velocity has no apparent effect on the offline compensation 
performance as the compensated trajectory is only conditioned 
by the process forces and the articulated robot’s Cartesian 
stiffness. In the online compensation tests, see Table 2, the 
effect of the TCP velocities on the compensation performance 
was negligible, with a maximum standard deviation of 0.03 mm. 
A TCP velocity higher than 50 mm s−1 will have a more 
considerable effect on the performance of the online strategy 
due to the limited computing cycle time.  
As anticipated, the mean deformation along the UC circular 
trajectories increased with the magnitude of the applied load. 
The reduction of the system stiffness due to the inclusion of the 
force sensor in the online setup appears evident at the hand of 
the approximately doubled value of the mean deformation 
measured compared to the offline setup while applying similar 
loads. However, as shown in Table 1, Table 2, and Figure 5, the 
performance of the offline strategy remained alike (67% 
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compensation) independent of the load level, while the 
performance of the online strategy improved at higher loads and 
TCP velocities (from 69% to 80% compensation). The 
inaccuracies in the force model or an unidentified relation 
between the apparent articulated robot stiffness and the 
velocity at which the task is performed could explain this 
improvement. The latter hypothesis requires further validation. 

 
Figure 5. Comparison of the mean deformation along the circular 

trajectories after offline (OFF) and online (ON) compliance 
compensation implementation at different TCP velocities. 

One of the disadvantages of the offline compensation strategy 
is the requirement for an accurate force model. In some 
applications, like the one exemplified in this work, the 
computation of the force vector and its transformation into the 
RBCS is apparently a straightforward task. However, in other 
contact applications, such as machining, the estimation of the 
cutting forces is a non-trivial task, and an erroneous estimation 
can result in defects that could be greater than the ones of the 
uncompensated task. Nevertheless, offline compensation is a 
compelling solution due to its resource efficiency. 

Besides the additional sensor requirement, an important 
limitation of the online compensation strategy is the latency 
between the measured and the compensated signal due to the 
limited accessibility to the robot controller signals. Nevertheless, 
even if high-frequency force components cannot be 
compensated, most of the geometric deviations are caused by 
the low-frequency components of the process forces [12]. 
Furthermore, this compensation strategy can capture and 
compensate unmodeled force variations which considerably 
reduces the modeling effort and allows the robotic system 
adaptability to different contact applications. 

5. Conclusions 

This study presents an experimental comparison of the 
performance of offline and online compliance compensation 
strategies applied to circular trajectories executed under loaded 
conditions. The results indicate that the online compensation 
strategy could reduce to a greater extent the mean deformation 
for the case of circular loaded trajectories, mainly when applied 
to higher load levels and TCP velocities. Nevertheless, it requires 
additional implementational effort (hardware and software) in 
comparison to the offline strategy. The applicability of these 
compliance compensation strategies must be subjected to a 
thorough analysis of the requirements for the specific task and 
resources constraints, and their performance should be further 
analyzed and compared in other types of contact applications. 
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Abstract 
Deep learning (DL) has proven to be a powerful tool for solving common machine vision tasks, such as image classification, defect 
segmentation and defect recognition. Usually, training DL models requires significant amounts of annotated data samples, which are 
generally sparse or of inadequate quality in many quality assurance applications in the engineering domain. Especially the thorough 
annotation of data yields a major obstacle for the generation of industrial datasets, since it is a complex, time-consuming task 
requiring expert knowledge of the process under examination. Further, the rareness of defects in rather stable production processes 
can lead to highly unbalanced datasets, hampering the training process. Combined with the seldom distribution of industrial data 
due to privacy concerns, the lack of data often hinders the adoption of DL approaches for quality assurance. Recently, network 
structures following the design of Generative Adversarial Networks (GANs) show astonishing results in the field of image synthesis 
and neural style transfer. Given a set of unpaired images from two domains, cycle-consistent GANs (CycleGANs) learn how to translate 
a given image from one domain to the other and vice-versa. This capability can be exploited to augment datasets in a controllable 
manner in order to alleviate the problems arising in the application of DL for realizing vision-based quality control. This work 
investigates the employment of CycleGANs to extend the image datasets for two use cases, the detection of pores in computed 
tomography data and the detection of surface defects on sheared edges of fine blanked parts. Given randomly generated binary 
masks, the trained CycleGANs are capable of generating an arbitrary amount of synthetic yet realistic images in the desired domains, 
alleviating the problems of both the data amount and the necessary annotations and demonstrating the great potential of image 
synthesis using GANs. 
 
 

Keywords: CycleGAN, deep learning, image synthesis, computed tomography, defect detection, quality assurance  

 

1. Introduction  

Data-driven automation and optimization of manufacturing 
systems within the fourth industrial revolution requires the 
ability to monitor, record and link any relevant process data and 
quality information to analyze them with respect to a 
subsequent decision process. Already today vision-based quality 
control (QC) systems are capable of monitoring many 
manufacturing processes and products yielding reliable results 
for an in-line quality control [1]. However, these systems face 
increasingly demanding conditions such as small batch sizes and 
complex geometries for additively manufactured (AM) 
components [2] or changing environmental conditions during 
mass production processes like industrial stamping [3]. Deep 
Learning (DL) methods promise to be a viable solution to cope 
with these conditions. One particular strength is the ability to 
extract features in a data-driven manner without the need of 
human intervention [4] and adapt themselves to the hidden 
structure of the data. For this reason, DL methods are 
considered a key technology in order to realize the vision of 
Industry 4.0 and have proven to exceed the capabilities of 
classical methods in common machine vision tasks such as 
defect classification, defect recognition or segmentation. 
However, DL methods usually require large, annotated datasets 
to reach a critical generalization effect to ensure that the 
complexity and variation of the targeted task have been 
captured. Only if the resulting (trained) model shows this 
capability, it can be used for a successful deployment in an 
industrial quality control application. 

Often, this prerequisite is not fulfilled in the industrial context, 
due to the high costs, necessary time or a lack of expertise for 
the proper annotation of large amounts of data. In order to 
overcome the resulting issues of insufficient data, multiple 
approaches have been proposed in the literature.  
This work investigates the employability of CycleGANs to 
augment industrial datasets to build reliable QC systems and 
implements CycleGAN models for two industrial QC 
applications. In general, generative adversarial networks (GANs) 
allow a semi-supervised learning of the underlying distribution 
of a given training dataset and can be used subsequently to 
synthesize realistic samples from the learned distribution. In 
particular, the CycleGAN architecture allows to map inputs from 
one domain to another, without requiring paired samples from 
image- and annotation domains for training. Our results indicate 
that CycleGANs can learn to generate realistic samples even 
without tuning and large datasets for both use cases. Given the 
different nature of the considered domains, the results show 
further that our approach is not limited to either of the domains 
and could be applied to other datasets in a straightforward way 
to generate synthetic data as well. 
This article continues in Section 2 with a revision of approaches 
that are used to augment datasets for QC use cases and 
introduces the concept of CycleGANs. Section 3 presents the use 
cases of a vision-based defect recognition of fine blanked sheet 
metal workpieces and of a Computed Tomography (CT) 
inspection process for detecting pores in AM parts. Section 4 
presents the implementation and results of the augmented 
datasets using CycleGANs. Sections 5 and 6 conclude the article 
with a summary and future research directions.  
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2. Related work      

Comparably large annotated datasets, as they are used for 
benchmarking DL methods in ML sciences, are often not 
available with the necessary quality in the industrial context, 
either because annotating large amounts of data is an expensive 
task or because small batch sizes hinder the acquisition of a 
sufficient number of data points. In addition, industrial datasets 
are often unbalanced, e.g. since imperfect parts are usually 
produced less often than good parts, leading to a dangerous bias 
of the trained models.  
 
2.1 Data augmentation for Deep Learning 
One common way to reduce the impacts of an insufficient data 
basis (such as overfitting) is to add data augmentation to the 
model training process [5]. While not altering the data basis 
itself, classic augmentation techniques such as random flipping, 
mirroring, rotating or cropping/resizing of the input image add 
an additional amount of variation during the training process [5]. 
While preventing models from overfitting to a certain degree, 
these augmentation techniques are not capable of covering 
cases that are not present in the dataset at all. Especially in cases 
of strong class imbalances, as they are often present for the 
detection of rarely occurring defects, such augmentation 
techniques provide only limited remedy. 
Another possibility is to use a simulation of a process under 
investigation, acquiring simulated data. Especially in the field of 
computed tomography, simulations are a common way to 
investigate sources of influence on the image acquisition process 
like the parts orientation [6]. In general, these simulations are 
subject to a trade-off: Extremely precise simulations, such as 
Monte-Carlo simulations, can generate authentic images but 
suffer from long computation times, making their application in 
practice unattractive [7]. Fast simulations like ray casting, on the 
other hand, can generate images almost in real time but sacrifice 
a significant amount of precision. Although simulated data can 
be used to leverage data size issues, as shown in [8] for CT 
images of aluminium casts, require even simplified physics-
based simulations the configuration of many parameters that do 
not necessary correspond to ones of real CT systems, resulting 
in a tedious and error-prone setup process [9].  
 
2.2 Cycle-consistent GANs 
An alternative to a complete, physics-based image simulation 
are Generative Adversarial Networks (GANs). GANs are 
composed of two neural networks, a generator network G and a 
discriminator network D that are trained adversarially in a zero-
sum-game. During training, D is exposed to samples from the 
training dataset as well as samples synthesized by G and learns 
to distinguish so-called ‘real’ from ‘fake’ samples. Upon that, G 
learns a mapping from a tensor from a different domain to 
synthesize samples that resemble samples from the training 
distribution. G can be used subsequently as a neural sampler for 
data augmentation. Neufeld et al. showed for the use case of 
automotive pistons that GANs can generate realistic CT slice 
images [10]. CycleGANs [11] are an extension of the GAN 
framework that comes with multiple advantages for data 
augmentation. The vanilla GAN architecture is extended by an 
inversely directed GAN resulting in the structure depicted in 
Figure 1. CycleGAN’s training procedure relies on cycle 
consistency, transforming a given image from its domain A to the 
desired domain B and back. After training, the individual parts of 
the CycleGAN can be used independently, e.g. by using one of 
the generators to transform images from domain A to domain B 
and vice versa.  
In this study, this domain transformation capability shall be 
exploited to investigate the plausibility of generated synthetic 

images for two industrial use cases. As demonstrated in [12] for 
the case of biomedical particles, using images and binary masks 
as datasets enables the CycleGAN model to relate both domains 
to each other in a semi-supervised manner. The respective 
generator parts can then be used to either segment elements in 
the image (particles, pores, defects, etc.) or to synthesize images 
given a binary mask. Hence, by forwarding a random-generated 
(yet realistic) binary mask through the respective generator part 
of the CycleGAN, it is possible to acquire an arbitrary amount of 
new images to enrich the initial (real) image dataset.  

3. Experimental setup and data preparation 

This section introduces the investigated use cases and the 
respective datasets. Further, the implementation and training 
procedure of the CycleGAN models is outlined. 
 
3.1. Porosity determination of AM parts using CT 
AM parts are considered in an increasing number of applications 
due to their high degree of flexibility. However, QC for AM parts 
constitutes a challenge due to the small batch sizes and complex 
manufacturing process. An important characteristic influencing 
(among others) the quality of the manufactured parts is the 
degree of porosity. To determine the effective part quality, an 
accurate, but non-destructive assessment of the pore density is 
required. One common non-destructive method is the CT-based 
pore analysis. Wong et al. applied a 3D U-Net for pore 
segmentation in CT images of AM parts with promising results. 
However, they state that for a deployment of the approach more 
data is required to ensure a proper model generalization [13]. To 
investigate, how well pores of AM parts can be synthesized using 
a CycleGAN model to enrich a respective dataset, a CT scan of a 
Laser Powder Bed Fusion (LPBF) generated specimen was 
conducted for this study. Figure 2 shows the reconstructed CT 
volume on the left and an exemplary slice of the volume on the 
right. The pores formed during the AM process of the specimen 
are clearly visible as dark, mostly circular spots in the slice. The 
resulting stack of high-resolution slice images (3322 x 3325 px) 
was transformed into a more homogenous patch-dataset to 
focus the investigation on pores. Each slice of the specimen was 
cropped into quadratic, non-overlapping patches of size 300 x 
300 px, explicitly excluding patches including transition areas 
between material and background, resulting in a patch-dataset 
of over 8000 image patches in total, where each patch was 
stored individually as a distinct image. To generate ground truth 
masks of the present pores for each patch, an automated, locally 
adaptive gray value based approach was chosen to segment 
pores in the image patches. In contrast to a global threshold, this 
approach accounts the severe effect of beam hardening better, 
which can be observed in Figure 2 on the right. An example of 
such a generated ground truth mask is shown in Figure 3. Finally, 
the resulting image (patch) dataset is divided in a random, but 
fixed manner, in a train- and a test split, where 90% of the data 
is kept as the training set for the CycleGAN model. 

Figure 1: Outline of the CycleGAN architecture, consisting of two 
discriminator- and two generator pathways. The generators transform a 
given input (image) from one domain to the other, while the 
discriminators assess the plausibility of the given input. For the sake of 
clarity, the cycle consistency is shown for one pathway only. 
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3.2. QC of sheared edges of fine blanked parts  
Fine blanking allows for the mass production of tolerance-
compliant sheet metal workpieces. The quality of fine blanked 
parts is defined by the state of the smooth cut section as 
described in VDI 2906 [14], that is reduced by the die-roll, 
tearings and the cut-off zone. To allow for the quality-driven 
optimization of fine blanking production processes, Trauth et al. 
proposed the development of a 100 % capable inline machine 
vision system that assesses the quality of fine blanking sheared 
edges and acquired an image dataset of side views of fine 
blanked parts for that purpose [3]. In a preliminary work, it was 
found that Convolutional U-Nets [15] are well suited to measure 
the height of the cut-off zone based on the dataset from [3, 16]. 
However, it was observed that examples of tearings are 
underrepresented in the dataset, eventually hampering the 
recognition of tearings with the used approach. To investigate 
this further, [16] propose to artificially increase the number of 
tearings using generative data augmentation techniques [17]. 
Herein, we took the dataset from [16] and extracted 40 unpaired 
patches of tearings and their respective masks (cf. Figure 4).  
 
3.3 Implementation and training of CycleGANs  
To account for the different image domains, two different 
architectures for the CycleGANs were used: For the generation 
of pores in CT images, a custom implementation of the original 
proposal of Zhu et al. [11] was used, modifying the input- and 
output dimensions in accordance to the gray value images. For 
the generation of tearings on sheared edges of fine blanked 
parts, a pre-trained, out-of-the box implementation provided by 
the TensorFlow framework [18] was used without further 
modifications. The trainings were performed on a NVIDIA GV100 
GPU with 32 GB of VRAM. For the training of the individual 
CycleGAN models the same approach was followed: Each model 
was trained on the respective training sets, splitting them 
further into a training- and validation part using an 80-20 ratio. 
The training split was augmented during training using random 
flipping and -cropping of the images to a size of 256 x 256 px. 
The resulting images were normalized in accordance with the 
network specifications. Finally, both models were trained for 

100 epochs, lasting in the case of the larger CT patch dataset up 
to 40 hours. During the training, the network behaviour was 
monitored on the validation split to prevent overfitting. 

4. Experimental results 

4.1. CT pore image generation   
To generate realistic synthetic CT patches of the specimen, the 
trained CycleGAN model is used in its inference mode. First, a 
simple binary mask consisting of round pores is randomly 
generated. The number of pores is randomly drawn from a 
uniform distribution between 20 and 50 pores per image. This 
mask is forwarded through the respective generator part of the 
CycleGAN model to generate a first synthetic CT-patch. In 
principle, this first image would be already sufficient to enrich 
the real dataset. However, the simple generated mask does not 
really correspond to a realistic pore segmentation, since real 
pores encounter various irregular forms. To create more realistic 
masks, the generated synthetic image is forwarded through the 
contrary generator of the CycleGAN model, whose output can 
be interpreted as a probability map for the occurrence of pores. 
After thresholding this output at a high threshold value (0.9), the 
resulting mask can be forwarded through the image-generator 
once again, generating the final synthetic CT patch. The second 
forwarding of the mask through the image-generator ensures 
that the resulting synthetic image is generated from the given 
mask, hence providing a distinct ground truth segmentation for 
the synthetic image inherently. Figure 5 shows a qualitative 
example of the complete generation pipeline, starting from a 
simple mask (top left) towards the final synthetic CT patch 
(bottom right). Visually, the obtained synthetic samples match 
the real CT patches as displayed in Figure 3 closely.   

4.2 Generation of tearings on sheared edges 
For QC of fine blanking processes, the available dataset does not 
provide a suitable amount and variance of tearings on the 
sheared edge to build a model that is able to reliably recognize 
tearings even in rare forms and positions. As a consequence, it 
was investigated whether the trained CycleGAN model can be 
utilized to augment the dataset by generating synthetic tearings. 
The synthesized tearings can subsequently be inserted into the 
original data at desired positions both in the image and mask 
domain. An advantage of the usage of a CycleGAN is the 
possibility to integrate multiple tearings with arbitrary shapes 
and positions into the data and the ground truth masks with all 
relevant quality characteristics (size, number, etc.) in the same 
step. For this initial study, a simple mechanism generating and 

Figure 5: Example of the pipeline for CT patch generation. Starting from 
a simple mask, the patch and the image are refined through a series of 
forward-operations by the trained CycleGAN model. 

Figure 2: Overview of the used specimen for pore segmentation in CT 
data. Left: 3D-view of the specimen. Right: 2D-slice. 

Figure 3: Example of a constructed binary mask for a real CT patch as 
ground truth. 

Figure 4: Examples of manually extracted tearings patches and masks 
of tearings. 
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translating ellipses into elliptically shaped tearings using a 
trained CycleGAN model was tested. Given such a generated 
elliptical mask, the CycleGAN model generates an image patch 
containing a synthetically generated sheared edge surface, too. 
To maintain the original appearance of the target image, this 
mask of the synthesized ellipse can be multiplied with the 
synthetic patch leaving only the synthetic tearing of interest. As 
the fine blanked part is located almost at the same position in all 
images of the dataset, a region of interest was defined to paste 
the elliptical tearings at random positions on top of the sheared 
edge within that region. Figure 6 shows an example of a fine 
blanked part image before and after pasting multiple elliptical 
tearings, displaying plausible, synthetic defects. 

 
Figure 6: Original side view of a fine blanked workpiece and 
corresponding ground truth mask (left) and augmented with multiple 
synthezised elliptical tearings (right). 

5. Conclusion  

The main obstacle for the broader adoption of DL methods in 
industrial quality assurance use cases is the scarcity and quality 
of an available dataset. CycleGANs, being trained in a semi-
supervised manner, are able to generate realistic synthetic 
samples suited to augment given datasets by either full images 
directly or by altering the appearance of existing images. In this 
study, it was shown how CycleGAN models can be trained and 
used to augment datasets for two industrial QC use cases, a CT-
based pore detection application for AM parts and an image-
based quality control of fine blanked workpieces. The proposed 
method yields promising results with visually convincing sample 
quality, indicating the potential benefit of CycleGANs for 
building more reliable QC models by largely extending sparse or 
unbalanced datasets with annotated synthetic images. 
However, the exact benefit of synthetic data for QC needs to be 
determined in future work. Further, both models show no 
particular domain dependency, being thus applicable to other 
industrial image datasets as well. Concluding, CycleGANs can be 
considered as a valid method to extend the data basis both with 
synthetic samples and the corresponding ground truth masks if 
the given amount of annotated data is not sufficient. 

6. Future work 

Direct subsequent work will investigate whether the addition of  
samples synthesized by the implemented CycleGAN models to 
the use case datasets leads to higher recognition rates when 
deriving corresponding segmentation models, such as the U-Net 
from [16]. Therein, the authors plan to perform a quantitative 
analysis of the quality of generate samples and defects. In 
accordance, some parameters of the initial mask generation will 
be optimized to align the real- and synthetic data distributions 
better. Instead of synthesizing elliptically shaped tearings, 
common data augmentation techniques such as mirroring or 
resizing and other affine transformation could be used to 
generate tearings masks that resemble the actual appearance 
more tightly. For the CT use case, in a first step the dataset for 
the image synthesis will be extended by including patches from 
the transition areas as well. Following, a synthesis of complete 

CT slices directly will be investigated for more universal 
applicability. Beyond this, the authors look forward to extent the 
augmentation approach to even more sophisticated models, 
such as proposed recently in [19].  
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Abstract 
Innovative development of EV have been required for global warming countermeasures. In order to overcome the problem, one of 
the most efficient method is to realize a non-axisymmetric non-circular inner bore machining within several tens of micrometres. 
However, there is no machine tool coping with the machining method. Our research purpose is to develop the high-performance 
spindle that can machine parts by positioning the tool cutting edge to the arbitrary position with electromagnetic force. This 
developed spindle enable to machine both the inner cylinder profiles for EV motors and internal combustion engines with high 
precision. The positioning control method has been developed by applying a disturbance observer for the cutting force. Finally, we 
installed this method into a machining center and evaluated the machining performance of the disturbance observer. From the 
results of machining experiments, the deviation between the designed input and displacement of tool cutting edge converged into 
+-1.5 micro meter. 
 
Position control, Bearingless motor, Radial force, Non-axisymmetric surface boring 

 

1. Introduction 

In this research, we have developed a new spindle motor that 
can control both the radial force and the rotational torque 
simultaneously and synchronously. This makes it possible to 
control the rotational motion of the spindle and the 2-
dimensional position of the tool position attached on the spindle 
depending on the rotational position simultaneously. Therefore, 
we have developed a high-performance machine tool spindle 
based on this concept and aim to machine the non-circular 
shape as shown in Figure 1. In order to realize this complex 
surface machining, a control model required for position control 
of the tool cutting edge of the spindle is constructed. In order to 
improve the control performance, it is necessary to estimate and 
eliminate the disturbance due to cutting force. Therefore, we 
are developing a new control system that can eliminate the 
actual disturbance estimated by the disturbance observer and 
feedback the estimated cutting force. By implementing this 
method on machine tools, the disturbance can be removed 
accurately and the machined profiles can be expected to obtain 
the higher accuracy. Also, in the simulation, the performance of 
the positioning control was evaluated by applying a disturbance 
assuming the cutting force actually applied. Finally, the 
performance of the disturbance observer using the actual 
spindle are evaluated. When a cutting force applied to the actual 
spindle, the disturbance accurately estimated and eliminated, 
and the validity of the control model was enough effective for 
the control. 

 
Figure 1. Diagram of non-circular processing 

2. Proposed Spindle  

Figure 2 shows a schematic diagram of the new spindle unit 
developed in this study. The spindle motor that has two 
functions of both a magnetic bearing and AC motor is applied. 
This motor generates rotational torque and the radial force 
supporting the spindle with a non-contact manner by the 
magnetic bearing function. This motor is often called bearing-
less motor [1], [2], and can change the radial position by 
controlling the radial force and rotational position at the same 
time. As a result, the position of the tool cutting edge can be 
controlled synchronizing with the spindle rotational position, 
and the desired cutting edge trajectory can be controlled. The 
target control stroke is about 5 [μm]. Rated output of bearing-
less motor is designed 4.5 kW. 

   
Figure 2. A schematic diagram of the new spindle unit 

 

3. Construction of spindle displacement control model    

In this study, the radial motion of the spindle is assumed to be 
a model of one degree of freedom system. In this case, the 
equation of motion can be expressed as eq. (1), eq. (2) using the 
equivalent mass 𝑚[kg], damping coefficient 𝑐 [N/(m/s)], spring 
constant 𝑘[N/m], and radial electromagnetic force 𝑓𝑥. The radial 
electromagnetic force 𝑓𝑥  is proportional to the target position 
depending on the spindle rotation position. Therefore, the 
equation of motion is expressed as eq. (3), eq. (4) using the 
calibration coefficient 𝐾𝑐  between force and displacement. 

 

221

http://www.euspen.eu/


  

𝑓𝑥 = 𝐾𝑐𝑥1𝑡(𝑡) = 𝐾𝑐𝑅(𝜃(𝑡)) cos(𝜃 (𝑡))  (1) 

𝑓𝑦 = 𝐾𝑐𝑦1𝑡(𝑡) = 𝐾𝑐𝑅(𝜃(𝑡)) sin(𝜃(𝑡))  (2) 

𝑚𝑥1 ̈ (𝑡) + 𝑐𝑥𝑥1̇(𝑡) + 𝑘𝑥𝑥(𝑡) = 𝑓𝑥(𝑡)   (3) 
𝑚𝑦1 ̈ (𝑡) + 𝑐𝑦𝑦1̇(𝑡) + 𝑘𝑦𝑦(𝑡) = 𝑓𝑦(𝑡)   (4) 

 
 
 

 

 
Figure 3. Simple model of spindle 

 

In actual control, in order to keep the control cycle constant, 
the target position changes depending on the rotation position 
is obtained synchronizing with the control cycle. Therefore, it is 
necessary to interpolate the number of data per circumference 
of the cross section of the workpiece and the data between the 
rotation positions. Although only the X-axis directional position 
is described here, the Y-axis directional position can be 
considered in the same way. 
    

4. Confirmation of transfer function      

The main position control of the spindle axis is controlled with 
a P-I-P position control system as shown in Figure 4. When the 
step command value of 5 µm is given to the positive direction of 
the X-axis, the displacement, the velocity from each 
displacement and the current for supporting force are measured. 
The transfer function is calculated from these. Figure 5 shows 
the amplitude of the transfer function. From the figure, although 
the resonance frequency of the spindle can be confirmed, it is 
enough small that is not a serious problem for the boring. 
Therefore, we construct a control model consisting of mass, 
damping constant, and spring constant from the measured data. 

 

Figure 4. Block diagram for axial center position control 

 

Figure 5. Amplitude of transfer function 
 

5. Parameter estimation      

The equivalent mass m [kg], spring constant k [N/m], and 
damping coefficient c [N/(m/s)] in both X- and Y-axis directions 
are identified. These are used for control the position of the 
mass-spring-damper system. The static rigidity was measured by 

pulling the front end of the prototype with a force gauge. In 
addition, hammering test was performed on the front end of the 
rotating shaft of the prototype to measure the dynamic rigidity. 
   
5.1. Identification of spring constant  

Figure 6 shows the measuring method for static stiffness and 

Figure 7 shows the spindle model. As shown in Figure 6, gap 

capacitance sensors were attached in the X- and Y-axis directions, 

and the front end of the rotation axis was pulled to the X- and Y-

axis directions. At this time, the tensile force was added in a few 

seconds, and both the tensile force and displacement were 

measured. The static rigidity was calculated from the measured 

tensile force and displacement. Here, as shown in Figure 7, some 

displacement occurs with reference to the fulcrum between the 

two angular bearings. Therefore, the displacement at the 

observation point with respect to the radial load was converted 

into the displacement at the control point and plotted in each of 

the X- and Y-axis directions. Figure 8 shows the relationship 

between the tensile force in the X-axis direction and the 

displacement. The slope of a line in the graph expressed a spring 

constant obtained dividing the force by the displacement. Based 

on this, the spring constants in each of the X- and Y-axis 

directions were identified according to the actual displacement 

from the experimental procedure. 

 

 
Figure 6. Measuring method of static stiffness 

 

 
Figure 7. Spindle mode

 
Figure 8. Identification of static rigidity (X-axis direction) 

 

5.2. Identification of equivalent mass 
Using the obtained resonance frequency and spring constant, 

the equivalent mass in the radial direction was identified. As 
shown in Figure 9, a laser displacement sensor was attached to 
the front end of the rotating shaft of the prototype. The dynamic 
rigidity was measured by hammering the front end of the 
rotating shaft in X- and Y-axis directions. Figure 10 shows the 
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hammering waveform at the tip of the spindle in X-axis direction 
near the resonance frequency. From the results in Figure 10, it 
can be seen that the peak frequency in X-axis direction is 275 Hz. 
Therefore, this frequency was used as the resonance frequency, 
and the equivalent mass was identified in X- and Y-axis directions. 
Equations (5) and (6) for identifying the equivalent mass using 
the spring constant from the difinition of resonance frequency 
are shown.  

 

𝑓 =
1

2𝜋
√

𝑘

𝑚
   (5) 

𝑚 =
𝑘

(2𝜋𝑓)2  (6)               

 
5.3. Identification of damping coefficient 

The logarithmic decrement was calculated from the results of 
the hammering test that was vibrated in X- and Y-axis directions. 
Figure 11 shows a result of the hammering test of X-axis 
direction. From the results in Figure 11, the logarithmic 
decrement was identified from the ratio of the amplitude in the 
first waveform to the amplitude in the fifth waveform, and the 
damping coefficient was identified. The damping coefficient in 
the Y-axis direction was also identified. As a result of identifying 
the parameters, all the parameters in X- and Y-axis directions are 
shown in table 1. The reason why the parameter values are 
different in the X- and Y-axis directions is that the different 
responses are obtained in each direction depending on the 
structure that supports the spindle. From these results, the 
spindle system can be considered as a model of the spring-
damper system in X- and Y-axis directions as shown in Figure 12. 

 

 
Figure 9. Measuring method of dynamic stiffness 

 

 
Figure 10. Dynamic rigidity (X-axis direction) 

 

 
Figure 11. Logarithmic decrement (X-axis direction) 

 

 
Figure 12. Two-way model of spindle 

 
Table1 Identified model parameters 

 Equivalent 
mass[kg] 

Spring 
constant[N/m] 

Damping 
coefficient[N/(m/s)] 

x 4.723 1.41e7 1340.643 

y 4.594 1.17e7 2233.628 

 

6. Building up a disturbance observer  

A control model with a disturbance observer is build up and 
implemented. Figure 13 shows a block diagram that includes 
control of the magnetic force of the spindle by attaching a P-I-P 
controller. All the parameters are shown in table 2. A simulation 
was performed to remove disturbances, assuming an actual 
testing machine. The command value is converted into force by 
the P-I-P controller and the conversion coefficient of current and 
force. After that, the disturbance estimates obtained by the 
disturbance observer were fed back to suppress the disturbance. 

In addition, the input was set to 0 [m] and the state was made 
stationary, and a ramp-like disturbance (a disturbance that 
became 0 to 10 [N] in 0.05 seconds) was added assuming actual 
boring processing. A simulation was performed under these 
conditions to confirm the disturbance removal effect with and 
without the disturbance observer. Figure 14 shows the added 
disturbance. Sampling frequency is 12.5[kHz]. The cutoff 
frequency of the low-pass filter is 1 [kHz]. 
 

 
Figure 13. Block diagram with disturbance observer 

 
Table2 Experimental parameters  

 
 

 
Figure 14. Inputted disturbance 

 

7. Verification of disturbance removal effect  

7.1. About the disturbance removal effect by simulation 
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Figures 15 show the results without and with the disturbance 
observer when the disturbance becomes constant in 0.05 
seconds. It can be seen that it takes time to converge without 
feedback, whereas the waveform converges quickly with 
feedback. In the case of without feedback, the minimum output 
value became smaller and the amplitude reduction rate was 
66.3%. The result demonstrates that our control system was 
able to estimate the disturbance and accurately remove the 
added disturbance. 

 
Figure 15. Output displacement 

 
7.2. About the disturbance removal effect by machining test 

The effectiveness of the disturbance observer was verified by 
machining test. For the rotation trajectory, the origin support 
control was used to set the axis center at x and y to 0 positions. 

Figure 16 shows the output without the disturbance observer, 
Figure 17 shows the output with the disturbance observer, 

Figure 18 shows the observer calculation result. Comparing the 

displacements in the X- and Y-axis directions, it can be seen that 
the result with the disturbance observer is about 30% closer to 
the origin than the one without it in both the X- and Y-axis 
directions. Figure 19 shows the comparison of both with and 
without disturbance observer. 

The origin support performance was better with the 
disturbance observer, indicating that the disturbance observer 
functioned effectively. 

 

 
 

Figure 16. Displacement without disturbance observer 
 

 
Figure 17. Displacement with disturbance observer 

 

 
Figure 18. Observer calculation result 

 

 
Figure 19. Compared result of both with and without disturbance 

observer 
 

8. Conclusions  

In this study, we have developed a new machine tool spindle 
with a special motor that can control the radial force and the 
rotational torque simulatiously and synchronizing. The results 
obtained were as follows: 

1) The coefficients of spring constant, equivalent mass, and 
damping force used in the spring-damper control model were 
identified. 

2) A disturbance observer that can estimate and remove the 
disturbance of the spindle was developed. 

3) It was confirmed by simulation that the proposed 
disturbance observer can estimate and remove disturbances 
effectively. 

4) Through machining tests, it was confirmed that the 
disturbance observer was effective for control performance.  

Further developments are planned to machine the inner 
boring for the EV motor case and the inner combustion cylinder 
by installing this spindle into the machining center. 
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Abstract 
Modern machine tools have a plethora of sensors that are used to operate machines’ closed-loop motion control and safety. With 
these sensors, the state of the machine tool can easily measure or estimate motion variables, like position, motor current etc. This 
knowledge and control of machine motion can be termed as ‘motion-awareness’. However, these sensors fail to provide the state of 
the process, like the actual position of the tool centre point with respect to the workpiece. Various influences like, limited stiffness 
of structure, thermal deformation, tool wear etc. result in error in estimating the TCP position and subsequent dimensional error on 
the workpiece. Newer predictive CAD-CAM simulations provide the option to consider machine behaviour (e.g. volumetric errors, 
compliance). However, they cannot estimate the random errors during the process, and thus fail to predict the state of the process 
accurately, or in other terms ‘process-awareness’. Thus, most of the produced parts, especially in performance or safety-critical 
applications, pass through probing and CMM at various stages of production. 
For processes like milling, cutting forces already hold key to number of models. Hence this study describes a force and acceleration 
sensing tool holder for milling machines to provide process-awareness and by extension the self-awareness of the machine tools. 
The tool holder enjoys wireless data and power transmission, thus allowing it to have a plug and play feature. The data is then 
received by an edge computer which also collects additional data from the machine tool controller. This data when processed with 
additional models makes the state of the machining process observable. At the current state of development, our models estimate 
in real-time the in-progress workpiece geometry and identify chatter. Additional dimensional analysis on the estimated part geometry 
reveals the quality of operation before the part is taken off the machine. With the help of additional sensors and models running in 
real-time, the modern machines can be imparted with an awareness of the process. 
 
Self-aware machine tools; Process monitoring; Virtual metrology; Edge computing; Process parallel quality estimation; Digital 
shadow; Digital twin; Closed-loop manufacturing 
         

 

1. Introduction 

Before elaborating any details about the promised sensors 
stated above in the abstract, it is important to define self-
awareness in the context of the machine tools. At a 
manufacturing facility, the value addition is achieved by 
converting the given workpiece blank to the desired part as 
described by its nominal geometry in form of 
CAD/manufacturing drawings. A trained human selects the 
appropriate operation and machines, investigates the fixture 
and clamping options, and with the help of the CAM package 
calculates the tool path (refer to Figure 1). Whereas the value in 
manufacturing is added only in the conversion of the raw 
workpiece to a more useful part, the various tools employed by 
the human are mere means of production and any additional 
expenditure here reduces the efficiency of the system. Although 

existing commercial CAM packages offer a great deal of 
automation for tool path calculation and collision detection, it is 
far from taking over the job of a trained technician, as it can’t 
reliably optimize the cutting parameters for material removal 
rate and/or tool wear or chatter avoidance, while guaranteeing 
the expected tolerance. 

The machine tools can very well control their motion platform 
with very high positioning accuracy. The machines’ ability to 
sense and control position and speed under no-load conditions 
can be called ‘motion-awareness’. However, the same motion 
platform and its controller can be employed for various 
manufacturing processes, without any knowledge of the type of 
operations performed on the machine. This interoperability of 
controllers ignores the ‘process-awareness’ in the machine 
tools. The modern machine tools lack this ‘process-awareness’ 
and by extension the ‘self-awareness’. As an example, they are 
aware and can control the axes position as seen by respective 
encoders, however, are blind to the process data and models 
like cutting force, tool wear etc. 

This article aims to contribute to sensors and methods that can 
help modern machine tools achieve an awareness of the 
process. A self-aware machine tool will be able to perceive the 
effects of various influences based on the data made available 
from the existing and developed sensors. The awareness has 
two aspects: sensing and perceiving. Where sensing is about 
collection of raw data, perceiving is about converting this data 
into more meaningful abstraction. 

Figure 1. Value addition in manufacturing. 
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The knowledge of process forces can already help model 
among others, tool deflection [1], workpiece deformation [2], 
tool wear [3], and chatter [4]. This makes process force a 
significant factor in modelling. Force estimation from motor 
current is an approach that does not require additional sensors 
on the machine tool as this information is readily available at the 
machine tool controller [5]. However, due to the inherent low-
pass nature of the drive motor current in closed-loop, high 
bandwidth force information is not available. 

Commercially available table top dynamometers are widely 
used force measurement systems however, the associated high 
cost and mounting restrictions make them difficult to use on 
end-user machines. Another location to measure force is at the 
tool holder. Here Kistler offers a rotary dynamometer, which can 
measure up to 5 kN with a natural frequency of 2 kHz and a mere 
12 bit analog to digital conversion [6]. Pro-Micron GmbH, 
Germany has also showcased a tool holder with bending 
moment and torque measurement capabilities. However, the 
battery-operated system has a maximum sampling rate of 
2.5 kHz [7]. Apart from force measurement, the commercial 
instrumented tool holder systems also provide 
vibration/acceleration measurement. Schunk’s iTENDO2 tool 
holder can measure acceleration and transmit data wirelessly at 
300 kb/s for 10 hours of continuous use [8]. Although 
accelerometers can be used for chatter detection, any further 
insight into the process would be difficult with such a tool 
holder. 

Apart from the commercially available dynamometers and 
instrumented tool holders and spindles, many academic efforts 
have also been reported. Placing a force sensing element as 
close as possible to the workpiece-cutter engagement zone 
means that the force is not mechanically filtered in the 
transmission path. Adolfsson and Ståhl placed strain gauges 
between the cutting insert and tool holder, thereby absolutely 
minimising the force transmission path [9]. 

For solid carbide tools, it is not possible to measure the forces 
at the tool tip by sensors/gauges. In such cases, an instrumented 
tool holder presents an attractive alternative. Here the choice of 
sensing elements such as strain gauge or the piezo-electric 
sensors need not restrict the bandwidth of the system, it is 
rather the structural dynamics of the tool holder that presents a 
bottleneck. Often the strain gauge based systems exhibit a 
marginally lower bandwidth and lower dynamic stiffness of the 
structure due to the construction to achieve a high strain region 
for gauging. Nonetheless, these systems can be found anywhere 
between 0.5 kHz to almost 2 kHz. Gauges mounted on special 
purpose-designed structures are reported in [10, 11]. Since 
piezoresistive strain gauges offer very high sensitivity (~100 
times more than metal wire based gauges), they can be directly 
mounted on the tool holder [12]. 

2. Sensing tool holder 

2.1. Design 
A sensing tool holder is made up of various building blocks, 

each block is meant to fulfil at least one function (refer Figure 2). 
Where physical measurements are carried out by sensing unit, 
data processing such as filtering, and scaling is performed on the 
processing unit. In the case of a sensing tool holder, it is also 
important that the data is transmitted wirelessly which requires 
additional capabilities from the transmission block. Otherwise, 
this data transfer can be carried out using machine’s wired 
Fieldbus networks like EtherCAT® and ProfiNet®. The above-
mentioned building blocks also require power, which is 
managed by a power unit. 

The piezoelectric sensors and high-resolution displacement 
sensors are not only expensive, but their subsequent 

instrumentation is also expensive. On the strain gauges end, the 
piezoresistive gauges offer high sensitivity and when resolved 
using high-resolution ADCs they provide unmatched benefits 
over other sensors. They are available in 0402 
(0.4 mm0.2 mm) package size with a gauge factor between 
150 and 200. 

For the prototype, an off-the-shelf HSK-A32 tool holder from 
Haimer is modified to receive instrumentation. The bending 
moment in two perpendicular directions and torque (moment 
along tool axis) is measured using the strain gauges glued on the 
body in a full-bridge configuration. 

Three single axis MEMS accelerometers (ADXL 100x, -3 dB 
bandwidth: 21 kHz) are also mounted on the tool holder. Two of 
the accelerometers are mounted on an aluminium disc press-
fitted onto the tool holder body. These accelerometers measure 
the motion in two normal directions. This placement avoids the 
measurement of radial acceleration, which can overwhelm the 
sensors at high spindle rotation speeds. Whereas a third 
accelerometer is directly mounted in the axial direction on the 
tool holder body. Modal analysis (FEM) shows that the out of 
plane bending modes of the mounting disc starts to show at 
around 15.5 kHz. However, the mode that affects the 
accelerometers’ measurement direction is the torsion mode, it 
appears at a very high frequency (>38 kHz, refer Figure 3). 
The required bandwidth of the wireless data transmission 
depends on the sample rate and the resolution. It should be 
noted that the wireless transmission also results in extra data 
added in form of a header. Considering sampling of 6 channels 
(3 strain gauges and 3 accelerometers) at 16-bit resolution at a 
rate of 20 kSps, a throughput of 1.92 Mbps is required. ISM band 
in 2.45 GHz and 5 GHz offers many wireless protocols, where 
Bluetooth® and WiFi® offer this kind of throughput right out of 
the box. 

The last part of the instrumentation is the power supply. Since 
the prototype tool holder is intended to be used with DMG US 
20 milling machine, the inductive power is provided by the 

Figure 2. Function blocks of the sensing tool holder 

Figure 3. Mounting of accelerometers (top), mode shapes of the 
mounting disc 
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machine’s amplifier. The amplifier on the machine is designated 
for tool holders with ultrasonic vibration-assisted machining, 
where the power to the actuator in the tool holder body is 
inductively provided by a coil placed at the spindle nose. This coil 
at the spindle nose is utilised for the power transfer to the 
sensing tool holder (refer Figure 4).  

2.2. Static and dynamic testing 
The assembled instrumented tool holder is first calibrated for 

the sensitivity of the bending moment strain gauges. A simple 
setup to apply static load by making soft contact against a load 
cell is used, while the tool holder is clamped in the machine 
spindle. A static stepped load is applied at a known distance 𝑙 
from the strain gauges and the response from the bending 
gauges is recorded. A Moore-Penrose inverse gives a solution for 
the sensitivity by using applied bending moment 𝑀 = 𝑙𝐹 and 
the measured bridge output voltage 𝑉𝑜(𝑜=𝐴 𝑜𝑟 𝐵) for 𝑉𝑒𝑥  = 5 V of 

excitation potential across the full-bridge: 

 (
𝑉𝐴

𝑉𝐵
) [mV] = (

15.97 0.21
0.23 16.16

) [mV/Nm] (
𝑀𝐴

𝑀𝐵
) [Nm] 

(1) 

where, 𝑉𝐴 and 𝑉𝐵 are the output of strain gauge bridges 
measuring bending along axis 𝐴𝐴 and 𝐵𝐵 respectively, and 𝑀𝐴 
and 𝑀𝐵 are moments applied along the axis perpendicular to the 
plane containing the tool axis and 𝐴𝐴 and tool axis and 𝐵𝐵 
respectively. It can be seen a small (<1.5%) cross-talk exists 
between the two directions.  

The objective of the dynamic testing is to identify the 
frequency response of the structure and sensors. As the 
identified sensitivity is only valid for the quasi-static domain, any 
higher frequency cutting forces can’t be estimated from that. To 
identify the frequency response of all the sensors (strain and 
accelerometers) an impact test is performed. 

A modal testing impact hammer PCB086 with a hard metal tip 
is used to excite the end of a short blank clamped in the 
instrumented tool holder. The tests were performed for the 
main axis and cross talk. A miniature high bandwidth 
accelerometer PCB® 352C67 is also placed on the short tool 
blank to measure the collocated response. 

The estimated FRFs of all the sensors is plotted in Figure 5 It can 
be seen that all the sensors agree on the occurrence of the first 

mode to be beyond 1000 Hz. The power spectral density of the 
hammer’s sensor reveals that the excitation energy drops 
beyond 3500 Hz, and data after that should be disregarded. 
Since the peaks of various sensors lie beyond 1000 Hz, it can be 
regarded as the uncompensated bandwidth of the instrumented 
tool holder. 

As an example, a tool with 4 cutting edges (z=4) cutting at 
12000 rpm would result in a tooth passing frequency of 800 Hz. 
Which is almost the limit of uncompensated bending moment 
estimation from the strain gauges. Also from FRFs of the strain 
gauges, it can be seen that the gap between the cross-talk and 
applied direction decreases at higher frequencies (increase in 
condition number). 

2.3. Cutting test 
A simple cutting test where a piece of titanium alloy is 

machined while measuring the cutting forces using a stationary 

Figure 6. Active cutting force 𝐹𝑎𝑐, cutting test performed with a 
used/worn out tool with two cutting edges (z=2), 6 mm at 1000 rpm. 

𝐵 𝐵

Figure 4. Schematic of the instrumented tool holder clamped in the 
machine spindle. Left: the strain gauges along 𝐵𝐵 axis measure the 
applied moment from instrumented hammer. A similar perpendicular 𝐴𝐴 
axis is also measured simultaneously for cross-talk estimation. Right inset: 
Photograph of the setup. 

Figure 5. FRFs from top: piezoelectric accelerometer, strain gauges, 
MEMS accelerometers, and the power spectral density of the 10 
hammer hits 
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table type dynamometer Kistler® 911A1 is performed. From the 
measured bending moment 𝑀 and the known length of the tool 
overhang, the active force 𝐹𝑎𝑐 can be calculated as: 

 
𝐹𝐴 = 𝑀𝐴𝐴/𝑙 and 𝐹𝐵 = 𝑀𝐵𝐵/𝑙 

𝐹𝑎𝑐 = √𝐹𝐴
2 + 𝐹𝐵

2 

(2) 

A full immersion cut with two cutting edges in Figure 6 shows the 
active force 𝐹𝑎𝑐 as measured from the instrumented tool holder 
and the stationary dynamometer. A good agreement between 
the two is found. The frequency content of the cut is also shown. 

3. Applications 

The knowledge of cutting force and TCP vibration can be 
employed to estimate the workpiece geometry with finer 
details. We have already showcased one such workflow at the 
Euspen ICE 2021. The presented tool holder in this article is 
integrated into the proposed workflow of the process-parallel 
quality estimation. For completeness and brevity Figure 7 shows 
the workflow to estimate the TCP’s position in real-time from 
the known cutting forces. A multi-dexel method then estimates 
the geometry of the workpiece in near real-time. For more 
information please refer [13]. 

Since the total estimated tool deviation from the programmed 
position is an indication of the quality of the machining 
operation. To provide quicker feedback to the machine operator 
the total measured TCP position error (𝛿𝑡𝑐𝑝; a sum of tool 

deflection due to process forces, geometric errors, and any 
control-related errors) is plotted on a low-resolution in-progress 
workpiece. Figure 8 shows the TCP position error plotted on the 
gear profile measured during the operation. Since this indication 
is provided in real-time, it not only provides feedback to the 
operator, it can also provide an automated indication on control 
limits of the process. 

Similarly, a chatter identification can also be carried out. The 
authors have presented a real-time chatter detection method 
and experimental validation [14]. With the help of 
accelerometers integrated into the tool holder and method to 
detect the chatter with the presented digital shadow workflow 
on Edge computer, chatter can not only be located in time but 
also spatially on the workpiece. A stainless steel 312 workpiece 
was cut with a 6 mm diameter tool with 50% immersion milling. 
At a corner where the effective width of cut increases the 
chatter is observed. Figure 9 shows a photograph of the 

machined workpiece and the location of unstable machining on 
the virtual in-progress workpiece.  

4. Conclusion 

A workflow with additional sensors and models is presented. 
This workflow allows machine tools to obtain a knowledge of the 
state of the process. Along with motion-awareness (closed-loop 
control of the NC axes), the process-awareness takes the 
machines one step closer to the self-awareness. Such machine is 
able to self-report the quality of the part being produced. 

On the sensors end, an instrumented tool holder with cutting 
force and vibration measurement is presented. It is integrated 
into the process-parallel quality estimation workflow developed 
at KU Leuven. At an application level the proposed methods are 
intended to reduce the resources spent in dimensional 
metrology of the parts produced on machine tools. 

However, this machine can only self-report and cannot carry 
out corrective actions. Which is enough for self-aware system, 
and a conscious interventions and correction is reserved for 
future expansion. 
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Abstract 
Commonplace methods for measuring large assemblies that are prone to change have revolved around manual measurements. There 
is an increasing need for utilising the data in a digital format by capturing a digital shadow of the physical model. By doing so would 
expedite compliance checking of potential conflicting parts earlier in the manufacturing processes found in large scale metrology. 
Oftentimes, this would entail an intact 3D point cloud scan, or in the case of partial scans a varied amount of operator steps to deduce 
the characteristics captured by a scanner. This work aims to streamline and automate a section of this process enabling more fluid 
dimensioning of the pipe components within a scaled-down physical prototype pipeline model. 
 
Keywords: large scale metrology, point clouds, prototype pipework, as-built to as-designed   

 

1. Introduction 

Manual operator work when measuring and dimensioning 
components has been susceptible to drawn-out times as well as, 
occasional human errors when measuring and reverse 
engineering parts from their as-built components. This is an 
active area of research for automation of components found 
within the scene, together with pipeline contributions spanning 
from the build environment [1,2] to the shipbuilding setting [3]. 
This work aims to increase the flexibility of segmentation, 
introducing computer aided design (CAD) parts into the scene to 
aid compliance checking when working with partial scans.  

In this workflow we use non-contact based measurements to 
compare the as-designed to the reference design in addition to 
using minimum a priori from the scene to segment pipe sections. 

2. Methodology 

A physical pipeline prototype model (3PM) shown in Figure 1 
and its corresponding CAD model was created for comparisons. 
The individual pipes have an outer diameter of 36 mm and a 
length depending on the translational movement allowed within 
the box. In total, there are nine different lengths of pipes and six 
similar 45° elbows within the scene. 

 

 
Figure 1. 3PM ground truth scenario. 

2.1. Preprocessing 
A scan using a FaroArm laser line probe was carried out on the 

3PM with a scanning error of 0.0207 mm which has been 
compensated beforehand. The scan was completed in one 
sitting to simulate a quicker scan that would be carried out by an 
operator where partial views and missing information from 
areas are obtained. After the point cloud scan was obtained, an 
octree downsampling is performed reducing the points from 55 
million to 1 million for further processing. 

Random sample consensus (RANSAC) [4] of a plane is used to 
segment the four main sides found around the 3PM.  Noise 
filtering via the statistical distance of the points compared to the 
mean in the point cloud is required to further clean spurious 
points left over from the segmentation. Density-based spatial 
clustering of applications with noise (DBSCAN) [5] is performed 
to enable the three different segments of pipes (A, B, and C) to 
be grouped individually seen labelled in Figure 2. The world 
origin is centred around segment B at the base of the pipe 
section seen below with green corresponding to y axis, blue z 
axis, and red for the x axis, the same origin is used in the CAD 
assembly. 

 
Figure 2. Clustered point cloud with axis aligned bounding boxes 

around the three segments. 

2.2. Fitting 
The three clusters obtained previously undergo a registration-

like step where the elbow is segmented from each of the three 
clusters separately. Firstly, fast point feature histogram (FPFH) 
local descriptor [6] is computed for all three segments of the 

A 

B

C
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clusters as well as, the elbow model with roughly the correct 
coordinates in space obtained from the CAD. The elbow is then 
registered to the segments with a defined threshold allowing for 
movement of the initial placement utilising RANSAC. Once the 
registration converges, the nearby points from the elbow model 
are removed from the segment, as seen in Figure 3. 

 
Figure 3. Segment A cylindrical sections (gray points) segmented by 

removing elbows (blue points). 
 

Next, these points from segment A are clustered to 
correspond to three different cylindrical sections. Oriented 
bounding boxes (OBB) and axis aligned bounding boxes (AABB) 
are computed for all the cylinders with AABB seen in Figure 4. 

 
 

 

 

 
Figure 4. Segment A cylinders where AABB = green and centreline = 

orange. 

 
The difference of angles between the axis of each cylinder is 

computed relative to the XY, YZ, and XZ planes creating a new 
local axis which is rotated around the differences of the angles 
for each cylinder box. These cylinder sections are further divided 
into smaller slices for fitting circles along the length of the 
cylinder.  

Algebraic circle fitting by Taubin [7] has been deployed for the 
individual sliced sections. It has been reported that the fitting 
was done with good performance relative to Pratt and Kasa 
algebraic fits [8]. Input parameters are not required for algebraic 
fits, allowing a range of different sized cylinders in the future to 
be acquired without specifying the individual sizes. The circle is 
fitted onto the XZ plane with the general equation seen below: 

 
(𝑥 + 𝑎)2 + (𝑧 + 𝑏)2 = 𝑟2    (1) 
 
Where a and b correspond to the x and z circle centres and r is 

the radius of the plotted circle. 

3. Results 

The procedure provided accurate segmentation results for the 
cylinders (pipes), as well as accurate positioning of the cylinder 
centres (Figure 4) and radii (Figure 5) for segment A. Cylinder 
two is observed to contain the lowest deviations of the circle fits, 
attributed mainly to the higher partial surface area scanned 
when compared to the other partial cylinder scans observed in 
Figure 5. Nonetheless, cylinder one and three circle fits proved 
to be accurate with acceptable deviations. 

Segment A cylinder sections have a length of 171.420 mm σ = 
0.032 mm, 98.183 mm σ = 0.083 mm, and 206.270 mm σ = 0.082 
mm for one, two, and three respectively from their end points. 
Compared to the CAD values, 170 mm, 100 mm, 205.75 mm for 
cylinder one, two, and three.  

Both cylinder one and three centrelines were observed to 
contain small angle rotations in respect to their XZ and YZ planes. 
Where cylinder two was seen to contain a rotation of 1.838° in 
XZ and 44.846° in YZ plane when compared to the CAD 
centrelines of 45° in YZ plane and no further rotations. 

In addition to the real scanner data, synthetic data was also 
utilised from a virtual scanner [9] which produced similar 
segmentation results. The scanning accuracy was kept high, as 
well as, the noise level was kept low to allow for better fitting 
accuracy.

 
 Figure 5. Segment A cylinder radius fitting results. 

4. Conclusions 

This paper has demonstrated early work in automation for a 
3PM digital shadow to aid dimensioning with the help of a 
reference elbow model. The procedure was applied successfully 
segmenting components from a point cloud pipeline without 
user interaction providing radius and length information. 
Moreover, in the future arbitrary diameter pipes will facilitate 
easier dimensioning without user input of nominal values. In this 
work both real and synthetic data was applied for the trialling of 
the pipeline.  
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Abstract 
An inchworm used in a small production system is described in this paper. The inchworm consists of electromagnets for keeping its 
position and stacked-type piezoelectric actuators (piezos) for moving. The inchworm repeats the excitation of the electromagnets 
and the horizontal extension of the piezos, and realizes a micron order precise displacement. The friction force acting on the 
electromagnets affects the motion of the inchworm since the electromagnets touch a moving surface. The vertical height of the point 
where the piezo pushes the electromagnet changes friction which holds the position of the inchworm. The control signal applied to 
the piezo causes an inertial force, i.e. the extension and contraction of the piezo generate an inertial force. The position of the 
inchworm is measured by changing the height of the horizontal piezo. The experimental results revealed the following points. (I) The 
high position of the piezo, 20 mm, realizes precise motion and small parasitic drift is observed. Parasitic drift is smaller than other 
structures. (II) The low position of the piezo, 6 mm, causes large displacement and several micron drift of the inchworm occurs when 
the piezo deforms. In summary, to realize precise displacement of the inchworm, the 20 mm high mounting position of the piezo is 
suitable for the inchworm under the experimental conditions. 
 
Inchworm, piezoelectric actuator (piezo), electromagnet, displacement, structure  

 

1. Introduction 

Although industrial products and electrical appliances have 
tended to become smaller, manufacturing equipment generally 
remains large scale systems. Small production systems and small 
positioning devices contribute to save the space consumption of 
the manufacturing equipment. Micro mobile inchworms 
consisting of piezoelectric actuators (piezos) and 
electromagnets have been developed [1, 2]. They do not have 
any guide mechanisms and they can realize minute 
displacement with three degrees-of-freedom (DOF), although 
commercial inchworm modues with nanometer accuracies is 
single-axes and consists of guide components. Therefore, there 
is a fluctuation in the displacement of one cycle of the 
inchworm. The reason is related to the stability of the position 
of the excited electromagnet, which occurs during deformation 
of the piezo. In order to realize precise motion, the positioning 
of the electromagnets are important. In this study, the mounting 
position of the piezo is changed and the relationship between 
the structure and the displacement of the inchworm is clarified. 

2. Inchworm and experiment      

Figure 1 shows the picture of the inchworm. Figure 1(a) shows 
a top view of the inchworm. The inchworm has three piezos 
consisting the sides of a triangle and electromagnets attached to 
a connection point of the piezos. Three electromagnets denoted 
A, B C, and three piezos denoted a, b, c are used. The 
electromagnet with yoke is in contact with a metal floor. The 
piezo used is AE0505D16DF manufactured by NEC Tokin Co., and 
extends 17.4 μm with respect to an applied voltage of 150 V DC. 
The inchworm is 75 mm wide, 70 mm long, and 75 g weight. The 
electromagnets and piezos are driven with thin wires. Figure 1(b) 
shows a side view of the inchworm. The mounting position of 
the piezo affects the performance of the inchworm.  

The control signals used to move the inchworm in the Y 
direction are shown in Figure 2. The signals are generated by a 
function generator, Arduino, and amplifier. A 150 V square wave 
is applied to the piezos, and a 10 V square wave is applied to the 
electromagnets. The performance of the electromagnets are 
important for positioning. However, it is not discussed in this 
paper. One of three electromagnets are not excited, and 
sequentially moves by the deformation of the piezos. Figure 3 
shows the measurement method. For the measurement of the 
displacement of the inchworm, laser displacement meters 
(Keyence, LK-G3000 series, 0.05% of full scale linearity) are used.  
The position of the inchworm is defined as the position of the 
electromagnet A in XY coordinate. The displacement in the Y and 
X directions for one cycle is measured continuously.  

The structure of the inchworm is changed, i.e. the height of 
the mounting position of the piezo shown in Figure 1(b) is varied. 
The mounting positions of the piezo from the metal floor are 6 
mm, 10 mm, and 20 mm.  

3. Experimental results      

Figure 4(a) shows the displacement of the inchworm when the 
piezo is mounted at 6 mm height. The inchworm realizes 

 

 
Figure 1. Photo of inchworm 
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incremental displacement about 210 m in Y direction and 50 

m in X direction for 10 s. Although the control signal for Y 
displacement is used, a parasitic X displacement occurs. The 
parasitic displacement is caused by the tension of the power 
wires. The spike is shown in the position measurement. Since the 
piezo is mounted at the low position, the electromagnet moves 
according to the deformation of the piezos. While the 
electromagnet moves, the wire pulls or pushes the 
electromagnet by its stiffness. Figure 4(b) shows the 
displacement of the inchworm with the piezo position of 20 mm 

height. The displacement of the inchworm is about 180 m in Y 

direction and 10 m in X direction for 10 s. In this case, the piezo 
mounted at the high position causes a bending moment at the 
contact point of the floor, so that the small parasitic 
displacement occurs.  

Figure 5 shows the plot of the displacement in XY coordinates. 
Horizontal axis and vertical axis denote x- and y- displacement, 
respectively. They are expressed by different magnification. The 
displacement for one cycle is plotted while the inchworm moves 
for 30 cycles. The displacement of the inchworm with low 
mounted piezo, 6 mm, is larger than that of other inchworms. 
Although the Y-displacement control signal is applied to the 
inchworm, it moves in not only Y-direction but X-direction. This 
is caused by the stiffness of control wire. Table 1 shows the 
average amount of displacement per cycle for each mounting 
position of the piezo. The displacement in the X and Y direction 
per cycle decreases as the mounting position increases. 

4. Summary     

In this paper, the mounting height of the piezoelectric 
element of the inchworm was changed. The heigher the piezo 
position was, the smaller the inchworm displacement was. The 
result is helpful to improve the performance of the inchworm. In 
future, an optimal mounting position of the piezoelectric 

element is determined and electromagnets playing important 
roles for positioning are improved. A wireless inchworm carrying 
control curcuits and batteries is also being developed to 
eliminate wire problems. This work was supported by JSPS 
KAKENHI Grant Number 21K03972. 
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Figure 2. Control signals    
 

 
 

Figure 3. Measurement method using a laser displacement meter 

 

 

 
Figure 4. Displacement of inchworm  

 

 
Figure 5. Plot of the displacement of inchworm per one cycle. 

 
Table 1. Displacement of inchworm per one control cycle  
 

Mounting position 
of the piezo 

Displacement in  
Y direction 

Displacement in  
X direction 

6 mm 21.5 µm ± 0.8 µm 5.1 µm ± 1.1 µm 

10 mm 20.3 µm ± 1.0 µm 2.0 µm ± 1.5 µm 

20 mm 17.7 µm ± 1.7 µm 1.2 µm ± 1.7 µm 
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Abstract 
This paper presents an approach to equip an existing planar nanoprecision drive system with specially designed lifting and 
actuating units (LAUs), which can lift several kilograms along a vertical stroke of 10 mm with nanometer precision. These modules 
contain a pneumatic actuator to counteract the weight force along the entire travel range without introducing significant heat into 
the measurement space. An additional parallel acting electromagnetic actuator provides the precision positioning forces. 
As an initial step toward a full 6D system, each LAU is set up individually on a test bench. Using an included laser interferometric 
measurement system and emulated loads, allows for the development and evaluation of different control strategies within the 
simulation framework and via real-time experiments.  
Designing a controller for a single LAU involves an in-depth research into its overactuated nature and the derivation of a detailed 
model of the drive as well as the motion system. The proposed control strategy achieves subnanometer precision by integrating a 
feedforward stage for trajectory tracking and an output-feedback stage for stabilization and disturbance rejection. In this context, 
the output-feedback controller highlights a composite state and disturbance observer. In order to accomplish an adequate tradeoff 
between performance and robustness, the controller tuning is performed in the time and frequency domain based on systematic 
LQR/LQG design methods. The effectiveness of the presented control strategy is verified via real-time experimentation, where the 
overall control scheme allows RMS positioning errors below 0.3 nm which seem to be dominated by the measurement noise. 
Moreover, it renders very low heat dissipation of about 54 nW to carry a 4 kg payload. 

 
 

Keywords: nanopositioning and nanomeasuring machines, nanofabrication, vertical drives, weight force compensation, overactuated systems, 
feedforward and feedback control 

 

1. Introduction 

The ever-advancing miniaturization of micro- and 
nanosystems poses new challenges for the positioning systems 
involved. In this context, the authors are investigating the 
design and control of nanopositioning systems with large travel 
ranges on the basis of a multicoordinate direct drive approach. 
Such as the NPPS100, a nanopositioning system, utilizing planar 
aerostatic guiding, laser interferometers (LIFs), and a 3D direct 
electromagnetic drive to position a sample in a ⌀100 mm 
planar range with nanometer precision [1]. 

Due to the limited flatness of the massive granite base, tilting 
errors around the planar 𝑥- and 𝑦-axis and vertical 𝑧-position 
errors are introduced. To counteract these errors, this drive 
system needs to be upgraded by implementing vertical 
actuation, thereby transitioning to a 6D system as shown in 
Figure 1. Despite the existing vertical-acting axis for precision 
tasks [2], further information like the maximum load capacity, 
travel range, and how lifting modules will influence a planar 
drive system was reported in [3] using purpose-designed lifting 
and actuating units (LAUs). Hereinafter, three LAUs are 
mounted, one on each corner. The vertical range is projected 
to cover 10 mm in order to increase the functionality of the 
drive system. Moreover, in [3] it was shown that this concept is 
feasible and worth further investigation in metrology, 
nanofabrication, and nanopositioning applications.  

2. Design of the Lifting and Actuating Units 

The design of the LAUs used in this paper has been described 
in depth in [4], therefore here only an overview is given. 

The major task of the LAUs is to move the sliders and 
specimens mass (total of 12 kg) in a vertical range of 10 mm. 
Due to the overall symmetric design, the loads are distributed 
evenly, thus three identical LAUs can be used. 

 

Figure 1. Explosional view of the NPPS100-6D. [5] 

The aim is to achieve precision and dynamics comparable to 
the planar performance (i.e., 250 mm/s², 1 nm RMS-position 
error [1]). Each LAU needs to fit into a space of just ⌀50 mm 
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across by 60 mm in height. Therefore, all components need to 
be tightly integrated. As with most precision systems, the heat 
introduced into the measurement space should be kept to a 
minimum, due to thermal expansion and large time constants. 

The investigation did not yield a single actuation method that 
fulfills both low heat output and a large travel range for the 
given load. Therefore, an additional thermally passive weight 
force compensation (WFC) is introduced. This device only 
counteracts the static weight force thus, the primary actuator 
only needs to create the precision motion forces. The WFC 
dynamics are mostly irrelevant, but it needs to be adjustable to 
different payloads. It was found that a pneumatic piston as a 
WFC and a Lorentz force drive as a precision actuator 
complement each other very well. The WFC is implemented as 
a pneumatic piston which is sized according to the weight force 
and the desired equilibrium pressure. For the precision Lorentz 
force actuator, numerous FE-models and optimization cycles 
were evaluated to find the optimal geometry. The force-to-
power ratio 𝐹2𝑃 was used as the objective function since it is 
the major performance parameter for an efficient linear 
electromagnetic drive. In the end, a drive geometry with a 𝐹2𝑃 
of more than 60 N²/W was found. 

An aerostatic vertical guiding is integrated into the piston to 
achieve a frictionless and stick-slip-free motion. Further, a 
sensitive optical linear encoder is used in each LAU to be able 
to initialize the global LIFs. Additionally, the encoder can be 
utilized as a fallback system in case of a laser beam break. All 
these functional components of a single LAU are illustrated in 
Figure 2. 

 

Figure 2. Functional components of each LAU: (1) pneumatic WFC 
(2) precision Lorentz force actuator, (3) vertical guiding, (4) internal 
measurement system. [3] 

3. Single Degree of Freedom Test Setup  

For evaluating and optimizing the projected performance of a 
single LAU a test bench with a single degree of freedom was set 
up. An overview of the mechanical system is given in Figure 3. 
It is situated on a passive vibration-isolating granite stator. A 
single LAU is mounted at one corner of the slider dummy, while 
the other corners are hinged on a secondary support system. 
The vertical displacement is measured through a high-precision 
laser interferometer with a resolution of 20 pm, provided by 
SIOS GmbH. To this end, a fixed mirror is placed in the center of 
the slider. For precise measurements, the reflected beam must 
be coincident with the outgoing beam, i.e., the slider with the 
mirror must be adjusted precisely perpendicular to the LIF with 
an angular tolerance of about ±30”. This latter statement is 
helpful for the linearization of the model dynamics and, in 
addition, restricts the maximum vertical displacement up to 
80 μm maximum. To change the working height to a larger 
range up to 10 mm, the secondary support system needs to be 
adjusted manually. 

Figure 4 depicts the functional test-bench diagram. For data 
acquisition and rapid control prototyping, a dSpace real-time 
board is used in combination with Matlab/Simulink and 

ControlDesk. The analog outputs of the real-time board supply 
the setpoint values for the coil current and pneumatic WFC. 
This is physically realized through voltage (±10 V) with 16-bit 
resolution. These setpoints are converted into real magnitudes 
using a power amplifier unit and a pneumatic supply unit, 
respectively. The displacement is measured by the LIF and 
collected via the digital peripherals of the dSpace board. 

 

Figure 3. Overview of the 1D mechanical test setup. 

 

Figure 4. Overview of the real-time environment. 

4. Model and Controller Derivation 

Investigations on positioning and tracking control focus on 
the design of output-feedback controllers considering the only 
available measurement signal, i.e. the position signal. The 
starting point for the controller design is the derivation of a 
detailed model. At this point, it results instrumental to derive 
and identify models which characterize the dynamic behavior 
of the motion system (or plant), comprising the mechanism, 
actuators, sensors, and perturbations. The main component of 
the plant is the LAU with its pneumatic WFC and Lorentz force 
actuator. Due to the conservatism of the pneumatic actuator, 
its performance is limited to a quasi-static operation and, for 
simplicity, its dynamics can be neglected. The force equation 
for the pneumatic actuator reads 

𝐹𝑝(𝑡) = 𝐴r𝑝(𝑡), (1)  

where 𝑝 is the relative air pressure, 𝐴r is the cross-sectional 
area of the piston, and 𝐹𝑝 is the resulting force. On the other 

hand, the parameter that reflects the amount of current 
required to create a given force is the motor constant, i.e. 

𝐹𝑖(𝑡) = 𝐾m(𝑧)𝑖(𝑡). (2)  
This force-to-current ratio exhibits a parabolic behavior 

varying as a function of the vertical displacement of the LAU, 
see Figure 5. Finally, the overall input force of the plant reads 

𝐹(𝑡) = 𝐹𝑝(𝑡) + 𝐹𝑖(𝑡) − 𝐹g = 𝐾m𝑖(𝑡) + 𝐴r𝑝(𝑡) − 𝐹g,  (3)  

where 𝐹g is a matched gravitational force perturbation. 

 

Figure 5. Motor constant variation w.r.t. the vertical displacement. 
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It is interesting to notice that the plant features more 
complex dynamics owing to its overactuated nature and due to 
the fact that it includes additional unmodeled mechanical 
components. However, it is possible to characterize the plant 
using a single force as input, being reduced into a SISO system. 
Towards this end, the Frequency-Apportioned Control 
Allocation (FACA) method [6] takes place to guarantee the 
control performance of the slowly-varying WFC, as well as the 
highly dynamic Lorentz force actuator, while dealing with a 
single control signal. The key element in this approach is the 
appropriate selection of the low-pass filter, as shown in [7]. It is 
noteworthy to mention that the constant 𝐴r and polynomial 
𝐾m ratios will be useful later to transform the forces 𝐹𝑝 and 𝐹𝑖 

into pneumatic pressure 𝑝 and current 𝑖, respectively. 

 

Figure 6. Frequency response function of the plant at 1 mm levitation 
height (input: force [N], output: vertical displacement [mm]). 

Given that the dynamics of the plant are dominantly linear, 
the frequency response function (FRF) is measured in order to 
get a closer look at the resonance modes of the plant [8]. 
Figure 6 illustrates in light blue the measured FRF and in dark 
red the identified model. Here, up to a frequency of 
approximately 90 Hz, the identified model closely matches the 
first resonance mode. In addition, an anti-resonance followed 
by a resonance peak can be observed in the range from 90 Hz 
to 110 Hz, and vice-versa around 310 Hz. The aforementioned 
vibration modes describe the internal dynamics associated with 
the plant and are produced due to structural modes. However, 
the study of these (internal) dynamics and structural modes is 
beyond the scope of the present paper. Through the 
application of system identification tools [9], a stable, linear, 
time-invariant, and slightly underdamped second-order model 
is obtained, which captures most of the relevant dynamics of 
the plant and, therefore, is instrumental for controller design. 

 

Figure 7. Overall control architecture. 

The control system design is subsequently studied and 
implemented. This nominal (or baseline) controller is meant to 
achieve sub-nanometer accuracy by integrating a feedforward 
controller for trajectory tracking and an output-feedback 
controller for stabilization and active disturbance rejection. The 
output-feedback controller highlights a composite state and 
disturbance observer. The core of the feedback law consists of 
an LQG-type controller based on [10]. In order to accomplish an 
adequate tradeoff between performance and robustness, the 
controller tuning is performed in the time and frequency 

domain based on systematic LQR/LQG design methods. In 
Figure 7 the functional closed-loop system is depicted. A 
further element to consider in the controller design is the 
control allocation stage [6]. This block is responsible for 
splitting a single control signal 𝐹 into current 𝑖 and pneumatic 
pressure 𝑝, see Figure 7. For further details and discussion 
about the controller derivation for this class of high-precision 
motion systems, the reader is referred to [10] and [11]. 

5. Performance Evaluation 

For real-time experiments, the control algorithms are running 
using a sampling rate of 10 kHz. For the sake of brevity, most of 
the real-time experiments reported here were performed at 
1 mm levitation height. It is noteworthy that measurements 
with the slider set down and resting on the massive granite 
stator highlighted a remaining position noise of about 0.22 nm 
(RMS), which represents a limitation for the achievable 
controller performance. In closed-loop operation (i.e, including 
aerostatic guiding, pneumatic WFC, electromagnetic precision 
drive, and active controller) the standard deviation (or RMS) 
error remains below 0.30 nm. Figure 8 depicts the time series 
of a steady-state positioning exercise over a time span of 10 s. 
Here the RMS positioning error is as low as 0.29 nm and seems 
to be dominated by the position and signal noise, while a 
suitably low current is achieved. Subsequently, direct and 
straightforward calculations reveal that the implemented 
control system renders a very low heat dissipation of about 
54 nW for carrying a payload of 4 kg approximately. 

 

Figure 8. Time series of the closed-loop positioning error and control 
current at 1 mm levitation height. 

For the sake of completeness, further measurements were 
also performed over the macroscopic travel range of the 
module. Figure 9 presents the height-dependent changes in 
RMS, proving that the overactuated vertical motion system 
provides subnanometer accuracy along its vertical stroke of 
about 10 mm. Here, the RMS positioning error and the RMS 
control current remain below 0.30 nm and 0.35 mA, 
respectively. Given the very low current, the biggest 
shortcoming for lifting modules with nanometer precision, i.e. 
heat emission, is minimized by emitting only a few nanowatts 
of heat into the measurement space. The traced data 
underlines that the closed-loop system achieves outstanding 
performance in steady-state positioning applications. 

 

Figure 9. RMS deviation w.r.t. the vertical displacement. 
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For trajectory tracking exercises, two assumptions were met 
prior to choosing the trajectory, i.e., (i) the initial states were 
carefully chosen in order to avoid the computation of huge 
control signals at the beginning of the experiment, and (ii) the 
rate of motion and mechanical constraints were also 
considered. Subsequently, motion profiles were designed as 
illustrated in Figure 10, i.e., a point-to-point trajectory with a 
so-called double-S velocity profile [12]. Despite the double-S 
trajectory is widely used in industrial applications and provides 
continuous acceleration profiles, these profiles are trapezoidal 
and, therefore, have non-differentiable points leading to 
undesired excitation of resonance frequencies. 

 

Figure 10. Point-to-point double-S trajectories for the generation of 
vertical displacement. 

The effectiveness of the control allocation method [6] for 
heat emission minimization is examined next. To this end, two 
cases were addressed. The first case, subsequently called 
passive WFC, corresponds to hold (or freeze) the pneumatic 
pressure, such that all control effort will be allocated to the 
current while the pneumatic pressure remains constant. The 
second case, or active WFC, corresponds to letting the control 
allocation in operation without modifying it. Figure 11 depicts 
the traced data for the two cases discussed above. Here, the 
passive WFC is plotted in dark blue and the active WFC in light 
blue. For all cases, high-precision control and disturbance 
rejection are handled by the electromagnetic drive. 

 

Figure 11. Trajectory tracking exercises. Pneumatic WFC: (i) passive 
case in dark blue and (ii) active case in light blue. 

It is noteworthy that in both cases, the RMS tracking error is 
practically unchanged; however, there exists a significant 
difference in the RMS control current. A passive WFC produces 
an increment in the current when the system is driven to a 
different height, this higher current is reflected in an 
undesirable increment of heat emission. Despite this unwanted 
heating fact, the tracking errors remain comparable. 

6. Conclusion 

The initial operation performance validates the design 
concept, where the overactuation given by the pneumatic 
piston and the (almost zero) current in the coil work as 
expected. The effectiveness of the implemented model-based 
nominal controller has been verified via real-time experiments, 
where the overall control scheme yields RMS positioning errors 
below 0.30 nm, which seems to be dominated by the position 
and signal noise. Emphasis is placed on the tracking exercises 
and the control allocation method. The latter proves to be 
adequate for the application since it demands a low 
computational cost and avoids heat emission via low current. 
Future research will explore the adaptive augmentation of the 
nominal controller, and is expected to enhance the tracking 
performance even further via internal dynamics analysis. 
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Abstract 
The challenge in prototyping of new extrusion profiles is the high development cost to develop and manufacture the corresponding 
extrusion dies. Thus, tooling process chains based on polymer additive manufacturing (AM) are of industrial interest to manufacture 
functional dies capable to produce a small batch of prototype extruded profile. The work presented here concerns the production 
and testing of a series of carbon fibre reinforced polyether-ether-ketone (PEEK) dies in polymer profile extrusion. The die geometry 
has been optimized by adopting a conical design to improve the die flow and the melt flow distribution. Therefore, the material 
selection and improved geometry design are implemented to withstand the combination of high temperature and pressure typical 
of the extrusion process. The dimensional and form measurement using a tactile coordinate measuring machine (CMM) was 
performed before experimental testing to investigate the accuracy and reproducibility of dies manufactured by the fused filament 
fabrication (FFF) process. From the measurement of 15 samples, the accuracy of dimensional measurement was identified by the 
absolute deviation between 39 μm and 435 μm depending on reference dimension. Relative standard deviation to the reference 
dimension of 0.2% and 2.35% indicates the reproducibility of FFF process. Furthermore, surface characterization of internal die was 
performed using replica technology in a focus variation 3D optical microscope. The surface roughness was evaluated using an average 
arithmetical mean height (Sa) value of 17.3 μm with standard deviation of ±1.9 μm. PEEK die was experimentally tested with 
Polypropylene (PP) as material extruded. As the result, PEEK die was able to withstand the extrusion process conditions, yielding up 
to 330 meters of extruded product.  
 
Additive Manufacturing, Polymer Extrusion, Fused Filament Fabrication, Tooling  
  

 

1. Introduction   

Tooling process chains based on polymer AM (soft tooling) are 
of industrial interest to manufacture small batches in 
prototyping of new extrusion profile with lower cost compared 
to metal AM (hard tooling). Hard tooling has shown the results 
comparable to conventional tooling in terms of dimensional 
accuracy and mechanical strength [1, 2]. However, studies in soft 
tooling have reported that the materials are prone to failure. 
The material properties of polymer AM cannot withstand the 
demanding process condition of profile extrusion. Earlier work 
indicates that conical die design can improve the melt flow 
distribution [3]. Die design aims for uniform melt flow, so that 
the flow avoids the abrupt pressure drop [4]. Thus, uniform melt 
flow reduces the mechanical impact to soft tooling during 
process extrusion.  

Recent development in materials, carbon-fibre reinforced 
material has been increasingly applied due to its capability to 
improve the mechanical and thermal properties. Thus, the 
material selection as well as the improved die geometry are 
expected to mitigate the issues in soft tooling. FFF and FDM are 
the preferred process for printing composite material since the 
melted polymer with reinforcement material is uniformly 
extruded through the nozzle and deposited into the desired 
cross section of printed object [5]. However, FFF has the 
limitation of reduced surface quality because of the layering of 
filament [6].  

Previous work has presented the dimensional and surface 
characterization of PEEK dies [7], this work is the continuation of 

dimensional and form measurement from different features, 
internal die surface characterization using a replica technology, 
and experimental testing of PEEK die.   

2. Methodology  

2.1. Measurement procedure     
The dimensional measurement was performed in three 

different die designs each of them produced in five different 
samples as shown in Figure 1. 

 

Figure 1. Extrusion die profile designs with main dimensions shown in 
mm: a) MEK01 Front, b) MEK01 Back c) MEK02, and d) MEK03 
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The measurements were conducted in each die using a tactile 
coordinate measuring machine (CMM) with stylus size of 
diameter Ø 3mm. The uncertainty contributed from maximum 
permissible error of CMM Duramax (𝑀𝑃𝐸𝐷𝑢𝑟𝑎𝑚𝑎𝑥) is 2.4 +L/300 
μm where L is the measured length in mm. The objective of the 
measurement is to investigate the accuracy and reproducibility 
of FFF process for both dimensional and form measurements.  

Internal die surface characterization was performed using 
replica technology. Thus, the acquisitions setting was set for 
negative or replica mode in Alicona Infinitefocus 3D optical 
microscope with magnification of 20x.  Figure 2 a) and b) show 
the preparation of replicas using RepliSetGF1 Dispensing 
System, a rapid curing silicone for 3D high resolution replicas and 
the replicas after removing from the dies, respectively  

 

 
a) 

 
b) 

Figure 2. a) The preparation of replica inside the dies. b) Replicas of 
profile MEK01, MEK02 and MEK03 from the left to the right. 

2.2. Experimental testing procedure 
The experimental testing was performed with die design of 

MEK-01. Experimental testing was aimed to test whether the die 
can withstand the maximum screw speed of extruder and to 
extrude around 300 meters. The material extruded was PP with 
process temperature as shown in Table 1. Zone E1, E2, and E3 
correspond to the process inside single screw extruder: feeding, 
melting, and melt conveying zone, respectively.  

Table 1. Process Temperature of PP 

Zone E1 
[°C] 

Zone E2 
[°C] 

Zone E3 
[°C] 

D2  
[°C] 

D1  
[°C] 

190 200 205 215 215 

 

                                           

Figure 3. a) Experimental set up of PEEK MEK-01 Die assembled inside 
Die adapter b) Calibration die 

D2 and D1 are heat ring upstream the die and heat ring on the 
die, respectively. Temperature and pressure sensors and heaters 
were mounted on the heat ring as shown in Figure 3 a). TS and 
TM stand for temperature sensor and temperature of melt, 
respectively. Furthermore, die was assembled inside the die 
adapter and the heat ring. Die adapter was required as the 

adapter connection from the die to the extruder. Extrudates was 
calibrated using calibration die which was designed oversized by 
1mm from the original die design profile dimensions. Calibration 
die was manufactured using rapid prototyping Ender 3 printer 
with materials of PLA 0.4 mm for bottom part and PLA 0.8 mm 
for top part, the setup of calibration die is shown in Figure 3 b).  

3. Measurement and Data Analysis   

 3.1. Dimensional Measurement  
With reference to figure 1 the measurement campaign 

quantified and measured diameters D1, D2, D3 and T (Thickness) 
for front side, and D1 and D3 for back side. The measurement 
was performed once across 15 samples. Thus, the measured 
average is the average measurement from 15 samples. The 
deviation is the difference between the reference value and the 
average measured value. The reference value is based on the 
designed dimensions in CAD file. The deviation between 39 μm 
and 435 μm implies the accuracy of FFF process, as indicated in 
Table 2. Furthermore, FFF process achieves the reproducibility 
with relative standard deviation of 0.2% and 2.3% subject to 
features size.  

Figure 4 indicates the average measurement of D1 and D3 for 
both front and back side with standard deviation in error bar. D3 
has the highest deviation to reference value but it is still within 
dimensional tolerance of ±500μm. High deviation was 
contributed by the stylus size diameter of Ø 3mm, while the 
measured diameter of D3 is 4.470 mm. Measurement of D3 is 
quite consistent for both front and back side implied by lower 
standard deviation, whereas the measurement of D1 is higher in 
back side compared to front side.  

Table 2. Dimensional measurement of Front and Back Side 

Descrip
tion 

Ref. 
value 
[mm] 

Meas. 
Average 
[mm] 

Deviation 
[mm] 

STD. 
Dev 
[mm]  

Relative 
STD. Dev 
[%] 

Front side 

D1  55.432 55.471 0.039 0.111 0.2 

D2_1 7.947 7.626 0.322 0.072 0.9 

D3_1 4.470 4.050 0.421 0.078 1.8 

D2_2 7.947 7.616 0.332 0.100 1.3 

D3_2 4.470 4.061 0.410 0.083 1.9 

T 33.300 33.228 0.072 0.238 0.7 

Back Side 

D1 55.432 55.519 0.088 0.127 0.2 

D3_1 4.470 4.077 0.393 0.096 2.2 

D3_2 4.470 4.035 0.435 0.101 2.3 

 
a) 
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b) 

Figure 4. Bar chart of average dimensional measurement with standard 
deviation in error bar for both front and back side of a) Diameter 1. b) 

Diameter 3. 

The forms measurement was conducted for flatness and 
cylindricity. Flatness indicates the unevenness in the surface 
area of D1 as indicated in figure 1 a) and b). The flatness 
measurement in CMM was conducted by putting stylus in 
several probing probe points or following polylines path defined 
across the surface area of D1. The flatness and cylindricity have 
standard deviation between 26 μm and 203 μm indicated as the 
error bar in line chart as shown in Figure 5. As observed, 
Flatness2 (F2) has higher deviation compared to Flatness1 (F1). 
F2 was measured using both probing points and polyline 
whereas F1 was measured using probing points only. Therefore, 
F2 is more precise than F1 because it has more points or surface 
area coverage. In addition, back side flatness has lower deviation 
due to smaller surface area. Cylindricity verifies the roundness 
of cylindrical form of D1, D3_1 and D3_2. CMM checked the 
cylindricity by putting several probing points in the cylindrical 
form. The cylindricity of D1 has higher deviation compared to 
the cylindricity of D3_1 and D3_2. Moreover, the cylindricity of 
D3_1 and D3_2 across all samples has similar value and low 
deviation. 

 

Figure 5. Flatness and cylindricity line chart with error bar of standard 
deviation 

3.2. Surface characterization   
Surface topography of internal die was characterized from the 

image of replica by setting negative mode in Alicona 3D optical 
microscope. Furthermore, the acquired image from 3D optical 
microscope were all equally levelled and filtered using S-filter 
with cut-off values of λs = 0.25 μm using SPIP image metrology 
software. As shown in Figure 6, surface topography of internal 

die consists of sharp peaks and sharp valleys which resembles 
the deposition of filament layers from FFF process. 

The measurement was conducted repeatedly in three points 
in the y-direction, 3mm, 6mm and 9mm from die outlet for each 
sample. Each die design has two samples of replica, thus from 
eighteen measurements an average Sa value of 17.326 μm with 
standard deviation of ±1.978 μm was obtained. It was quite 
high, because the arithmetical mean roughness (Ra) of 
extrudates with smooth surface is around 1–2 μm. Figure 7 
shows the bar chart of Sa value from six samples with standard 
deviation in error bar. Based on Sa value, the smoothest surface 
is from MEK01-samples1 with average Sa value of 16.022 μm, 
whereas the roughest surface is from MEK02-samples2 with 
average Sa value of 18.024 μm. 

 

 

Figure 6. Surface topography of internal die with cross section of        
700 μm x 500 μm in y-direction of 3 mm from the die outlet.  

 

Figure 7. Arithmetical Mean Height (Sa) of each die designs. 

4. Experimental Testing Result     

The experimental testing was performed starting from low 
screw speed of 0.52𝑠−1. The screw speed was slowly increased 
and timed to extrude 30 meters as shown in Table 3. Increasing 
screw speed resulted in a linear increase of die head pressure. 
Process temperature at maximum screw speed of 3.09𝑠−1 is 
shown in Table 4. The temperature at each zone achieved the 
process temperature as set in Table 1. Melt temperature of 
219.4°C was observed higher compared to die temperature of 
215°C. PEEK die sustained the demanding process condition of 
profile extrusion without tool breaking until the maximum screw 
speed of 3.09𝑠−1. It continued to extrude for another 150 
meters for 21 minutes at the maximum screw speed. In total 
PEEK die yielded 330 meters of extrudates with total duration of 
82 minutes 15 seconds.  

As observed in Figure 8 a), extrudates followed L-shape of 
profile MEK01. However, the small L-shape in the right end was 
quite difficult to achieve. Calibration die did not sustain the 
process temperature of extrusion due to limitation of PLA as the 
material, as shown in Figure 8 b). Consequently, the L-shape was 
not achieved as the extrudate was calibrated using other 
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calibration dies. As observed in Figure 8 c), there is no sign of 
tool breaking from PEEK die even though PEEK die was expanded 
after experimental testing due to the combination of high 
process temperature and pressure of extrusion.  

Table 3. Experimental testing parameters and results 
Screw 

speed [1/s] 

Line 
speed 

[m/min] 

Time 
[min] 

Pressure 
[MPa] 

Meter 
extruded 

0.52 1.2 25 1.23 0-30 

1.03 2.4 12.5 1.74 30-60 

1.56 3.6 8.33 2.06 60-90 

2.09 4.8 6.25 2.29 90-120 

2.61 6 5 2.39 120-150 

3.09 7.2 4.17 2.62 150-180 

3.09 7.2 21 2.58 180-330 

Table 4. Experimental testing process condition at max. screw speed 

Des 
cription 

Zone 
E1 
[°C] 

Zone 
E2 
[°C] 

Zone 
E3 
[°C] 

D2 
[°C] 

D1 
[°C] 

Melt 
(TM) 
[°C] 

P 
[MPa] 

Setting  190 200 205 215 215   

Actual 190 200.1 207.5 215.8 215.1 219 2.62 

  
a)    

 
b)           c) 

Figure 8. Experimental testing results a) Extrudates from PEEK die 
during extrusion. b) Extrudates passing through calibration die. c) PEEK 

dies after experimental testing. 

5. Conclusion 

Dimensional and form measurements were performed to 
evaluate the reproducibility and the accuracy of FFF technique. 
The reproducibility was achieved by FFF process within 0.2% and 
2.35% standard deviation relative to reference dimension and 
subjected to its features size. The accuracy was indicated by the 
absolute deviation between 39 μm and 435 μm. Although, 
dimensional deviation is still observed in small features, FFF 
process meets the product dimensional specification. 
Furthermore, surface roughness was evaluated using an average 
Sa value of 17.3 μm with standard deviation of ±1.9 μm. The 
value was considered quite high compared to smooth surface 
extrudates with an average Ra value of 1-2 μm. PEEK die was 

experimentally tested with Polypropylene (PP) as the material of 
extrudates. As the result, PEEK die sustained the extrusion 
process conditions, yielded up to 330 meters of extruded 
product with total duration of 82 minutes. Future work is to 
investigate the surface roughness of extrudates and the 
influence of screw speed to the surface roughness. It is expected 
that higher screw speed yields into a smoother extrudates. In 
addition, the calibration die should be manufactured with 
suitable material and manufacturing techniques so that it can 
sustain the process temperature of extrusion. 
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Abstract 
In order to study the influence of ultra-precision grinding parameters on the accuracy between the same clamping method and 
different workpiece sizes. In this paper, the same clamping method is used to grind two kinds of parts with equal length and 
different diameter, and the parametric precision model is carried out. Combined with neural network algorithm, the precision 
model is optimized and ground. It shown that the coaxiality of end face A is the maximum, reaching 2.6 μm. At the same time, it 
can be seen from the data at both ends of A (left end of workpiece) and B (right end of workpiece) measurements that the 
precision gradually increases with the measurement depth, with the highest accuracy reaching 5.5 μm. The reason is that the parts 
in the processing of the use of two—top processing, and the use of both ends is the way of positioning. Therefore, fixture errors 
will occur, which will eventually affect the overall part errors. 
 

Keywords：ultra-precision grinding；neural network algorithm；measurement；optimized 

 

1. Introduction 

In the global machinery manufacturing industry, grinding is 
one of the most important links in the processing steps. 
Grinding is usually one of the final manufacturing processes [1]. 
The accuracy of the final part and the stability of the precision 
depend on the grinding process. Therefore, the grinding 
process is particularly important. Ultra-precision and ultra-high 
speed grinding is one of the difficult problems in the machining 
industry. This difficulty mainly lies in the guarantee and stability 
of grinding precision. Many authors have also studied some 
contributions. For example, in the aspect of grinding precision 
control; Tawakoli T et al. [2] studied the influence of workpiece, 
and grinding parameters on minimum lubrication MQL 
grinding. The relationship between grinding parameters, 
grinding accuracy, and performance is analyzed from the 
perspective of abrasive microscopy. It is also concluded that 
the metal removal rate in MQL grinding is mainly affected by 
shear and fracture. Unlike conventional fluid grinding and dry 
grinding, plastic deformation, abrasive particle pullout and 
ploughing are not easy to occur. 

Padda A S et al. [3] studied the influence of different surface 
grinding parameters on the surface roughness of stainless 
steel. The author analyzed the influence of cutting depth, 
grinding wheel speed and particle size on roughness when 
inputting grinding parameters and using white alumina grinding 
wheel. The au-thor thinks that the most influential factor in 
surface grinding is grinding wheel speed, followed by crystal 
particle size and cutting depth. Research on grinding 
parameters, Vishal Francis et. al. [4] stated that if feed and 
depth of cut were varied and spindle speed was kept constant 
to observe their effect on surface roughness. Then feed rate 
was found to be the most significant factor in case of cast iron 
and none of the factor was found be significant for mild steel 
and stainless steel. In this paper, the same clamping method is 
used to grind two kinds of parts with equal length and different 
diameter, and the parametric precision model is carried out. 

Combined with neural network algorithm, the precision model 
is optimized and ground. 

2. Optimization model      

2.1 Optimization variables 

Before analyzing the parametric precision model, it is 
necessary to determine the most important parameters that 
affect the grinding precision. In addition to considering the 
most commonly used parameters, such as grinding wheel 

speed
nS , cutting speed

vS , cutting depth pS , feed fS . There 

are more parameters to consider, such as light grinding times 

H , cutting power P , spindle acceleration power 
SAP , and 

workpiece shaft speed 
nZ . Meanwhile, these parameters are 

taken as optimized variables. 

 1 2 3 4 5 6 7 8, , , , , , ,

, , , , , , ,n v p f SA n

X X X X X X X X X

S S S S H P P Z

=

 =  
               

(1) 

 

2.2 Constraint condition 

Ultra-precision grinding belongs to fine micro-surface 
processing. So grinding wheels with different particle densities 
and types are selected according to different materials [5]. This 
paper mainly focuses on the ultra-precision grinding of 45 steel 
after turning, boring, rough grinding, grinding and surface 
hardening. According to the optimized variables in Equation 
(1), the restriction conditions and value range of each variable 
are analyzed. 

(1)Grinding wheel speed 
nS . 

According to the two parts processed, the grinding wheel 
speed model is set as: 

min maxn n nS S S                                   

(2) 
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(2)Grinding speed 
vS . 

For different grinding materials and parts sizes, the grinding 
speed selected is also different. Its main mathematical model is 
set as:   

     
min maxv v vS S S                                 

(3) 

（3）Grinding depth 
pS . 

The grinding depth also has a great influence on the grinding 
precision, and its mathematical model is set as: 

min maxp p pS S S                                                                              

(4) 

（4）Feed fS . 

In the same way, the mathematical model of feed is set:  

min maxf f fS S S  .                                      

(5) 

（5）Light grinding times H . 

The number of light grinding mainly refers to the last 

processing of fine grinding, according to the final size of fine 

grinding without feed processing. Therefore, its mathematical 

model is set as: 1 3H                                                                

(6) 

（6）Grinding power P . 

In the process of processing and production of ultra-precision 
grinding machine according to actual requirements, it is 
necessary to ensure that the grinding precision parameters of 
the grinding machine is within the range that the spindle motor 
can provide, i.e. Always ensure that the grinding power cannot 
exceed the maximum power that the spindle motor of the 
machine tool can provide [6]. 

1

max
1000

F FC C FC

C C

x y n

F p FC a f K dN
P

i





+

 
 

 
               (7) 

Where;   is the total transmission efficiency of the 

machine tool; 
maxP  is the peak power of the spindle motor; N  

is the speed of the spindle motor; i  is the transmission ratio of 

the mechanical transmission system; 
cF  is that main cutting 

force;  d  is the workpiece diameter; 
cFx  is the exponential 

coefficient of cutting depth pS ; 
cFy  is the exponential 

coefficient of feed fS ; 
cFK  is the product of the correction 

coefficients of each factor to 
cF  when the grinding conditions 

do not meet the empirical equation.  

（7）Spindle acceleration power 
SAP . 

During the acceleration period of the spindle, the maximum 
rotational acceleration power of the spindle shall not exceed 
the rated power of the spindle motor [7]. The rotational 
acceleration power of the spindle consists of two aspects: the 
power used to maintain the rotation of the spindle, and the 
power used to accelerate the spindle by overcoming the inertia 
of the mechanical drive system. 

SA SR s m m NP P J P = +                               (8) 

Where; 
SAP  is the spindle acceleration power; 

SRP  is the 

spindle rotation power; ( )SRP f n=  is the spindle rotation 

speed with a linear relationship. 
sJ  is the moment of inertia of 

the spindle system equivalent to the spindle motor shaft; 
m  is 

that angular acceleration of the spindle motor; 
m  is the 

angular velocity of the spindle motor. 

2 BA

m

A

f

pt


 =                                           (9) 
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 = +                                (10) 

Where; 
BAf  is the basic frequency of the spindle 

inverter; p  is that number of magnetic poles of the spindle 

motor; 
At  is the acceleration time of the spindle inverter; 

1n  is 

the initial spindle speed; u  is the transmission ratio from the 

main shaft to the output shaft of the motor; T  is the spindle 

rotation acceleration duration. According to the grinder design 

data, the above design parameters can be obtained. 

Therefore, the power used to overcome the inertia of the 

mechanical transmission system, and accelerate the spindle 

can be obtained by bringing in the calculation of design 

parameters. The spindle acceleration power is mainly related 

to the spindle speed. 

nn Sa S i b P+                                                                              

(11) 

（8）Workpiece spindle speed 
nZ . 

The matching of workpiece spindle and grinding wheel 

speed directly affect the roughness of workpiece grinding 

surface. Meanwhile, it is set to: 
min maxn n nZ Z Z  .            (12) 

2.3 Objective function 

In this study, the energy consumption of the grinding 

machine is the lowest on the premise of ensuring the accuracy. 

Therefore, high precision and low energy consumption are 

optimized for multi-objective functions. High precision is 

expressed by
CCA . Energy consumption is represented by E . 

Among them, the grinding machine energy consumption is 

mainly related to the above 8 optimized variables. Meanwhile, 

according to the manual query and establish the energy 

consumption objective function:  
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(13
) 

Where; t  is the number of grinding times; H  is that 

number of light grin; 
0M  is the non-load Coulomb friction 

resistance moment equivalent to the spindle motor shaft of the 

grinder main transmission system;  B is the viscous friction 

damping coefficient of the grinding machine main transmission 

system equivalent to the motor spindle;  is the angular 

velocity of the motor spindle;   is the load factor of the 

mechanical transmission system ; N is that rotate speed of the 

spindle motor, 
vS N i= ;

vS  is the cutting speed, 

= 1000v nS dZ ; 
nZ  is the spindle speed; 

cFC  is the 

influence coefficient of cutting force, which is related to the 

material and processing conditions of the workpiece to be 

processed; 
cFZ  is the exponential coefficient of cutting speed 

vS . 

2.4 Optimize parameters 
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According to the analysis in this paper, neural network is 

used to optimize this. BP (Back Propagation Network) neural 

network is a multi-layer feedforward neural network, which 

consists of input layer, hidden layer and output layer [8-9]. 

Before optimization, it is necessary to design an optimization 

model for the whole grinding parameters. The model is shown 

in Equation (14). Initially, the energy consumption model 

(Equation 13) is imported into the MATLAB neural network 

optimization interface. Constraints are applied (Equation 14). 

Set the initial value of the outer circle [30, 30, 30, 1.5, 1, 15, 18, 

80], the minimum value of the outer circle parameter [25, 25, 

20, 1, 1, 11, 15, 70], and the maximum value of the outer circle 

parameter [40, 40, 40, 3, 3, 20, 25, 120]. At the same time, the 

initial value of the inner circle [30, 30, 30, 1.5, 1, 15, 18, 80], the 

minimum value of the inner circle parameter [25, 15, 20, 1, 1, 

11, 15, 70] and the maximum value of the inner circle 

parameter [40, 30, 40, 3, 3, 20, 25, 130] are also set. Finally, the 

optimal grinding rounding parameters are shown in Table 1. 
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Table 1. Optimal parameters of outer circle and inner hole. 

 
Outer circle Inner bore 

Variable 

Initi
al 

valu
e 

Scop
e 

Resul
ts 

Variable 

Initi
al 

valu
e 

Scop
e 

Resul
ts 

nS  

(m/s) 
30 

25-
40 

30 nS  

(m/s) 
30 

25-
40 

35 

vS

(mm/mi
n) 

30 
25-
40 

25 
vS

(mm/mi
n) 

20 
15-
30 

18 

PS  

(um) 
30 

20-
40 

25 PS

(um) 
30 

20-
40 

35 

fS

(um) 
1.5 1-3 1.6 fS

(um) 
1.5 1-3 1 

H  1 1-3 3 H  1 1-3 3 

P (KW) 15 
11-
20 

16 P (KW) 15 
11-
20 

15 

SAP

(KW) 
18 

15-
25 

23 SAP

(KW) 
18 

15-
25 

22 

nZ

(r/min) 
80 

70-
120 

90 nZ

(r/min) 
80 

70-
130 

120 

 

3. Test analysis 

The optimized results of grinding parameters are set so 

that the parts with the same length and different diameters 

can be processed, respectively. Because this study mainly 

studies the parameters of high-precision grinder. The machine 

is Kellenbergaer universal grinder from Switzerland, and the 

machining precision is 0.2 μm. The processing site is shown in 

Fig. 1. 

 
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; 9—guide Rail 

Fig. 1 Actual machining site of motorized spindle. 
 

As shown in Fig. 1,the part has no positioning stepped 

shoulder. So it is clamped and processed in a two-top way. 

Parts with small diameter and the same length are processed 

by the same clamping method. The finished parts are shown in 

Fig. 2. 

 
Fig. 2. Machined parts. 

 

Firstly, a large diameter part is randomly taken and 

measured by Leitz precision three coordinates. The uncertainty 

of the measuring instrument is 0.01 μm. The measurement site 

is shown in Fig. 3. The measurement results are shown in Table 

2. 
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1—telescopic probe; 2—workbench; 3—probe; 4—V block; 5—

motorized spindle part; 6—school team coordinate system 

Fig. 3. Inspection site of motorized spindle. 

 

Table 2 Detection accuracy error table. 
 

Test items Error/um Test items Error/um 
End face 3 
jumping 

7.2 
Internal bore surface 1 for 

the first time 
20.1 

End face 4 
runout 

8.4 
Inner bore surface 1 second 

time 
19.5 

A verticality of 
end face 

3 
Inner bore surface 1 third 

time 
5.6 

B verticality of 
end face 

4.5 
Internal bore surface 2 for 

the first time 
15.8 

A end coaxiality 2.6 
Inner bore surface 2 second 

time 
11.6 

B end coaxiality 1.2 
Inner bore surface 2 third 

time 
5.5 

 

4. Conclusion 

Referring to the test results in Fig. 3 and Table 2, it can be 

clearly seen that the coaxiality of end face A is the maximum, 

reaching 2.6 μm. At the same time, it can be seen from the 

data at both ends of A and B measurements that the precision 

gradually increases with the measurement depth, with the 

highest accuracy reaching 5.5 μm. The reason is that in the 

grinding of parts, the error accuracy and operation debugging 

accuracy of fixtures will affect the coaxiality of the left and right 

ends of parts. 
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Abstract  
Numerical simulations can help to reduce the necessity of experimental studies. Nevertheless, these simulations are costly in terms 
of their computational effort resulting in significant expenditure of time and hence prevent a flexible adaption to continuously 
changing process conditions in real time. To address this shortcoming, the paper describes a framework for the application of 
surrogate models to enable an adaptive process control in real time. Following, an experimental setup to validate the general 
framework is designed for a laser metal deposition process. In particular, the component distortion shall be simulated and the results 
are then used to train the surrogate models. By measuring the final component distortion the quality of the surrogate models can be 
assessed. 
 
Keywords: adaptive process control, additive manufacturing, in-situ, surrogate modelling 

 

1. Introduction   

The increase in available computing capacity is creating new 
possibilities for designing and optimising manufacturing 
processes. For example, the implementation of data-driven 
methods, like the usage of Machine Learning (ML) models, is 
gaining more and more interest for industrial processes [1]. 
These models can be trained from real recorded data, but also 
from the results of simulations, namely surrogate 
models (SM) [2]. Due to the time involved, simulations are 
usually carried out before the actual manufacturing process and 
optimal parameters are derived. Only little attention can be paid 
to changing production conditions as long as they are not 
already included in the simulation.  

This study aims at developing a general framework to use the 
surrogate modeling approach to enable an adaptive process 
control (APC) facilitating an adjustment of machining 
parameters with regard to changing production conditions. 
Furthermore, an experimental setup is designed to validate the 
framework. The setup is created for a sample process in the field 
of additive manufacturing, precisely for a laser metal 
depositions (LMD) process. 

2. Generic Framework 

The core of this paper is to enhance adaptive process controls 
for existing machine tools for subtractive or additive 
manufacturing technologies. In order to address the 
aforementioned challenges that arise with this undertaking in an 
universal way, the authors of this paper see the need to 
introduce a generic framework that enables the users to 
implement the method of surrogate modelling into APCs. 

The generic framework is shown in figure 1 and can be divided 
into two main components, namly the hardware and the 
software component. In the following two sections these 
components will be examined in more detail. 

 

 
2.1. Hardware component   

The focus of the hardware component mainly lies on the 
programmable logic controller (PLC) as well as the sensors of the 
machine tool of interest. The PLC is responsible for controlling 
the machine tool by ensuring that processes within the machine 
are executed in a correct way. For ensuring that programs are 
executed in a predefined way it can adapt relevant machining 
parameters. In order for the PLC to function accordingly within 
the proposed framework, it is required to be able to 
communicate with external software within the Digital 
Twin (DT).  

The sensors’ task on the other hand is it to accumulate data 
from the real production processes. The information that is 
produced can be used to ensure that certain process steps 
function in the intended way. In order to be able to choose the 
right sensors and hence acquire the right data, it is fundamental 
to know the cause-effect-relationships within the process to be 
monitored. The data builds the input for the SM. 

 

 
Figure 1. Generic framework for enabling adaptive process control based 
on surrogate modelling 
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2.2. Software component      
The software component is represented by the Digital Twin 

which in the context of manufacturing has no unique definition. 
For this paper the DT will be defined as “digital representation 
of an active unique product“ [3]. As one major component, it 
comprises numerical simulations of the relevant manufacturing 
processes that enable a detailed knowledge about the processes 
and their optimal parameters. Nevertheless, due to their high 
computational effort, numerical simulations are not suitable for 
real-time applications and hence, cannot be used for APCs. 

One possible method to address this shortcoming is the use of 
surrogate models which approximate computational expensive 
simulations through the use of sample data [4]. SMs can be build 
through a three step process consisting of a design of 
experiments (DoE) of the numerical simulation, surrogate model 
fitting as well as the model validation [5]. Within the DoE 
different machining parameters are generated which are then 
used as input data for the numerical simulation. The simulation 
itself leads to data points characterizing the manufacturing 
process which in the next step can be used to train the chosen 
SM type. Eventually, the SM has to be checked regarding its 
accuracy. 

The validated SM receives the input data from the sensors and 
calculates an output which is then send back to the PLC. 

3. Experimental Setup 

The general framework, described above, can be used for 
various manufacturing processes enabling a faster and less 
complicated approach of predicting optimal manufacturing 
parameters without using time-consuming numerical 
simulations. The framework shall be tested in an experimental 
setup, which is designed for a LMD manufacturing process. The 
planned test construction is described in this chapter starting 
with the simulation and the derived SMs. 

 
3.1. Simulation and Machine Learning model 

The setup consists of a simulation of a LMD process, serving as 
a basis for the SM to be trained. Via simulating the built process, 
information can be provided about the final component 
distortion based on the part geometry and the temperature 
induced by the laser layer by layer. In order to reduce the 
complexity of this investigation, simple artefact types in the 
form of disks are simulated. A ML model is trained with the 
results of this simulation to approximate its statements. 
Therefore, a Gaussian Process (GP) model can be used since 
those models are well suited for non-linear regression problems 
and already provided promising results in similar 
trials [1, 2, 6, 7]. Those GP models shall enable a location-
dependent quantification about the present distortion. The 
simulated process can then also be carried out on a 
manufacturing machine, receiving concrete information about 
the actual production process and the resulting component 
distortion. 
 
3.2. Manufacturing machine and parameters 

The experiments are carried out on the TRUMPF TruLaser 
Cell 7020 depicted in figure 2 which is used for repair and 
modification of components. 

In order to investigate the functionality of the trained models, 
different manufacturing conditions are simulated and 
experimentally proven. Therefore, the conditions are varied 
regarding the injected laser power, the scan speed and the layer 
number of the built-up component. The combination of laser 
power and scan speed represents the energy per unit and has a 
significant impact on thermal strain [7]. As mentioned 
previously, continuously measured process parameters 

represent the input for the trained SM to enable a quantitave 
statement about quality relevant product characteristics. As a 
simplification for this experimental setup only the 
characteristics will be predicted, but no adjustment of process 
parameters via the PLC will be performed in this first step. The 
surface temperature of the current build-up layer is used for this 
purpose. Based on the measured layer temperatures the SM 
predicts the final distortion.  

 

 
Figure 2. TRUMPF TruLaser Cell 7020 located at the FRAUNHOFER IPK 

 
3.3 Validation based on component quality 

The distortion predicted by the SM can then be compared with 
the distortion according to the simulation result as well as with 
the actual existing distortion of the manufactured components. 
For this, a 3D scan of the final part is taken, leading to a point 
cloud, which enables a quantification of the actual distortion 
along the whole part geometry. Relative errors of the 
predictions of the simulation and the SM can then be calculated 
and compared to each other to assess the quality of the SM.  

4. Conclusion and Outlook      

This paper introduces a framework for designing advanced 
APC through the use of SMs. Firstly, the framework is explained 
for the generally valid use in machine tools for additive and 
subtractive manufacturing. Secondly, an experimental setup for 
a LMD process is described that functions as use case for the 
application of the framework. However, the practical 
deployment of the framework in the LMD process has not been 
performed yet and will be subject of future works. 
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Abstract 
 
A kinematic clamp uses three-vee or tetrahedron-vee-flat and spherical ball contacts to achieve six constraints. In this paper, we 
designed 3-D kinematic clamps using three pairs of vee grooves and spherical ball contact on three different orthogonal surfaces. 
Constraint analysis has been carried out using screw algebra. A wrench is defined along the constraint line between the contacting 
surfaces. Three pairs of spherical ball and vee groove are defined in different directions, and constraint analysis is performed. 
Prototypes for different configurations are fabricated using 3d printing. The developed methodology will be further used to design 
3-D kinematic clamps for the precise positioning of components. Three pairs of spherical ball and vee groove may lie on any arbitrary 
surface, and any orientation and constraint analysis can be performed using screw algebra. 
 
3D kinematic clamp, vee groove with the ball, screw theory precision, positioning  

 

1. Introduction 

In 1876, James Clerk Maxwell explained the three vee grove 
coupling for definite positioning. Kinematic coupling is generally 
used in manufacturing, fixturing and material handling for high 
repeatability and accuracy [1]. It is a very cost-effective and 
reliable method to attain the desired requirement [5]. A well-
designed kinematic coupling will have the exact same no of the 
contact point. Generally, kinematic clamps have two 
configurations – a) tetrahedron-vee-flat and b) three-vee 
grooves and spherical ball contacts [2]. Six contacts between the 
sphere and flat surfaces provide six constraints, and thus the 
kinematic design provides an exactly constrained design [3]. The 
kinematic coupling thus formed is deterministic and repeatable, 
which reduces the cost to manufacture and predicts the 
performance [8]. 

In this paper also, kinematic clamps are designed by using 
three vee grooves but located on different planes and spherical 
balls. Therefore, they are referred to as 3-D kinematic clamps. 
Various arrangements of vee grooves – a) Vee grooves along the 
edges of a cube, b) Vee grooves on orthogonal planes of a cube 
and parallel to the axes, c) Vee grooves on the face diagonals of 
a cube (y-configuration), d) Vee grooves on the face diagonals of 
a cube (delta-configuration) [2] are studied and analysed. Screw 
theory is used for the constraint analysis of mechanisms [9]. 
Constraint lines are defined at the point of contact and are 
normal to the surface [8]. Wrenches of the constraint line are 
written[10], and constraint analysis is performed 

2. Freedom and constraint of a rigid body 

A rigid body has a total of six degrees of freedom (DOF) in the 
space, three translational and three rotational motions along its 
orthogonal axes. A mechanical connection or a contact between 
the two rigid bodies reduces the DOF and therefore applies a 
constraint on a rigid body. A constraint line is defined along the 
direction of the constraint applied [6].  

In screw theory, DOF is represented by a twist and a constraint 

is represented by a wrench [9]. A twist �̂� consists of two vectors 
representing an angular velocity 𝛀 and a linear velocity 𝐕, i.e., 

�̂� =  (𝛀|𝐕). A wrench �̂� consists of two vectors representing a 
force 𝐅 and a couple (moment) 𝐌 acting on a rigid body, i.e., 

�̂� =  (𝐅|𝐌). For a rigid body free in space, the six DOFs are 
represented by the principal twists as 

�̂�𝑅𝑥 = (1 0 0 | 0 0 0)  
�̂�𝑅𝑦 = (0 1 0 | 0 0 0)  

�̂�𝑅𝑧 = (0 0 1 | 0 0 0)     (1) 

�̂�𝑇𝑥 = (0 0 0 | 1 0 0)  
�̂�𝑇𝑦 = (0 0 0 | 0 1 0)  

�̂�𝑇𝑧 = (0 0 0 | 0 0 1)  
Where �̂�𝑅𝑥, �̂�𝑅𝑦, and �̂�𝑅𝑧 are the rotations along 𝑥𝑦𝑧 – axes, and 

�̂�𝑇𝑥, �̂�𝑇𝑦, and �̂�𝑇𝑧 are the translations along 𝑥𝑦𝑧 – axes, 

respectively. 
 
2.1. Constraint analysis of a ball in a vee groove 

 
Figure 1. Ball in a vee groove: (a) Representation of constraints in xy-
plane, (b) 3-D representation of constraints applied 

 
If a ball is placed in a vee groove with an angle θ, it makes two-

point contact with the surfaces of the vee groove, as shown in 
Fig. 1. It applies two constraints along with w1 and w2 and 
therefore reduces the two DOFs. The constraints are 
represented by two wrenches 𝑤1̂ and 𝑤2̂ along the constraint 
lines as follows  
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�̂�1 =  (cos
𝛳

2
 sin

𝛳

2
 0 |  0 0 0)    (2) 

�̂�2 = (- cos
𝛳

2
 sin

𝛳

2
 0 |  0 0 0)  

 

The general motion of a rigid body is represented by a general 

twist �̂� as 

�̂� = (𝛺𝑥 𝛺𝑦 𝛺𝑧| 𝑉𝑥 𝑉𝑦 𝑉𝑧)     (3) 

When a constraint is applied to a rigid body, the motion 
possible (instantaneous) is only along the perpendicular 
direction to the constraint line. Therefore, using the reciprocity 
condition of the screws, we can write   

�̂� ∘ �̂� = 𝑭 ∙ 𝑽 + 𝑴 ∙ 𝛀 = 0    (4) 
Applying the reciprocity condition, we get 𝑉𝑥 = 𝑉𝑦 = 0, and 

therefore the general twist for the given case is 

�̂� = (𝛺𝑥 𝛺𝑦 𝛺𝑧| 0 0 𝑉𝑧)  

It can be further written as four independent twists as 

𝑇1̂ = (0 0 0 | 0 0 1)  
𝑇2̂ = (1 0 0 | 0 0 0)     (5) 

𝑇3̂ = (0 1 0 | 0 0 0)  
𝑇4̂ = (0 0 1 | 0 0 0)  
Above constraint pattern analysis states that two translational 

motions are constrained, but the body is free to translate in the 
z-direction and rotate about all three orthogonal axes. The same 
can be obtained through inspection as well. 
 

2.2. Constraint analysis of 3-D kinematic clamp    
    

 
 
Figure 2. A physical arrangement of the body is constrained by the 

three pairs of spherical balls and vee groove at an angle α, β, ϒ. 

In 3-D kinematic clamps, vee grooves are made on three 
orthogonal surfaces. Origin O of the global Cartesian coordinate 
system is taken as the vertex of the cube, and X, Y, Z - axes are 
along the edge of the cube (Fig. 2). P1, P2, P3 are the centre of 
the three spherical balls with respect to the Origin O. A local 
Cartesian coordinate system is considered at the centre of each 
sphere having the z-axis along the vee groove. The y-axis is 
coincident with the line passing through the centre of the sphere 
and the apex of the vee groove. α, β, ϒ is the projected angles 
between the z-axis and the X, Y, Z-axis on the plane XY, YZ and 
XZ, respectively. (Fig. 2.). Assumptions point P1, P2, P3 lie on the 
plane XZ, YZ, XY, respectively.  

Three pairs of the ball and vee groove provide six constraints, 

which are represented as wrenches �̂�  

 �̂� = [𝐴𝑑]�̂�     (6) 

Here, �̂� and �̂� are the wrenches before and after the 
transformation.[𝐴𝑑] is 6 X 6 matrix given by [11] 

[𝐴𝑑] = [
𝑅 0

𝐷𝑅 𝑅
]     (7) 

 

Where [𝑅] is the 3x3 rotation matrix and [𝐷] is the skew-
symmetric matrix defined by translational vector d= (𝑑𝑋𝑑𝑌𝑑𝑍) 

[𝑅] = [𝑋 𝑌 𝑍] , [𝐷] = [

0 −𝑑𝑍 𝑑𝑌

𝑑𝑍 0 −𝑑𝑋

−𝑑𝑌 𝑑𝑋 0
] 

Wrenches for the general case are given as: 
�̂�1 = (−𝑐∅. 𝑐𝛾 −𝑠∅ 𝑐∅. 𝑠𝛾 | 𝑠∅ −𝑐∅. 𝑠𝛾 − 𝑐∅. 𝑐𝛾 −𝑠∅)  
�̂�2 = (𝑐∅. 𝑐𝛾 −𝑠∅ −𝑐∅. 𝑠𝛾 | 𝑠∅ 𝑐∅. 𝑠𝛾 + 𝑐∅. 𝑐𝛾 −𝑠∅)  
�̂�3 = (−𝑠∅ 𝑐∅. 𝑠𝛽 −𝑐∅. 𝑐𝛽 | −𝑐∅. 𝑐𝛽 − 𝑐∅. 𝑠𝛽 −𝑠∅ 𝑠∅)  

�̂�4 = (−𝑠∅ −𝑐∅. 𝑠𝛽 𝑐∅. 𝑐𝛽 | 𝑐∅. 𝑐𝛽 + 𝑐∅. 𝑠𝛽 −𝑠∅ 𝑠∅)  (8) 
�̂�5 = (𝑐∅. 𝑠𝛼 −𝑐∅. 𝑐𝛼 −𝑠∅ | −𝑠∅ 𝑠∅ −𝑐∅. 𝑠𝛼 − 𝑐∅. 𝑐𝛼) 
�̂�6 = (−𝑐∅. 𝑠𝛼 𝑐∅. 𝑐𝛼 −𝑠∅ | −𝑠∅ 𝑠∅ 𝑐∅. 𝑠𝛼 + 𝑐∅. 𝑐𝛼) 

Here, 𝑐∅ =  cos
𝜃

2
 , 𝑠∅ = sin

𝜃

2
 

𝜃 is the angle of the vee groove 

𝑐𝛼 = cos 𝛼,  𝑠𝛼 = sin 𝛼, 𝑐𝛽 = cos 𝛽, 𝑠𝛽 = sin 𝛽, 𝑐𝛾 = cos 𝛾, 
𝑠𝛾 = sin 𝛾.  
The constraint space matrix is written as 

∏𝑤 = [𝑊1,̂ 𝑊2,̂ 𝑊3,̂ 𝑊4 ,̂ 𝑊5 ,̂ 𝑊6̂] 𝑇    (9) 

2.2.1 Case 1. Vee grooves along the edges of a cube  

 
Figure 3. A physical arrangement of the body is constrained by the 
three pairs of spherical balls and vee groove along the edges of a cube 

 
In this case, vee grooves are placed along the orthogonal 

edges of the cube that passes through Origin. i.e., the z-axis 
coincides with the X, Y, Z-axis, respectively. α = β = ϒ = 0o and 𝜃 
= 90o as shown in Fig. 3. 
Wrenches for case 1 are 

�̂�1 = (0 -1 0 | 0 0 -1)  
�̂�2 = (0 0 -1 | 0 1 0)  
�̂�3 = (-1 0 0 | 0 -1 0)     (10) 

�̂�4 = (0 -1 0 | 1 0 0)  
�̂�5 = (0 0 -1 | -1 0 0)  
�̂�6 = (-1 0 0 | 0 0 1)  

∏𝑤 is a full rank matrix.   

For a general twist �̂� Eqn. 4 is satisfied only when all the 
components of the twist are zero, i.e.,  
𝛺𝑋 = 𝛺𝑌 = 𝛺𝑍 = 𝑉𝑋 = 𝑉𝑌 = 𝑉𝑍 = 0  
It shows that the arrangement of the three vee grooves along 
the cube's edges is an exactly constrained design. 

2.2.2 Case 2. Vee grooves on orthogonal planes of a cube and 

parallel to the axes 

In this case, vee grooves are placed on orthogonal planes XY, 
YZ, XZ, and parallel to the X, Y, Z-axis respectively and pass 
through the middle of the face, i.e., the z-axis is parallel to the X, 
Y, Z-axis. α = β = ϒ = 0o and 𝜃 = 90o as shown in Fig. 4. 
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Wrenches for case 2 are given by  

�̂�1 = (
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 0|  

1
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)  
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The rank of constraint space matrix ∏𝑤 is six. 

Eq. 4 is satisfied when all the components of the twist �̂� are zero, 
i.e., 𝛺𝑋 = 𝛺𝑌 = 𝛺𝑍 = 𝑉𝑋 = 𝑉𝑌 = 𝑉𝑍 = 0  

It shows that the given arrangement is a completely 
constrained design. 

 
Figure 4. A physical arrangement of the body constrained by the three 
pairs of spherical balls and vee groove on the surfaces of a cube 

2.2.3 Case 3. Vee grooves on the face diagonals of a cube (Y-

configuration) 

In this case, all vee grooves are aligned with the face diagonals 
of the orthogonal plane passing through the Origin, i.e., the z-
axis is inclined at an angle 45o with each X, Y, Z axes on planes 
XY, YZ, and XZ, respectively. 
In special case α = β = ϒ = 45o and 𝜃 = 90o as shown in Fig. 5. 

 
Figure 5. A physical arrangement of the body is constrained by the three 
pairs of spherical balls and vee groove on the face diagonals of a cube 

 
Wrenches for case 3 are 
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The rank of constraint space matrix ∏𝑤 is six.  
Eqn. 4 is satisfied when all the components of the general twist 

�̂� is zero, i.e., 𝛺𝑋 = 𝛺𝑌 = 𝛺𝑍 = 𝑉𝑋 = 𝑉𝑌 = 𝑉𝑍 = 0 
 
It shows that the arrangement provides a completely 

constrained design. 

2.2.4 Case 4. Vee grooves on the face diagonals of a cube 

(delta-configuration) 

In this case, all vee grooves are aligned with the second face 
diagonals of the orthogonal plane that is perpendicular to the 
face diagonal passing through the Origin, i.e., the z-axis is 
inclined at an angle -45o with each X, Y, Z axes on planes XY, YZ, 
and XZ, respectively. 
In special case α = β = ϒ = -45o and 𝜃 = 90o as shown in Fig. 6 

 
Figure 6. A physical arrangement of the body is constrained by the three 
pairs of spherical balls and vee groove on the face diagonals of a cube 
non intersecting at Origin 

Wrenches for case 4 are given by  
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The rank of constraint space matrix ∏𝑤 is five. 
From Eq. 4. we get 𝑉𝑋 = 𝑉𝑌 =  𝑉𝑍 = 0, and  
𝛺𝑥 = 𝛺𝑦 =  𝛺𝑧 =  Ω  

therefore, the general twist for the given case is 

�̂� = (𝛺 𝛺 𝛺 |  0 0 0)  
It can be further written as one independent twist as 

𝑇1̂ = (1 1 1| 0 0 0)  

3. Results and discussion       

Based on the above constraint analysis of three pairs of ball 
and vee grooves, we have designed 3-D kinematic clamps using 
cad software and fabricated them using the 3D printing method. 
The top part has three spherical balls which contact three vee 
grooves on the bottom part. The bottom part is a section of a 
cube that makes the base. A set of three vee grooves are made 
on face diagonals (Y and delta), along edges, and on the faces of 
the cube as various design cases. 
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Case 1 has three vee grooves on the edges of the cube, and 
they all intersect at the apex. 3D printed prototype of the 
kinematic clamp is shown in Fig. 7.   

 

Case 2 has three vee grooves on the face diagonal of the cube, 
and they all intersect at the apex. 3D printed prototype of the 
kinematic clamp is shown in Fig. 8.   

 
Figure 7. 3D printed prototype of a 3-D kinematic clamp with balls on 

vee along the edges of the cube (Case 1) 
 

 
Figure 8. 3D printed prototype of a 3-D kinematic clamp with balls on 

the orthogonal vee on the orthogonal planes (Case 2) 
 
Case 3 has three vee grooves on the three orthogonal faces of 

the cube, and they are orthogonal to each other. 3D printed 
prototype of the kinematic clamp is shown in Fig. 9.   

 

 
Figure 9. 3D printed prototype of a 3-D kinematic clamp with balls on 

vee grooves along the face diagonals (Case 3)  
 
Case 4 has three vee grooves on the three orthogonal faces of 

the cube (delta-configuration), and they do not intersect at the 
Origin, which is shown in Fig. 6. it has six contact points, but not 
all DOFs are constrained, so this case represents the over 
constrain the design. 

 
The kinematic clamps used in the analysis are exactly 

constrained and over-constrained, and they can be verified by 
inspection also. However, a general case may not be trivial and 
requires an analytical method to check if it is exactly over-
constrained. Screw algebra provides an alternate approach to 

investigate, using the constraint line approach. Compliant 
mechanisms may be analysed similarly using screw algebra. 
 

   
Figure 10. 3D printed prototype of 3-D kinematic clamps, vee along 

the edge, vee along the face diagonal, vee on orthogonal surfaces 

4. Conclusion 

We used the screw theory to perform constraint pattern analysis 
for four different 3-D kinematic clamps using three pairs of vee 
grooves and spherical ball contact on three orthogonal surfaces. 
Wrenches are obtained along the constraint lines for each case. 
The constraint space matrix is full rank for three cases, and 
therefore, the designed 3-D kinematic clamps are exactly 
constrained. For the fourth case, the constraint space matrix is 
not a full rank; hence this case is not exactly constrained. 
Prototypes are developed and fabricated using 3d printing. 
Screw algebra can be used for constraint analysis, and designs 
can be verified for any general case where vee grooves can be 
placed on arbitrary surfaces. This approach allows various design 
choices in a constrained or desired space.   
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Abstract 
This paper investigates the feasibility of single point diamond turning (SPDT) of advanced optical materials like silicon carbide, 
tungsten carbide, and fused silica glass, using the micro-laser assisted machining (µ-LAM) process. It is observed that the machining 
dynamics, including selection of spindle speeds, linear feed rate, laser power, and depth of cut, is crucial for ductile material removal 
of these materials. While machining of tungsten carbide, spindle speed of 2000 RPM, linear feed of 1 µm/rev, laser power output of 
7.5 W, and depth of cut of 2 µm resulted in surface roughness values of 3 nm to 5 nm RMS whereas during machining of silicon 
carbide, spindle speed of 375 RPM, linear feed of 0.4 µm/rev, laser power output of 12 W, and depth of cut of 4 µm resulted in 

surface roughness value of 10 nm RMS. It is also shown that an optimal tooling geometry with a steep negative rake of -65 and 
1.5 mm nose radius is capable of machining fused silica glass over commercially viable cutting distance and has surface roughness 
values of 20 nm to 30 nm and form irregularity of 0.5 µm to 0.7 µm PV. 
 
Keywords : SPDT, UPM, SiC, fused silica, tungsten carbide   

 

1. Introduction 

Ultraprecision single point diamond turning has enabled the 
manufacturing of complex aspherical and freeform lenses using 
single crystal diamond cutting tools. This process is highly 
deterministic and cost effective when compared to its 
traditional counterparts such as grinding and polishing. 
However, SPDT of hard and brittle materials such as glass and 
ceramics poses a significant challenge from increased rate of 
tool wear and shorter cutting distances. The process of injection 
moulding for mass manufacturing of optical lenses where optical 
quality moulds made of tungsten carbide and silicon carbide are 
used has gained widespread traction due to their superior 
mechanical properties and resistance to wear. Material 
processing of such moulds is done using grinding and polishing 
as these processes are well established [1-3]. However, 
processing of moulds with complex miniature features using 
grinding is difficult due to geometry restrictions of the grinding 
wheel. Likewise, polishing miniature features has the same 
constraints with the lap size. SPDT, conversely, is a viable 
alternative for machining such features as the diamond cutting 
tools used can have extremely small nose radii from 10 µm to 
100 µm. 

Limited studies of applying SPDT to glass and ceramics have 
been published in the past. Mishra, et al.[4] have demonstrated 
SPDT of tungsten carbide mould material followed by chemical 
mechanical polishing for mass manufacturing of smartphone 
lens application. Li, et al. [5] have reported nano-scale surface 
roughness on tungsten carbide using ultrasonic assisted SPDT. 
But there is significant tool wear observed in the form of micro-
chipping and abrasive wear. Thus, processing such mould 
materials in a commercially viable volume is a challenge. We 
propose investigating the feasibility of machining these 
materials using the micro-laser assisted diamond turning 
process (µ-LAM). The objective of this study is to evaluate the 
machining of tungsten carbide, silicon carbide, and glass 

workpieces and to answer three key questions: 1) what is the 
surface roughness of the workpiece machined with the µ-LAM 
process?; 2) what is the form error induced during machining?; 
and 3) what is the usable cutting distance? 

2. Micro-laser assisted diamond turning (µ-LAM) process      

Micro-laser assisted diamond turning process (µ-LAM) consists 
of a 1064 nm wavelength Nd:YAG laser beam which is passed 
through a polished optical surface on the back face of a diamond 
cutting tool during SDPT. The geometry of this diamond cutting 
tool is defined such that laser beam is emitted at the cutting 
interface between the tool and the workpiece to facilitate 
ductile material removal. Details about this process can be found 
elsewhere[6]. Figure 1 shows a schematic of the µ-LAM process. 

 
 

Figure 1. Schemactic of µ-LAM process. A laser is focused through the 
diamond tool to interact with the tool workpiece. 

3. Experimental Method 

3.1. Testing plan and lab equipment 
To investigate the feasibility of SPDT of tungsten carbide 

mould, a Ø 5.4 mm tungsten carbide mould with a convex radius 
of curvature of 5 mm was machined on a diamond turning lathe. 
The silicon carbide machined was a Ø 25 mm flat. The fused silica 
glass that was machined was a plano-convex lens with a radius 
of curvature of 34.39 mm and a diameter of 25 mm. The Optimus 
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T2, a micro-laser assisted toolpost depicted in Figure 2, was used 
to deliver a 1064 nm wavelength Nd:YAG laser beam at the 
cutting interface. The toolpost comprises of a tool holder, laser 
collimator, and a series of optical elements that direct the laser 
beam towards the cutting edge. The collimator was affixed to 
three linear stages that facilitate proper alignment of the laser 
in vertical, lateral, and axial (focus) direction with respect to the 
diamond tool. The laser beam is continuous and can be adjusted 
by 1 W power increments with maximum power output of 50 W. 
 

 
 
Figure 2. Experimental setup for cutting WC on a Precitech Nanoform X 
ultraprecision lathe. The Optimus T2 delivers the laser while 
simultaneously cutting the workpiece with a diamond tool. 
 

3.2. Tungsten carbide workpiece machining 
These tests were performed on a 4-axis Precitech Nanoform X 

ultraprecision lathe. Two tests were implemented in which a 
tungsten carbide mould was machined until the surface 
exhibited signs of tool failure during each test. This was assessed 
by setting a threshold value of 10 nm for RMS roughness. If the 
surface finish exceeded the threshold value, then the test was 
concluded and the total cutting distance covered by the tool 
before it exhibited failure was noted for each test. Same 
tungsten carbide mould was used in both the tests. To ensure 
similar starting conditions, i.e. fracture free surface for both 
tests, the mould was roughed using a separate roughing tool. 
Diamond tools manufactured by M10 Edge Ltd. were used for 
these tests and the finishing tools used for the tests had a 
geometry of -35° rake, 15° clearance, and 100 µm nose radius. 
Smaller radii tools were selected as this geometry is typically 
required for machining intricate features on moulds used for 
manufacturing smartphone lenses. Machining parameters listed 
in Table 1 were used for both the tests. 
 
Table 1 Machining parameters for tungsten carbide mould 

 

Process RPM Feed 
(mm/
min) 

Depth of 
cut (µm) 

Power 
(W) 

Coolant 

Rough 2000 6 4 7.5 OMS 
Finish 2000 2 2 7.5 OMS 

 

3.3. Silicon carbide workpiece machining 
These tests were performed on a 4-axis Precitech Nanoform X 

ultraprecision lathe operating with only two axes. Five tests 
were implemented in which a silicon carbide flat was machined 
until the surface exhibited signs of tool failure. This was assessed 
by setting a threshold value of 50 nm for RMS roughness. If the 
surface finish exceeded the threshold value then the test was 
concluded. Natural diamond tools manufactured by M10 Edge 
Ltd. were used for these tests and had a geometry of -25° rake, 
10° clearance, and 1.5 mm nose radius. Machining parameters 
listed in Table 2 were used for all the tests. 

 
Table 2 Machining parameters for silicon carbide 

 

Test 
No.  

RPM  Feed  
(mm/min)  

Depth of  
cut (µm)  

Power  
(W)  

Coolant  

1  375  1.25  4  6  OMS  

2  375  0.6  4  6  OMS  

3  375  0.3  4  6  OMS  

4  375  0.3  4  12  OMS  

5  375  0.15  4  12  OMS  

 
3.4. Fused silica workpiece machining 

These tests were performed on a 3-axis Nanotech 250 UPL 
ultraprecision lathe operating with only two axes. Three tests 
were implemented in which a fused silica convex lens was 
machined until the surface exhibited signs of tool failure. This 
was assessed by setting a threshold value of 50 nm for RMS 
roughness. If the surface finish exceeded the threshold value 
then the test was concluded. Synthetic diamond tools 
manufactured by M10 Edge Ltd. were used for these tests and 
had a geometry of -65° rake, 10° clearance, and 1.5 mm nose 
radius. Machining parameters listed in Table 3 were used for all 
the tests. 

 
Table 3 Fused silica machining parameters  

 

Test 
No. 

RPM Feed  
(mm/min) 

Depth of  
cut (µm) 

Power  
(W) 

Coolant 

1 1000 1 6 7 316-HT 

2 4000 6 6 7 316-HT 

3 2000 4 6 7 316-HT 

 
3.5. Metrology      

The surface roughness (Sq) of the samples were all evaluated 
on a scanning white light interferometer. The form error (PV) for 
the tungsten carbide mould was measured on a multi-
wavelength non-contact interferometer. The form error for the 
silicon carbide and fused silica samples were measured on a PGI 
Optics profilometer. 

Surface finish and form measurements were taken after every 
fourth machining cut on the tungsten carbide mould. The silicon 
carbide and fused silica samples were measured after each pass. 
The details of the metrology equipment and the qualifying 
metrics can be found in Table 4. 
 
Table 4 Metrology equipment and metrics 

 

Instrument Specification Details 
Zygo Nexview 
NX2 

Objective 20× 

Field of view 434 µm × 434 µm 

Fitting 
operation 

4th order polynomial 
removed 

Metric RMS roughness, Sq (nm) 

LUPHOScan 
420 

Fitting 
operation 

Piston, tilt, and power 
removed 

Metric Peak-to-valley, PV (µm) 

PGI Optics Fitting 
operation 

Nominal geometry 
removed 

Metric Peak-to-valley, PV (µm) 

 

4. Results and Discussion 

4.1. Tungsten carbide workpiece results 
The tungsten carbide mould was machined until the surface 

roughness (Sq) was below 10 nm threshold to evaluate the 
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usable cutting distance during SPDT of tungsten carbide. During 
both tests, it was observed that the RMS roughness exceeded 
the threshold value value of 10 nm after a cutting distance of 1 
km. This is shown in Figure 3a and Figure 3b where surface finish 
obtained from both tests was below the threshold value after 
tool had covered a cutting distance of 0.5 km. Figure 3c and 3d 
depicts the surface finish obtained from both tests after tool had 
covered a cutting distance of 1 km. Figure 4 shows the variation 
in surface finish over a cutting distance of 0.92 km for Test 1 and 
Test 2. It was seen that the surface texture degraded over 
increasing cutting distance. A higher roughness value at the 
beginning of Test 2, see Figure 4, may be due to subsurface 
damage from previous test. 

The variation in surface form error was also analysed to 
evaluate the usable cutting distance during SPDT of tungsten 
carbide mould. It was seen that the surface form remained 
consistent over the duration of the test and any slight variations 
in the shape could be attributed to increase in tool wear over 
increasing cutting distances. Figure 5a and 5b shows the form 
error obtained from Test 1 and Test 2 after the tool had covered 
a cutting distance of 0.7 km. Since two different diamond tools 
of identical geometry were used for these tests, variation in their 
waviness profile could explain the difference between their PV 
value. 

 

 
 

Figure 3. Surface maps and RMS roughness near the edge of the WC 
workpiece a) after cutting distance of 0.5 km during Test 1, b) after 
cutting distance of 0.5 km during Test 2, c) after cutting distance of 
1 km during Test 1, d) after cutting distance of 1 km during Test 2. 
 

 
 

Figure 4. Surface finish variation along tool cutting distance for Test 1 
and Test 2. 
 

 
Figure 5. Surface form after tool cutting distance of 0.7 km a)  Form error 
for Test 1, b) Form error for Test 2 

 
4.2. Silicon carbide workpiece results       
   These tests were performed sequentially from test one 
through three and then the tool was resharpened for test four 
through five. After each test three surface measurements at 
three different radii were taken and averaged for each radius 
position. These zones are labelled center, within 1 mm radius of 
the center, middle, within 5 mm to 7 mm radius of the center, 
and the edge, outside the 12 mm radius from the center of the 
workpiece. The tests are preliminary and because the workpiece 
was a flat only surface finish data was recorded. The overall 
results of the tests are shown in Figure 6. 

 
Figure 6. RMS roughness of SiC sample. The tool was re-lapped 

between test 3 and test 4.   
It can be seen by the data in Figure 6 that there were 

significant improvements made to the roughness of the part as 
the feedrate decreased and as the laser power increased. The 
surface finish of the best zones of the finished part are shown in 
Figure 7. The data shown in Figure 7 display both ductile and 
brittle fracture material removal. The brittle fracture could be 
due to several factors and more research must be conducted to 
further investigate this. 
 

 
Figure 7. Surface of the SiC workpiece a) at the center of the part, b) at 
the middle of the part, c) at the center of the part 

 
4.3. Fused silica workpiece results       
   The fused silica sample was machined with various parameters 
to achieve in combination the best surface and form error with 
a relatively short cutting time. Table 5 shows the results of the 
RMS of the surface of the work piece as well as the peak to valley 
(PV) of the form error for each of the tests. 
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Table 5 Fused silica surface roughness  
 

Test 
No.  

Center Sq 
(nm)  

Middle Sq 
(nm)  

Edge Sq 
(nm)  

Form error PV 
(µm)  

1  29  45  41  0.88  

2  45  90  160  1.48  

3  23  62  83  0.71  

 
Figure 8 gives a good representation of the uniformity of the 

surface finish of the fused silica glass workpiece. This is crititcal 
because the workpiece would have to be post polished for the 
final lens but the time taken to post polish the lens is dependant 
on the worst portion of the workpiece. Figure 9 shows the form 
errors for the workpiece from test 3 and as expected from a 
turning operation they are symmetrical. 
 

 
Figure 8. Surface of the test 3 fused silica workpiece a) at the center of 
the part, b) at the middle of the part, c) at the center of the part. 

 
Figure 9. Surface of the test 3 fused silica workpiece a) at the center of 
the part, b) at the middle of the part, c) at the center of the part. 

 
Figure 9 shows promising form error because the symmetrical 

form errors could be compensated in subsequent cuts. Using 
corrections form errors have typically been observed in the 
350 nm to 500 nm range. This is from tool degradation as the 
workpiece is cut. Currently, only a few cuts can be performed 
before the tool has completely failed. 

5. Conclusion 

The summary all three materials, tungsten carbide, silicon 
carbide, and fused silica, are able to be diamond turned to a 
point where deterministic polishing time would be significantly 
reduced. Results for tungsten carbide are promising for the 
moulding industry with the ability to achieve less than 10 nm for 
surface roughness with nearly a 1 km track length. As previously 
stated, the results for silicon carbide are extremely preliminary 
with only machining a 25 mm flat, but the results are very 
promising with achieving surfaces below 10 nm as well. The 
machining of fused silica at this point will need post polishing to 
achieve an optical level surface roughness but there is some 
potential for it to reduce polishing times having the ability to 
achieve reasonable form errors between one to two fringes and 

a useable surface finish for polishing. Overall, using the µ-LAM 
system does potentially allow for machining hard and brittle 
materials as compared with traditional diamond turning. 
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Abstract 
In sinking electrical discharge machining (S-EDM), many applications such as the manufacturing of injection moulds require numerous 
tool electrodes due to tool wear compensation. The manufacturing of tool electrodes causes a high cost and time expenditure in the 
entire process chain. This paper aims for a novel approach to a segmentation of the tool electrode in order to shape it variably. The 
shaping is realized by actuation of single tool electrode segments (STES) using miniaturized linear actuators. In the future, the 
roughing process in S-EDM could be carried out by segmenting and variably shaping of the tool electrode. 
To investigate the process behaviour of a segmented tool electrode in S-EDM, different geometry configurations of the tool 
electrodes are compared. Experimental results show a similar material removal rate for the different tool electrode configurations. 
The relative linear wear of a segmented tool electrode is only 7.7 % of the relative linear wear of a monolithic tool electrode. 
In order to dynamically position the STES, a miniaturized electrical linear drive is developed and constructed. The outer diameter of 
the actuator must not exceed the edge length of an STES. In the machine tool an actuated STES is tested and the material removal rate 
and the relative linear wear for different Z-axis lifting motions are analysed. The material removal rate could be increased by 37 % 
applying actuated Z-axis lifting motions compared to the process without Z-axis lifting motion. In this context the relative linear wear 
increased slightly. The results of this paper are used for the further development of the system to enable more efficient process 
chains in the EDM process.  
 
Sinking electrical discharge machining, EDM, segmented tool electrode, injection mould, linear actuator 

 

1. Introduction 

Sinking electrical discharge machining (S-EDM) is a thermal 
process based on material removal by electrical discharges. Due 
to significant and non-uniform tool electrode wear ϑ, a large 
number of tool electrodes n is required in order to achieve the 
final geometry of the workpiece. This results in a high cost c and 
time t expenditure, since hundreds of tool electrodes have to be 
manufactured for a final geometry in specific machining 
operations. This is associated with high manufacturing time t 
and cost c for each workpiece [1]. In order to reduce the number 
of required tool electrodes n, a new approach is to divide the 
tool electrode into individually actuated segments, which are 
applied in the roughing operation in the S-EDM process. A 
schematic structure of the segmented tool electrode is 
illustrated in Figure 1. The future objective is to adaptively 
compose the coarse geometry of the tool electrode array using 
actuators, comparable to pixels in a digital image. 

According to DAVE ET AL. [2], a segmentation of the tool 
electrode can improve the process conditions in S-EDM. In 
addition to that, a flushing strategy through channels in the tool 
electrode resulted in a higher material removal rate V̇W [2]. 
However, the drilling of channels for active flushing involves 
additional cost c and time t expenditure for the manufacturing 
of tool electrodes. Novel flushing strategies, which will be 
realized by the individual actuation of the tool electrode 
segments, are expected to reduce the manufacturing costs c 
without requiring additional manufacturing efforts for the tool 
electrodes. 

 

 
Figure 1.  Bundled tool electrode assembly for S-EDM. 

Besides new flushing strategies, an adaptive tool electrode 
geometry furthermore allows a step-by-step processing of the 
workpiece, which results in a reduction of the 
processing time tero. In section 2 of this work, the application 
potential of the adaptive tool electrode geometry is presented 
and experimentally investigated. In section 3, the 
material removal rate V̇W and the relative linear wear ϑl of a 
single tool electrode segment (STES) with a miniaturized 
electrical linear drive is investigated. With the preliminary 
investigation of an STES in the active machine system, this work 
provides the basis for the future realization of the bundled 
geometry. 

Linear actuator

Tool electrode
segment

dA ≤
5 mm
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5 mm
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2. Subdivided S-EDM process for improved flushing 

The segmentation of the tool electrode enables a subdivided 
S-EDM process illustrated in Figure 2, which is expected to 
improve the flushing conditions in the working gap s and reduce 
the processing time tero. The efficiency of the flushing with 
conventional methods decreases significantly with larger 
erosion depths de and complex geometries of the tool electrode. 
Due to the step geometry of the monolithic pyramid-shaped tool 
electrode (Figure 2a), the evacuation of debris particles out of 
the working gap s is more difficult. 

 
Figure 2.  Example of a pyramid geometry sunk into the workpiece.  

a) conventional process; b) with a segmented tool electrode. 

Compared to a monolithic tool electrode, a segmented tool 
electrode allows a sequential S-EDM of the three cavities in the 
workpiece (Figure 2b). Due to the less complex geometry, an 
improvement for the flushing conditions is expected. To prove 
this hypothesis, the material removal rate V̇W and the 
relative linear wear ϑl of monolithic and segmented tool 
electrodes are compared.  

2.1. Materials and methods 
In order to investigate the segmentation of the tool electrode 
for the roughing operation in the S-EDM process, the tool 
electrode material graphite EDM3, POCO GRAPHITE INC., Decatur, 
USA, is used. The applied workpiece material is ELMAX steel, 
VOESTALPINE AG, Linz, Austria. For the experiments the machine 
tool Genius 1000 The Cube, ZIMMER & KREIM GMBH & CO. KG, 
Brensbach, Germany, with the dielectric fluid Ionoplus IME-MH, 
OELHELD GMBH, Stuttgart, Germany, was applied. 

 
Figure 3. Workpiece cavities and tool electrode geometry 

configurations. a) cavity top view, b) cavity side view,  
c) single tool electrode segment (STES), d) monolithic tool 
electrode segments, e) monolithic tool electrode with 
pyramid structure. 

In the experiments, cavities with a pyramide-like shape are 
machined into the workpiece, consisting of three steps, each 
with a erosion depth de = 2 mm. The cavity steps shown  

in Figure 3a and b have frontal surface areas of 
AE1 = 25 mm x 25 mm, AE2 = 15 mm x 15 mm and 
AE3 = 5 mm x 5 mm, respectively. The S-EDM is carried out with 
three different tool electrode geometry configurations. First, a 
monolithic tool electrode with pyramid structure according to 
Figure 3e is used. Second, the three cavity steps are 
manufactured sequentially with three graphite monolithic tool 
electrodes shown in Figure 3d. Third, the three cavity steps are 
also manufactured sequentially with the STES mounted 
statically. These STES have a square base with an edge length 
wE = 5 mm. The first cavity step is manufactured with 5 x 5 STES, 
the second cavity step with 3 x 3 STES and the third cavity step 
with one STES. Each experiment is carried out three times. The 
applied EDM process parameters according to the guideline 
VDI3400 generate a surface roughness Ra = 10 µm. The 
material removal rate V̇W is defined by the removed material 
volume VW from the workpiece during the processing time tero. 
The removed material volume VW is measured by the 3D-digital 
microscope VHX-5000, KEYENCE DEUTSCHLAND GMBH, Neu-
Iseburg, Germany. The relative linear wear ϑl is calculated by 
measurements of the respective STES at a reference point on the 
workpiece before and after the S-EDM process. 

2.2. Process behavior of segmented graphite tool electrodes 
The material removal rate V̇W and the relative linear wear ϑl, 

which was measured on the top of the pyramid structure, with 
the respective standard deviations are shown in Figure 4.  

The highest material removal rate occurs with the STES at 
V̇W = 45.90 mm³/min. The material removal rate for the three 
monolithic tool electrode segments is V̇W = 45.83 mm³/min and 
the lowest material removal rate occurs for the monolithic tool 
electrode with pyramid structure with V̇W = 45.38 mm³/min. 
However, the relatively small deviations between the 
material removal rates V̇W are in the range of the standard 
deviations of the experiments.  

 
Figure 4. Material removal rate V̇W and relative linear wear ϑl with 

different tool electrode configurations (C-S: single tool 
electrode segments, C-M: monolithic tool electrode 
segments, C-P: monolithic tool electrode with pyramid 
structure).  

The relative linear wear for the STES is ϑl = 0.21 %. The lowest 
relative linear wear occurs when applying three monolithic tool 
electrode segments with ϑl = -0.03 % and the highest relative 
linear wear occurs for the monolithic tool electrode with 
pyramid structure with ϑl = 2.76 %. Due to the subdivided 
sinking process the relative linear wear ϑl at the top of the 
segmented tool electrodes is lower than the 
relative linear wear ϑl at the top of monolithic tool electrode 
with pyramid structure. The reduced thermal stress on the top 
of the tool electrode, due to less process interaction, can be seen 
as a significant advantage compared to conventional processing 
with a single monolithic tool electrode. A negative 
relative linear wear can occur through deposits of workpiece 
material on the tool electrode [5]. 
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3. Realization of a single actuated tool electrode segment      

3.1. Miniaturised electric linear drive 
The objective of the developed linear drives is to dynamically 

generate different shapes of the tool electrode geometry. 
Furthermore, the actuators are utilized to generate oscillating 
wave movements for a novel transverse wave flushing strategy 
in the dielectric fluid. To meet these requirements, the 
developed linear drive must provide a static working lifting 
motion of sw = 30 mm with a stationary positioning accuracy of 
aSP ≤ 10 μm and a dynamic excitation at a slider-
amplitude A ≈ 1 mm as well as a frequency up to ω ≤ 10 Hz. 
Application-related, the installation space is severely limited, 
requiring the actuator to have an outer diameter dA = 5 mm, see 
Figure 1 and [3]. The designed miniaturized linear drive is shown 
in Figure 5. A two-phase linear actuator was developed to meet 
both the transient performance and the space constraints of the 
actuator. The detailed design, modelling and control of the 
miniaturized linear drive is presented in [4].  

 
Figure 5. Design drawing and picture of the miniaturized electric  

linear drive.  

In order to detect the position of the slider during the EDM 
process, a Hall sensor is implemented in the actuator. The sensor 
detects the position-dependent magnetic field of the permanent 
magnets enclosed in the slider, with this data the slider position 
of the actuator can be determined. The position detection of the 
Hall sensor for a section of the slider lifting motion is displayed 
in Figure 6, where it is compared with the measurement by a 
laser sensor. Results of the position detection show negligible 
deviations between the Hall sensor and the laser sensor.  

 
Figure 6. Measurement of the slider position comparing results of Hall 

sensor and laser sensor. 

Figure 7 shows the deviation of the position detection by the 
Hall sensor compared to the laser sensor. Approximating the 

deviation by a normal distribution yields in a standard deviation 

of  = 17.6 µm. 

 
Figure 7. Deviation of the position detection by the Hall sensor 

compared to the laser sensor. 

3.2 Implementation of a single actuated tool electrode 
segment in the S-EDM process 

The implementation of the miniaturized linear drive in the 
Genius 1000 machine tool is illustrated in Figure 8. An insulating 
coupling is used to attach the electrode rod to the slider of the 
linear actuator. The actuator is clamped into the machine 
system using a 3D-printed mounting bracket. 

Using a single actuated electrode rod, it is not yet possible to 
realize a discretized transverse wave flushing strategy. However, 
the flushing performance of an STES can be investigated 
experimentally. 

 
Figure 8. Combination of the linear actuator with an STES by the 3D 

printed bracket. a) clamping for the actuated STES,  
b) linear actuator, c) guide bar, d) coupling between actuator 
rotor and STES, e) guide rail for the STES, f) STES,  
g) tool electrode holder, h) workpiece. 

The actuator keeps the STES in processing distance dero to the 
workpiece electrode for a time period Te = 0.7 s and sub-
sequently realizes one harmonic flushing period for a 
flushing time Tf = 0.1 s with an amplitude Af = 2 mm to remove 
debris particles from the working gap s.  

Figure 9 displays both the targeted and the actual process 
lifting motion of the linear actuator. The position measurement 
during the flushing period reveals that the system has non-
modeled nonlinearities, resulting in deviations between setpoint 
and actual value of the position. These nonlinearities are due to 
position and speed dependent friction forces Ff acting on the 
slider. In future work, the friction forces Ff exerted on the slider 
will be investigated in more detail to compensate the nonlinear 
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behaviour and consequently improve the dynamic position 
control. 

 
Figure 9. Position set point and measurement data of the actuated Z-

axis lifting motions. 

3.3. Experimental validation 
To analyse the process behaviour of an actuated STES, 

experiments are carried out with different Z-axis lifting motions. 
The material removal rate V̇W and the relative linear wear ϑl are 
compared without Z-axis lifting motions, with Z-axis lifting 
motions by the machine tool and with Z-axis lifting motions 
performed by the actuator. Shielded cables are used to reduce 
electromagnetic interference from actuators and sensors. 

Figure 10 shows the material removal rate V̇W and the 
relative linear wear ϑl of the experiments. The material removal 
rate without a Z-axis lifting motion is V̇W = 4.10 mm³/min with a 
relative linear wear ϑl = 2.24 %. With a Z-axis lifting motion by 
the machine tool the material removal rate V̇W = 6.45 mm³/min 
is the highest with also the highest relative linear 
wear ϑl = 4.60 %. The Z-axis lifting motion by the actuator 
generates a material removal rate V̇W = 5.64 mm³/min and a 
relative linear wear ϑl = 2.31 %. Thanks to the Z-axis lifting 
motion by the actuator, a significantly higher 
material removal rate V̇W by 37 % with only slightly higher 
relative linear wear ϑl can be achieved compared to the 
experiments without a Z-axis lifting motion. It is assumed that 
this improvement is a consequence of better flushing conditions 
in the working gap s. It has to be admitted that processing 
without Z-axis lifting motions is disadvantageous for the 
processing conditions due to a total lack of flushing and not state 
of the art.  

 

Figure 10. Material removal rate V̇W and relative linear wear ϑl for 
different Z-axis lifting motions.  

The application of the actuator did not lead to an 
improvement of the material removal rate V̇W compared to the 
Z-axis lifting motion by the machine tool. However, the 
relative linear wear ϑl could be halved by the Z-axis lifting 
motions applying the actuator compared to the Z-axis lifting 
motions by the machine tool. As shown in Figure 10, the material 
removal rate V̇W of the Z-axis lifting motion by the machine tool 
is higher than for the Z-axis lifting motion by the actuator. This 
could be attributed to the machine feed control system, which 
is counteracting the lifting motion of the actuator. 

4. Conclusions and outlook      

In this paper, the process behavior of segmented tool 
electrodes in S-EDM was investigated. These tool electrodes can 
form variable shapes for the roughing operation in S-EDM via 
linear actuation of the STES. This approach can save costs c and 
material for the manufacturing of the tool electrodes in the 
future, since the roughing can be carried out by the variably 
formable tool electrode. This approach could save the use of 
numerous tool electrodes in the roughing operation. 

In the experiments the material removal rate V̇W and the 
relative linear wear ϑl of a segmented tool electrode were 
analysed and compared to a monolithic tool electrode. The 
results show a similar material removal rate for the different tool 
electrode configurations. The relative linear wear at the top of 
the segmented tool electrode C-S is only 7.7 % of the relative 
linear wear of a monolithic tool electrode with pyramid 
structure C-P. For the actuation of the STES the outer limitations 
of the linear actuator must not exceed the chosen edge length 
of an STES with wE = 5 mm. A miniaturized electrical actuator 
was developed for this purpose. The coupling of the actuator 
and a STES was implemented in the machine tool with the use 
of 3D-printed components. Experiments with Z-axis lifting 
motions by the actuator show a significantly higher material 
removal rate V̇W with only a slightly higher relative linear wear ϑl 
compared to tests without Z-axis lifting motions. This work 
showed the applicability of an actuated STES in the EDM process 
and the possibility of process optimization by further research. 

In future work, several actuated STES will be combined to form 
an actuated tool electrode module consisting of 3 to 5 individual 
segments. With this system, a new type of flushing strategy will 
be investigated in the EDM process, which generates transverse 
waves through peristaltic movements of the STES. The 
processing time tero can be shortened by a more effective 
flushing and thus the production costs c can be reduced. 
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Abstract 
Machining of complex features on hard-to-reach zones, e.g. internal spaces, is difficult by conventional mechanical machining 
techniques. The challenge comes from two common facts: the small space restricts tool engagement and thus its contact with part 
surface; the large cutting force exerted on the slender cutting tool results frequently in a deformed or broken tool. To tackle this 
challenge, an innovative tool clamping method is proposed as a proof-and-concept inspired by a chip-on-tip endoscope, where a 
camera is held by a slender, flexible tube, reaching tissue inside the body. Similarly, a pneumatic bending actuator is designed and 
implemented to be capable of carrying a tool electrode, which is used for a force-free machining, i.e. micro electrical discharge 
machining (µEDM). An elastic inflatable actuator tailored for this application is designed, fabricated and validated to provide a proof 
of the proposed concept. The fabricated micro-actuators are experimentally studied to assess their performance implementing the 
texturing on a vertical plate and shows its great potential as tool guider in restricted processing space.  
 
 
Micro-EDM, surface texturing, micro ceramic injection moulding, soft robotic manipulation     
   

 

1. Introduction   

Hard-to-reach zone machining, e.g. internal space structuring 
[1] and curved hole creation [2,3], has always been a challenge 
for a conventional machine tool. In general, the conventional 
tool holder must have a stiff but complex (often geometrically 
large) structure in order to resist deformation caused by large 
cutting force acting on it. This prevents these machining 
processes from being used in some applications. A concrete 
example is the texturing of the inner surface of bearing outer 
rings, or creating artificial defects at the root of a gear tooth.  The 
rigid coupling used in conventional machining, however, is not 
necessary in a force-free machining, e.g. micro-electrical 
discharge machining (µEDM) or electrochemical machining, 
enabling a potential for more flexible approaches. For instance, 
Ishida et al. [2] proposed a novel structure consisting of an 
electrode head, a helical compression spring and a fixture, on 
top of which three wires were fastened through different 
pulleys. This structure enables a curved trajectory of the 
electrode in the case of maching a curved hole in the metal 
mold. Similarly,Okada et al. [3] proposed a suspended ball 
electrode for curved hole EDM drilling. The ball electrode was 
connected with the EDM head by a foil, which was covered by 
the insulated thin resin film. Through tilting the workpiece, holes 
with different bending angles can be achieved. Albeit flexible in 
reaching space, these designs have either difficulty in 
implementation or limation in control, and thus have not 
received much industrial attraction. This paper proposes a cost-
effective, easy-to-implement and simple-to-control design 
concept for µEDM tool holding based on pneumatic bending 
actuator. 

Soft robotics is an emerging research field investigating 
compliant structures for varying applications. A typical example 
is the design of a multigait soft walker [7], inspired by 
invertebrate animals such as worms. Unlike its rigid counterpart, 
the soft robotics often relies on the the structural deformation 
to achieve sophisticated motions in all degrees of freedom. 
Meanwhile, the use of soft materials not only simplifies its 
geometrical design but also results in a low stiffness upon the 
soft robotic components [8]. The low stiffness makes them 
suitable for unpredictable environments and inherently safe for 
human interaction [4], but seems to exclude them from 
precision machining contexts. In force-free machining however, 

Figure 1. The concept of soft tool manipulator based on a pneumatic 
bending actuator for µEDM micro-texturing purpose. 
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the potential miniaturization due to the absence of joints and 
linkages, large attainable deformations and cost effective nature 
of soft bending actuators, could offer a solution for changing the 
tool tip orientation. An example of such pneumatic bending 
microactuator is used as an endoscope end-effector for 
changing the field-of-view of a miniature camera [5]. In a similar 
fashion, we propose to manipulate the µEDM tool tip with a soft 
pneumatic bending microactuator, as schematically shown in 
figure 1. The tool tip is able to reach in a limited space and 
engage with the inner wall surface from a controlled angle. This 
motion flexibility is provided with a soft bending actuator that 
works on a pneumatic principle. The manipulator can be easily 
integrated into a machine tool spindle and perform micro-
texturing tasks in extreme conditions. 

This paper describes the design and fabrication of a larger 
scale prototype for a soft tool manipulator, and a first 
experimental validation of the assembly. 

2. Soft tool manipulator    

The soft tool manipulator is composed of a pneumatic bending 
actuator, fitted with a clamping system holding the tool 
electrode and providing a wire connection for the conductive 
path. 

 

2.1. Bending actuator design and fabrication      

 
          Figure 2. The working principle, including some key dimensions of 
a pneumatic actuator (a) and different steps in the fabrication process 
(b) of the proposed bending actuator with (1) the bottom half of the 
mold, (2) an eccentrically placed rod, (3) the liquid rubber poured into 
the mold, (4) the top half of the mold, (5) PMMA clamping plates and (6) 
pneumatic pressure supply tube.  

In order to attain high bending angles and to enable 
miniaturization, a high aspect ratio monolithic pneumatic 
bending actuator is proposed [6].  As depicted in figure 2a, the 
actuator consists of a slender cylinder with an internal, 
eccentrically positioned void. This geometric asymmetry across 
the actuator’s section causes the structure to bend towards the 
stiffer side upon inflation. The actuator morphology is mainly 
determined by four dimensions: its length L, diameter D, internal 
void radius a and eccentricity e. The concrete dimensions for the 
initial prototype considered in this paper are derived using 
analytical and numerical models of the structure, from Gorissen 
et al. [6], and a full 3D FEM analysis is performed to corroborate 
the expected bending behaviour. The resulting dimensions of 
the upscaled prototype are displayed in table 1. 

Table 1. Dimensions of the bending actuator prototype corresponding 

to parameters in figure 2. 

Dimension Value [mm] 

L 42 

D 4 

a 1.45 

e 0.28 

To facilitate later miniaturization of the soft tool manipulator, 
the pneumatic bending actuator is fabricated using monolithic 
out-of-plane high aspect ratio molding. In contrast to many 
different processes for manufacturing of pneumatic actuators, 
this method uses one-step molding, eliminating the need for 
manually closing the inflatable void. As depicted in figure 2b1, a 
3D-printed bottom mold half with an eccentrically positioned 
precision rod is filled with polydimethylsiloxane (PDMS, Sylgard 
184), mixed in a 1:10 ratio with a curing agent and degassed in 
vacuum. Next, the top mold half is placed onto the mold, 
positioned using dowel pins and tightened with a screw. The 
excess liquid PDMS is pushed out through the opening in the 
mold, as indicated in figure 2b2, and cured for 24h. After curing, 
the overflow PDMS is removed, the mold opened and the 
eccentric precision rod extracted, yielding the finished actuator. 
Finally, to apply pressure onto the void, a pneumatic supply line 
is added.  

2.2. Assembly of soft tool manipulator 

The assembly of the soft tool manipulator is schematically 
illustrated in figure 3. Considering that µEDM is an electric 
technique where the tool electrode and workepiece should be 
connected to two polarities of a pulse power supply (PPS), a 
metal cup made of tungsten carbide (WC) is employed making 
an electric conduction between the tool electrode and a single 
core copper wire (BS EN13602). The wire is threaded through 
the metal cup and its one end is soldered on the cup side while 
the other end is bonded with the PPS. The tool electrode is 
squeezed through a small hole on the cover before it is tightly 
fitted into the drilled hole on the metal cup. In this easy way, the 
tool electrode has a solid contact with the wire and remains 
stable during bending actions. Since tool wear is inevitable in 
EDM, the tool needs to be replaced regularly. This easy fitting 
scenario makes it convenient for a regular tool replacement. In 
addition, the fitting hole in the metal cup can be drilled with a 
varying size with respect to tool electrodes in different 
diameters. After wrapping up the metal cup, the cover, which is 
also made of PDMS, is cured around the bending actuator. It is 
worth noting that the wire has a non-neglectable impact on the 
bending actuator. This is because in the current design, the wire 
is left outside the actuator and its tension, though very small, 
can thus be exerted on the actuator. This issue can be tackled 
either by an optimized wiring method, e.g. wire connection 
through the inside of the actuator, or by FEM simulation that is 
able to quantify and compensate this factor. 
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Figure 3. The assembly process for the soft tool manipulator. 

2.3. Validation of bending actuator  

Several prototypes of the pneumatic bending actuator have 
been fabricated and tested. The relation between the applied 
pressure and the attained bending angle is crucial to predict the 
tool-tip orientation. A first experimental validation  has been 
performed to investigate the repeatability of this relation. 

 
Figure 4. The bending angle measurement setup (left) and results 
(right) showing a spread in attained bending angle. 

 
Four pneumatic bending actuators of identical design are 

manufactured in the 3D-printed mold. A pneumatic connection 
is foreseen for each and they are connected to a pressure supply. 
An analog manometer is used to monitor the air pressure 
imposed on the actuators and a clamp fixates them. Figure 4 
displays this setup. A pressure sweep is performed and images 
of the bending deformation are recorded. This enables, via 
image processing, the relation between the imposed pressure 
and the attained bending angle to established. This procedure is 
repeated four times. The resulting graph in figure 4 indicates a 
large bending deformation, sufficient for EDM-tool 
manipulation. Between the actuators however, a significant 
spread in the attained bending angles is observed. This indicates 
an uncertainty between the pressure and deformation, and is 
mostly due to inaccuracies in the fabrication process, as the 
positioning of the excentric rods inside the 3D-printed molds is 
not sufficiently precise. To increase the repeatability of the 
deformation, more precise molds are required. 

Moreover, to have a highly accurate position control of the 
electrode tool tip, further development is needed. This will 
basically consist of implementing a feedback system. In a first 

phase, this can consist of a camera-based feedback, with real-
time tracking of the tool and actuator. In a lab environment this 
enables a basic position control, but is severely limited by the 
accuracy of the optical system and has limited practical use. 
Another possible strategy is to use a model based control 
strategy aided by different sensors, estimating the state of the 
soft tool manipulator in real time. 

3. Micro-texturing validation experiment      

The assembled soft manipulator is validated on a commercial 
µEDM machine (Sarix® SX-100-HPM) by a micro-texturing 
experiment. The experimental set-up is shown in figure 5. A 
metal plate (Ti-6Al-4V) is vertically placed mimicking an 
internally restricted space. The soft manipulator is attached to a 
drilling collet which is screwed onto the machine spindle. In this 
way, the actuator can be controlled up and down to find its 
texturing position. In addition, an auxiliary hollow electrode is 
inserted into the collet and connected to the inlet of the soft 
manipulator. It can supply pressurized air to the actuator, 
sufficiently sealing the eccentric void. After tuning the input 
pressure, the actuator holding the tool electrode can reach a 
normal direction to the plate surface. It is noted this design of 
soft manipulator targets a surface texturing application. 
Therefore, the nominal tool electrode (WC, diameter of 0.8 mm) 
is grinded to 0.1 mm expecting generation of a micro-dimple on 
the plate surface. The electrical parameters set for the grinding 
and texturing experiments are listed in table 2. The pulse energy 
(0.3 mJ) for grinding is large while the energy for texturing is 
small (8 uJ). The flushing (HEDMA® 111) is supplied from the 
lateral side covering the erosion area. To reduce the tool 
deflection caused by the flushing, the dielectric flow rate is 
tuned to be very slow (0.1 l/min). The produced micro-dimple is 
characterized by an optical 3D profiler (Sensofar® S Neox) with 
an objective of 50x.  

The measurement result showing the surface topography and 
cross-sectional profile is presented in figure 6. A micro-dimple 
with around 150 um in diameter and 15 um in depth can be 
observed. This observation confirms the machining capability 
with the proposed soft manipulator in the restricted space. 
However, the diameter of the micro-dimple seems to be much 
larger than the grinded tool size, though a lateral sparking gap 
around 5 um is considered. This could be attributed to the tool 
deflection caused by the slow flow rate or the small impulsive 
strike from the discharge process. Indeed, a small disturbance of 
the position of the tool can be noticed, and a short circuit occurs 
when the tool is attracted to the workpiece. This phenomenon 
could be due to electrostatic attraction and needs to be further 
investigated. In addition, some deposited debris can be 
observed around the dimple edge. This is due to insufficient 
flushing when the dielectric flow rate is set extremely slow. As a 
validation experiment, the initial result demonstrates the 
potential of our proposed concept that uses a soft gripper to 
guide the tool in a hard-to-reach space for a texturing purpose. 
However, improvements are still required to decrease the 
manipulator’s sensitivity to external loading. We observe that 
the deformation of the pneumatic actuator is influenced by the 
stiff electric connection, the flowing dielectric and the 
presumable electrostatic attraction force. 
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Figure 5. The validation experiment using the soft bending actuator. 
 

Table 2 Electrical parameters used in electrode grinding and texturing 
 

Electrical 
parameters 

Unit 
Values 

Texturing Grinding 

Polarity  - + 
Pulse-on width us 1 5 
Pulse frequency kHz 150 120 
Current index 100 60 
Open voltage volts 80 130 
Adjustment gain* index 20 80 
Servo voltage volts 72 75 
Energy regime index 100 365 
Regulation scheme index 00-00 02-01 

*adjustment gain is a representative of servo control reaction. The 
higher the regulation gain, the more quickly the system response to 
variations but this leads to more unstable behaviour of the system. 

 
 

 

 
Figure 6. The texturing results, (a) Surface topography and (b) cross-

sectional profile of a produced micro-dimple, as a demonstration of the 
developed soft manipulator. . 

 

4. Conclusions and outlook      

This paper proposes a soft robotics-based solution for the 
problem of tool-tip orientation in some hard-to-reach zone 
µEDM applications. A tool is connected to the tip of a pneumatic 
bending actuator displaying a high range of motion. A prototype 
bending actuator is fabricated using monolithic micromolding, 
an electrode is fixed to the tip, and a machining step is 
performed, creating a micro-dimple on a surface parallel with 
the spindle axis. These results already prove the proposed 
concept, but are still far from perfect. Firstly, the tool deflection 
caused by the flow of dielectric or the small impulsive strike from 

the discharge process needs to be countered. This will be done 
by increasing the stiffness of the manipulator in the machining 
position, without affecting its range of motion, through design, 
material selection or actuation method. Secondly, the accuracy 
of the fabrication process needs to be increased, as to improve 
the repeatability of the tool positioning. Thirdly, the prototype 
actuator should be miniaturized to better fit the envisaged 
µEDM applications. Finally, the pressure control of the actuator 
should be integrated with the position control of the EDM 
machine, so that precise positioning of the electrode tip is 
possible. This will require a thorough characterization of the soft 
tool manipulator, under a wide range of circumstances. This will 
improve the proof-of-concept to automatically texture a surface 
by implementing a feedforward control strategy based on both 
FEM models and real-life experiments. 

To further expand the practical use of the presented method, 
a feedback system is envisaged. This could consist of an optical 
system, with limited practical use, or by developing a digital twin 
of the soft tool manipulator. Based on sensory input from the 
machining environment, the current state of the assembly can 
be estimated and adapted accordingly. 

The presented method of using a soft actuator for 
manipulation of an EDM electrode is a first step in integrating 
soft robotics in machining processes, and might eventually lead 
to the ability to texture surfaces on work pieces that have been 
impossible to reach. 
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Abstract 
The risk of bacterial inflammation at the interface between implant and tissue exists following the implantation of a dental prosthesis. 
Nearly half of implants are at risk of colonisation by pathogenic bacteria, which is associated with the occurrence of peri-implant 
mucositis. This disease can develop into peri-implantitis and thereby trigger a severe inflammatory process. The occurrence of peri-
implantitis includes different phases. The initial attachment of microorganisms is only possible by pioneer bacteria, such as the gram-
positive streptococci. Since the pathogenic cannot form a biofilm unless attached to a surface, the attachment of the pioneer bacteria 
is crucial for the onset of peri-implantitis. Due to the flexibility and contact free process, laser material processing is used for the 
surface structuring of several materials. In the biomedical field, laser-based surface texturing enables the production of implants with 
improved biological reaction surfaces to positively influence protein adsorption and cell adhesion. This paper presents laser texturing 
and silver coating to reduce initial biofilm formation on Ti6Al4V. The laser processing includes the manufacturing of LIPSS (Laser 
Induced Periodic Surface Structures), which enables the functionalisation of the surface. Furthermore, the surfaces are coated with 
silver to act as an inhibitor of biofilm formation. The implant material undergoes an in vitro culture of the microorganism 
Streptococcus salivarius in order to determine the biofilm formation applying both techniques. The analysis was realized by 
fluorescence microscopy with the application of  4′,6-diamidino-2-phenylindole (DAPI) on the adhered biofilm. Results show that the 
surface modification plays a major role in the inhibition of biofilm formation. 
 
Surface texturing, Biofilm formation, LIPSS, Dental implant  

 

1. Introduction   

Bacterial infections are the most common cause of 
inflammation of the peri-implant tissues. Periprosthetic joint 
infection (PJI) persists as a major complication in orthopaedic 
surgery [1]. Regarding odontology, peri-implantitis is 
characterized as an inflammatory process that affects the tissues 
around dental implants in different degrees of severity [2].  

A natural increase of associated infections is generally 
expected due to the increasing number of patients requiring an 
implant. Peri-implant infection are potentially correlated with 
symptomatic pain, increased risk of bone loss and severe 
concomitant diseases such as cardiovascular events and 
systemic infection [3, 4].  

Following the surgery for insertion of dental implants, 
interactions occur between the biological environment of the 
oral cavity and the metal surface of the implant, such as 
biological and defense reactions of the organism [5]. Biofilms 
comprises a complex formation with different bacteria, 
embedded in a extracellular matrix (biofilm) that provides 
protection towards the environment. The biofilm provides 
mechanical and chemical resistance increasing the bacteria 
chances of survival, resisting to the patient immune defence as 
well as treatment with antibiotics [6].  

Dental implants are directly screwed into the jaw bone. A high 
risk for starting the infection is the upper surface area, which is 
in contact with the gingiva and the oral bacterial. After the 
surgery,  the risk of chronic inflammation at the implant-tissue 

interface threatens 50 % of the implants. Peri-implant mucositis, 
which develops to Peri-implantitis, lead to the loss of the implant 
in 12 % to 40 % of the cases [5, 7, 8, 9]. These infections are 
similar to the gingivitis and periodontitits on natural teeth. 
However they result in a higher inflammatory infiltrate, an 
immune response, a higher tissue damage, and higher risk of 
bone loss. The colonization of the implant starts with gram-
positive, facultative anaerobic bacteria, which are present in the 
healthy oral flora [10]. The so called pioneer bacteria are the 
responsible to the first attachment on the implant resulting in 
the formation of the biofilm required for the pathogenic 
bacteria. Streptococci and Actinomyces are the oral bacteria 
mainly responsible for initializing the biofilm. 

The implant materials applied in orthopaedic, maxillofacial, 
and dental surgery include several metals, ceramics, or polymers 
[11]. Most metals applied are titanium and its alloys, cobalt-
chromium-molybdenum, and tantalum [12, 13]. Independent of 
the material applied, its surface influences the the 
microorganism attachment [14]. The development of strategies 
for surface modification were the goal of many research groups. 
Outcomes include conventional techniques such as sandblasting 
[14], chemical etching [15] and coatings [16]. The laser 
processing shows great applicability because it offers a reduced 
risk of contamination [17]. Ultrashort-pulsed lasers on the 
structuring of titanium for biomedical implants is promising [18, 
19].  

The present study aims on investigating the effects of laser 
texturing and silver coating for reducing the biofilm formation of 
the early colonizer S.salivarius on Ti6Al4V implant material. The 
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culture of the microorganim within the cultivation time tc = 24 h 
and tc = 72 h allows the assessment of the texturing and coating 
strategies.  

2. Materials and methods      

2.1. Material 

The material used for the experiments was the Ti6Al4V ELI 
from HIGH TECH ALLOYS SONDERWERKSTOFFE GMBH, Wuppertal, 
Germany. It corresponds to an implant material according to the 
norm ISO 5232-3 [20]. For the biological in vitro experiment was 
required to prepare the samples as disks that fit into the well 
plates. The samples were manufactured with 
diameter d = 10 mm and height h = 2 mm by the dental implant 
manufacturer A.K.TEK MEDIZINTECHNIK GMBH, Hagen. After the 
machining, all samples were electropolished with ElpoLux TI-
Med, ELPOCHEM AG as a standard procedure from the company.  

 
2.2. Laser processing 

The laser machine tool applied for the laser processing is the 
LMBS 3W-015-xy300z200-IA from LASERMIKROTECHNOLOGIE DR. 
KIEBURG GMBH, Berlin, Germany. It has an 
average beam power PL = 3.0 W with laser beam diameter of 
du = 12.0 μm at the focusing position. The 
wavelength λUV = 355 nm was applied for the experiments. The 
parameters applied for the laser processing are presented in 
Table 1. 
 
 Table 1 Processing parameters for laser surface texturing 
 

Processing parameter Unit Value 

Fluency Φ       J/cm2 000.04 

Number of laser pulses N          - 200 

Feed rate vf       mm/s 105 

Pulse frequency fp       kHz 200 

Pulse duration tL       ps 010 

Lateral overlap rate Ψ       % 090 

 
2.3. Silver coating 

The coating with silver was realized with the  
high vacuumsputter coater EM SCD500, LEICA MICROSYSTEMS, 
Wetzlar. This high vacuum film deposition system is capable of 
producting very thin, fine-grained silver (Ag) coating films on the 
substrate. The processing parameters for the silver coating are 
presented in Table 2.  
 
Table 2 Processing parameters for Ag coating 
 

Processing parameter Unit Value 

Sputtercurrent Is      mA 50 

Sputterpressure ps      mbar 1e-2 

Basepressure pb      Mbar 1e-4 

Sputterrate vs      nm/s 000.54 

 
2.4. Surface characterization 

The surface characterization was perfomed with scanning 
electron microscopy (SEM). The atomic force microscopy was 
applied for the qualitative assessment of the laser texturing. It 
enables the determination of the profile height hp and 
spatical periodicity Λ of the surface textures produced by the 
laser processing. The fluorescence microscope Axio Scope.A1, 
CARL ZEISS MICROSCOPY GMBH, Jena was applied for the 
biological assessment. The images were processed with the 

software ImageJ with package for biological-image analysis Fiji, 
NATIONAL INSTITUTES OF HEALTH (NIH), Bethesda, USA. 
 
2.5. Oral bacteria 

The microorganism applied for the experiments is the 
Streptococcus salivarius (DSMZ-Nr. 20560). The gram-positive 
bacteria and facultative anaerobic organism. The bacteria 
strains for the experimental analysis were obtained from the 
LEIBNIZ INSTITUTE DSMZ, Braunschweig and stored at the 
temperature ϑ = - 80 °C. 

 
2.6. Design of Experiments 

The samples underwent a cleaning procedure with ultrasound 
frequency fU = 80,000 Hz for the time = 5 min. The fluids were 
first submerged in isopropyl and acetone, which enable the 
proper removal of possible contamination from the 
manufacturing processes. After that, PBS was applied in order to 
remove alcohol residues provenient from the previous cleaning. 
This ensures that the microorganisms exposed on the surface do 
not suffer any influence of the cleaning process.  

The test specimens applied for the experiment are presented 
in Table 3. The polished Ti6Al4V samples are applied as a 
reference. The LIPSS samples  
were manufactured according to the  
processing parameters presented in paragraph 2.2. The Ag 
coating was produced with coating thickness τ = 20 µm on both 
polished and LIPSS surfaces. 
 
Table 3 Samples applied for the in vitro experments 
 

Name Material Processing 

PO Ti6Al4V Polished 

LIPSS Ti6Al4V Laser texturing 

Ag Ti6Al4V + Ag  Ag with τ = 20 µm 

LIPSS+Ag Ti6Al4V + Ag  Laser texturing + Ag with 
τ = 20 µm 

 
The sample size for each condition (PO, LIPSS, Ag, LIPSS+Ag) 

was of n = 5 specimens. The experiment was repeated twice 
under the same conditions. The bacteria S. salivarius pre-culture 
were established from a frozen stock with ϑ = -80 °C on agar 
plates. They were cultivaded in trypticase soy yeast (TSY) extract 
on liquid medium at ϑ = 37 °C. Single colonies were inoculated 
onvernigth at ϑ = 37 °C, n = 250 rpm in TSY. A biofilm 
medium (BM) was applied for the in vitro experiments.  

The fluorescence microscopy was applied to evaluate the 
biofilm formation on the Ti6Al4V surface. The samples were 
exposed to the microorganisms for a culture time tc = 24 h and  
tc = 72 h. After the cultivation, the samples were washed with 
PBS and stained with 4′6-Diamidin-2-phenylindole (DAPI) for the 
incubation time t = 1 h at the temperature ϑ = 37 °C. The DAPI 
enters the cell membrane, adhearing to the bacteria DNA, which 
than reacts to the ultraviolet light. This enables the 
determination of the biofilm covered area AB. 

3. Results and discussion      

3.1. Laser surface texturing 

The laser surface texturing aplied to the samples are Laser 
Induced Periodic Surface Structures (LIPSS). Those correspond to 
low-spacial-frequency LIPSS (LSFLs), which are perpendicular to 
the polarization direction of the linearly polarized laser beam. 
They have spatial periodicity Λ slightly smaller than the 
wavelength λ, which corresponds to  λ = 355 nm from the laser.  
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The manufacturing of the laser textures require the overlap 
adjacent laser beam tracks in order to induce the formation of 
the texture. This feature is represented by the processing 
parameter lateral overlap rate Ψ. 

After the laser processing, the LIPSS  
presented spatial periodicity 225 nm ≤ Λ ≤ 280 nm and 
profile height 62 nm ≤ hP ≤ 93 nm. These results are expected 
for LSFLs by ultraviolet radiation. 

 
3.2. Silver coating 

The coating of the manufactured nanostructures is carried out 
using the process of magnetron sputtering. The technology 
enables the coating adhesion without cracking and 
embrittlement.  

The antibacterial function of the silver coating is based on the 
effect of silver ions over microorganisms. They are killed by 
membrane damage as well as influencing metabolic processes. 
Thus, the silver coating leads to an effective antibacterial 
protection on the surface of the abutments. Nanosilver particles 
are particularly effective when they are released from the base 
material in a controlled and slow manner, which leads to a 
continuous and efficient effect.  
In order to evaluate the effects of the ions release in regard to 
the coating thickness τ, three conditions were developed as 
presented in Table 1. Furthermore, the 
coating thickness τ = 20 µm was also applied over the LIPSS 
structures for combining both antibacterial effects. 
 
3.3. Biofilm formation 

The colonization of S. salivarius on the Ti6Al4V was 
investigated with DAPI assay after the culture time tc = 24 h and 
tc = 72 h. The growth of the microorganisms led to the formation 
of a biofilm, which was measured in relation to the total area A 
of the sample. Figure 1 presents the results for the four 
conditions presented in Table 1. 

The biofilm covered area AB on polished surface show 
significantly higher values for tc = 24 h and tc = 72 h. The biofilm 
formation reduced for the surface treatment with LIPSS and also 
with silver coating. After tc = 72 h, both presented similar values 
for inhibiting the biofilm formation. A substantial reduction was 
observed on the sample with LIPSS with the silver coating.  

 

 
Figure 1. Biofilm covered area AB 

4. Conclusion      

This paper presents results on the development of 
antibacterial surfaces for dental implants in order to reduce the 
initial biofilm formation. The approach  considered the 
cultivation of the pioneer bacteria S. salivarius at the culture 
time tc = 24 h and tc = 72 h.  

The proposed surface treatments with laser processing and 
silver coating showed a successful reduction of the biofilm 

formation. Their combination proved to be a even stronger 
inhibition for the bacterial attachment of the S. salivarius.  

The great advantage of the laser processing is the conservation 
of the base material altering only its nanostructure. It 
constitutes a promising solution to provide antibacterial effect 
to the surface without exposing the patient to any potencial 
toxic agents. Its effects are mainly correlated with the surface 
topography and wettability. The size of the structures play an 
important role since they determine the area A as well as anchor 
points for the attachment of microorganisms. In the case of the 
LIPSS manufactured in this work, the spatial periodicity Λ is 
smaller than the bacteria itself. This avoid their attachment 
between the ripples. 

The silver coating also presented very good results concerning 
the reduction of the biofilm formation. However, it alone was 
comparable to the LIPSS results with the disadvantage that an 
extra material (Ag) added to the surface. 

The combination of LIPSS and silver coating presented a very 
successful strategy for the inhibition of biofilm formation. This 
strategy is particularly promising for the upper part of the 
implant, which has direct contact with the oral flora. Reducing 
the attachment of the bacteria in this region, a considerabe 
reduction of infection riscs may be achieved. Further approaches 
shall consider other  microtexturing strategies in combination 
with silver coating to evaluate the full potential of this strategy. 
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Abstract 
Various kinds of functional three dimensional (3D) structured surfaces have been widely used in different fields, such as imaging and 
illumination. However, the machining process of these kinds of structured surfaces usually leaves tool marks, burs, debris and defects 
on the structured surface. Currently, it is still a challenging problem to remove those defects so as to further improve the surface 
quality effectively for better functional performance. In this paper, a maskless fluid jet polishing (MFJP) method is presented which 
attempts to address this challenge. In MFJP, low pressure micro abrasive water jet slurry is impinged on the structured surface to 
achieve tiny material removal without using a mask. A series of experiments were conducted on the polishing of different kinds of 
3D structured surfaces that are pre-shaped by different machining processes. The surface quality in terms of surface roughness, form 
maintainability, and surface smoothness of lens array surface and cylindrical array surface were analysed. The results indicate that 
the MFJP can significantly improve the surface quality of these kinds of 3D structured surfaces, while possessing high form 
maintainability under certain conditions. It has the potential to become a competitive method for the precision polishing of 3D 
structured surfaces. This study also sheds some light on the application of MFJP for polishing other kinds of surfaces with small or 
micrometre scale cavities or channels, such as microfluidic chips, high end mould inserts with complicated cavities, etc. 
       
Keywords: Fluid jet polishing, finishing, structured surface, mould, ultra-precision machining 

        

1. Introduction   

Various kinds of three dimensional (3D) structured surfaces 
have been widely used in different fields, such as imaging and 
illumination [1,2]. However, the machining process of 3D 
structured surface usually leaves tool marks, burs, debris and 
defects on the surface. Subsequent polishing on the machined 
3D structured surface are usually required to further improve its 
surface quality. 

Induced by the tool interference, it is difficult to use the 
traditional mechanical polishing method to polish 3D structued 
surfaces. Different kinds of polishing methods have been 

purposely developed for the polishing them，such as copying 

tool polishing [3-5], magnetic field assisted polihsing [6,7], 
vibration-assisted polishing [8], etc. Brinksmeier et al. [9] 
proposed the wheel-shaped and  pen-shaped tools to polish the 
structured array on the mold steel and electroless nickel-plated 
steel. The surface roughness after polishing reached 4.5 nm. 
Zhao et al. [10] added vibration assistance on the basis of 
chemical mechanical polishing to obtain a better surface quality 
than non-vibration assisted polishing. Yamaguchi et al. [7] and 
Riveros et al. [11] proposed a novel magnetic field assisted 
polishing method for the polishing of micropore structures on 
the X-ray focusing mirrors using the magnetorheological fluid, 
and the final polished surface roughness can reach RMS 0.18 nm, 
which is well within the roughness requirement for the next 
generation X-ray telescope application. However, there still 
exists certain problems for the current polihsing methods. As for 
copying tool, one tool can only be purposely used for the 
polishing of one kind of structured surface with specific size. It is 
difficult for other polishing methods to maintain the surface 

form accuracy after polishing. Hence, a generic polishing 
method is still needed for the polishing of 3D structured 
surfaces. The authors recently proposed a novel maskless fluid 
jet polihsing (MFJP) method for the polishing of 3D structured 
surfaces [12].  The maskless is a relative definition as compared 
to the abrasive water jet polishing method using a mask 
proposed by Matsumura et al. [13]. The feasibility of this method 
has been validated on electrical discharge machined sinusoidal 
structured surface and ground V-groove surface. 

In this paper, the polishing performance of MFJP on diamond 
lens array surface and micro-milled channel array surface are 
presented, aiming to further eliminate the tool marks and 
improve the surface roughness. 

2. Working principle of maskless fluid jet polishing 

Fluid jet polishing (FJP) method proposed by Fähnle et al. [14] 
has been widely used in the polishing of optical lenses and 
molds, especially for aspherical or freeform surfaces. During FJP, 
the polishing slurry containing micro/nano meter scale abrasive 
is pumped out of the nozzle, impinging the target surface to 
implement material removal through the erosion process, as 
shown in Fig. 1. The fluid jet is highly flexible, which can easily 
adapt to the surface with complicated geometry. It also can be 
used for the polishing of wide range of materials such as  
ceramic, metal, and glass, etc [15,16]. This is the main reason 
why this method is used for the polishing of 3D structured 
surfaces. Moreover, low fluid pressure, i.e. normally lower than 
15 bar), is adopted in MFJP, which is beneficial to maintain the 
surface form accuracy, and the mask is not needed.  
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Figure 1. Schematic disgram of maskless fluid jet polishing of 3D structured surfaces 
 

 
 
Figure 2. Experimental set-up 

3. Experiments 

In this study, both single jet polishing and multi-jet polishing 
were conducted for the polishing of 3D structured surfaces. The 
multi-jet polishing can largely boost the polishing efficiency 
while maintaining good surface quality, which has been 
demonstrated in our previous research [17,18]. The experiments 
were conducted on a purpose-built multi-jet polishing machine 
MJP-200 developed by the authors as shown in Fig. 2. Both single 
jet and multi-jet polishing experiments on 3D structured 
surfaces were conducted. Two kinds of 3D structured surfaces 
were tested in this study, which are diamond turned lens array 
mold made of nickel copper alloy and micro-milled cylindrical 
array surface made of 304 stainless steel. The drawings of them 
have been demonstrated in Fig. 3. These two kinds of materials 
are commonly used as the mold material. The diameter of the 
single jet nozzle is 1 mm, whose orifice material is sapphire. 7-
jet multi-jet nozzle was used in this study, whose diameter is 0.5 
mm, as shown in Fig. 2. Table 1 summarizes the polishing 
conditions of the experiments. In this study, Cerox 1663 cerium 
oxide slurry was used for the polishing of lens array surface and 
cylindrical surface. 

The surface roughness was measured on ZYGO NEXVIEW 
white light interferometer. The magnification of the object lens 
is 40 and the measurement area is 213.78 μm × 213.78 μm. The 

arithmetic mean height ( Sa ) and root mean square height ( Sq ) 

of the measured area were used to evaluate the surface 
roughness, which are defined according to ISO25178 standard. 
The surface roughness was analyzed using the software MX. 

Nine order polynomial filter was used, and other settings are 
default setting of the software. The surface form was also 
measured by ZYGO NEXVIEW white light interferometer. 
Sectional profile was extracted from the 3D measurement 
results, and the comparison of the profile was analyzed by 
MATLAB program. The surface topography before and after 
polishing were characterized by Hitachi Electron Microscope 
TM3000 with different  magnifications. 

 

 
 

Figure 3.Drawings of the workpieces 
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Table 1 Experimental design 
 

Workpiece type Cylindrical 
structure array  

Lens array  

Nozzle 1-jet nozzle,  
1mm diameter 

7-jet nozzle,  
0.5mm diameter 

Machine MJP200 

Slurry Wt.5% cerium oxide,  size of ~1.5um 
in average. 

Fluid pressure 8bar 

Stand-off distance 4mm 

Tool path raster 

Impinging angle 90 deg 

Path interval 0.2mm 0.1mm 

Feedrate 20mm/min 100mm/min 

Polishing cycle 6 cycles 1 cycle 

4. Results and discussions 

4.1. Polishing performance on micro milled cylindrical structure 
array surface 

Fig. 4 shows the polishing results on the cylindrical array 
structured surface. The surface quality has been highly improved 
to obtain a mirror-like surface as shown in Fig. 4(a). The surface 

roughness was reduced from Sa  147nm to Sa  31nm as shown 

in Fig. 4(b), which is attributed to the removal of the milling tool 
mark as shown in Fig. 4(c).  Only some erosion marks were left 
on the polished surface, including some erosion grooves and 
pits. The surface forms before and after polishing were also 
compared as shown in Fig. 5. It is interesting to note that good 
form maintainability can be observed. 

  

 
Figure 4.Polishing performance on cylindrical array surface 

 

 
Figure 5.Surface form before and after polishing analysis of cylindrical 
array surface 

4.2. Polishing performance on diamond turned lens array 
surface  

Fig. 6 shows the polishing results on the diamond turned lens 
array surface. It is found that the surface after diamond turning 
is already a mirror like surface. However, there is a rainbow 
pattern induced by the diamond turning tool marks, which is a 
main problem limiting the application of diamond turned 
surface in visible and ultraviolet wavelengths. However, the 
elimination of the diamond turning marks is still a challenge, 
especially on 3D structured surfaces. As shown in Fig. 6(a), the 
rainbow pattern has been successfully eliminated after 

polishing. The surface roughness was reduced from Sa  21nm to 

Sa  14nm after one pass of polishing showed in Fig. 6(b), which 

is attributed to the removal of the diamond turned tool mark as 
shown in Fig. 6(c).  Only some erosion marks were left on the 
polished surface, including some erosion grooves and pits. The 
surface forms before and after polishing was also compared as 
shown in Fig. 7.  The form deviation is less than 1 μm in peak-to-
valley (PV) value in this experiment which reveals good form 
maintainability of MFJP. 

 
Figure 6.Polishing performance on lens array surface 
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Figure 7.Surface form before and after polishing analysis of lens array 
surface 

4. Summary 

A pilot study of maskless fuild jet polishing (MFJP) on 3D 
structured surfaces were carried out in this paper. The 
experiments were conducted both using single fluid jet polishing 
and multi-jet polishing on a purpose-built multi-jet polishing 
machine MJP200. The results show that MFJP can be 
successfully used to remove the tool marks left by milling and 
turning on 3D structured surfaces, so as to reduce the surface 
roughness. At the meantime, the surface form of 3D structure 
can be maintained well after polishing. 

However, research efforts are still needed to investigate the 
material removal and surface topography evolution mechanism, 
so as to obtain optimized polishing parameters to obtain lower 
surface roughness and higher form maintainability. Moreover, 
selection of the polishing abrasive including material and size are 
critical to this process, which should be further investigated and 
provide a decision strategy for the known initial surface quality. 
It is possible to obtain sub-nanometer scale surface roughness 
through using nanometer scale or colloidal abrasive, which will 
be investigated in the near future. 

Acknowledgement  

The work described in this paper was mainly supported by a 
grant from the Guangdong Natural Science Foundation Program 
2019-2020 (Project No.: 2019A1515012015) and Research 
Grants Council of the Government of the Hong Kong Special 
Administrative Region, China (Project No. 15200119) and a grant 
from International Partnership Scheme of the Bureau of the 
International Scientific Cooperation of the Chinese Academy of 
Sciences (Project No.: 181722KYSB20180015). In addition, the 
authors would also like to express their sincere thanks to the 
funding support from the Research Office of The Hong Kong 
Polytechnic University for the research studentships (Project 
codes: RK3M). 
 
References  

[1]Zhang S, Zhou Y, Zhang H, Xiong Z, and To S, 2019 International Journal 
of Machine Tools and Manufacture, 142 16-41. 

[2] Yan G, Zhang Y, You K, Li, Z., Yuan, Y., and Fang, F., 2019 Optics 
express, 27 10873-10889. 

[3] Brinksmeier E, Riemer O, and Gessenharter A, 2006 Precision 
Engineering, 30 325-336. 

[4] Klocke F, Brinksmeier E, Riemer O, Klink A, Schulte H, and Sarikaya H, 
2007 Industrial Diamond Review 67 65-69. 

[5]Zhao Q, Sun Z, and Guo B, 2016 International Journal of Machine Tools 
and Manufacture, 103 28-39. 

[6]Guo J, Liu K, Wang Z, and Tnay G L, 2017 Tribology International, 114, 
306-314. 

[7]Yamaguchi H, Riveros R E, Mitsuishi I, Takagi U, Ezoe Y, Yamasaki N, 
Mitsuda K, and Hashimoto F, 2010 CIRP annals, 59 351-354. 

[8]Guo J, Feng, W, Jong H J H, Suzuki H, and Kang R, 2020 Journal of 
Manufacturing Processes, 49, 204-213. 

[9]Brinksmeier E, Riemer O, Gessenharter A, and Autschbach L, 2004 
CIRP Annals, 53 247-250. 

[10]Zhao Q, Sun Z, and Guo B, 2016 International Journal of Machine 
Tools and Manufacture, 103 28-39. 

[11] Riveros R E, Yamaguchi H, Boggs T, Mitsuishi I, Mitsuda K, Takagi U, 
Ezoe Y, Ishizu K, and Moriyama T, 2012 Journal of manufacturing 
science and engineering, 134. 

[12] Wang C, Zhang Z, Cheung C F, Luo W, Loh Y M, Lu Y, Kong L, Wang 
S, 2022 Precision Engineering. 73 270-83. 

[13] Matsumura T, Muramatsu T, & Fueki S, 2011 CIRP annals, 60 355-
358. 

[14] Fähnle O W, Van Brug, H, and Frankena H J, 1998 Applied optics, 37, 
6771-6773. 

[15] Beaucamp A, Namba Y, and Freeman R, 2012 CIRP annals, 61 315-
318. 

[16] Wang C J, Cheung C F, Ho L T, Loh Y M, 2021 Journal of 
Manufacturing Processes. 61 15-24. 

[17 ]Wang C J, Cheung C F, Ho L T, Liu M Y, Lee W B, 2017 International 
Journal of Machine Tools and Manufacture. 115 60-73. 

[18] Cheung C F, Wang C, Ho L T, Chen J. Curvature-adaptive multi-jet 
polishing of freeform surfaces, 2018 CIRP Annals. 67 357-60. 

 

272



 

          
 

 

 

euspen’s 22nd International Conference & 
Exhibition, Geneva, CH, May/June 2022 

www.euspen.eu  

Fabrication of an atomically smooth polycrystalline surface without grain boundary 
steps using catalyst-referred etching 
 
Daisetsu Toh1, Pho Van Bui1, Satoshi Matsuyama2, Yasuhisa Sano1, and Kazuto Yamauchi1,3  

 
1Department of Precision Science and Technology, Graduate School of Engineering, Osaka University, Osaka, Japan  
2Department of Materials Physics, Nagoya University, Nagoya, Aichi, Japan 
3Research Center for Ultra-Precision Science and Technology, Graduate School of Engineering, Osaka University, Osaka, Japan 
   
toh@prec eng osaka-u.ac.jp      

  
Abstract 
Recently, polycrystalline material can express its excellent physical properties and has been used in advanced applications in 
semiconductors and optics. Similar to single crystal materials, to fully exploit the properties of polycrystalline material in devices, a 
flat surface on the atomic level is required. However, since the polycrystalline material surface has various crystal orientations, the 
grain boundary steps appear on the surface polished by CMP (chemical mechanical polishing). Thus, new polishing technology needs 
to be developed. The following two conditions are required to obtain atomically well-ordered polycrystalline material surfaces: 1) 
The polishing pad must always act as a reference flat to selectively remove the crystal grain located at the topmost of the sample 
surface. 2) The material removal must proceed via a chemical etching to avoid crystallographic damages. Therefore, we developed a 
chemical etching method assisted by a metal catalyst named catalyst-referred etching (CARE). In this method, a polishing pad with a 
catalyst thin film works as a reference plane to be copied onto the workpiece surface. A workpiece is pressed to the polishing pad in 
an etchant, and they rotate around their axes. Accordingly, only the grain located at the topmost site frequently contacts the catalyst 
and is preferentially removed chemically, leading to obtaining a damage-free surface without grain boundary steps. In this study, we 
demonstrated the possibility of realizing the atomically flat polycrystalline surface by applying the CARE. Polycrystalline SiC and YAG 
ceramics were processed using Ru catalyst and a solution having neutral pH as a catalyst and an etchant, respectively. Using this 
method, we obtained an extremely smooth surface with a grain boundary step less than 1 nm without introducing crystallographic 
damage. 
 

Polycrystalline materials, polishing, chemical wet etching, grain boundary steps free 

 

1. Introduction 

Polycrystalline materials have been used as a substitute for 
single crystal materials because they are inexpensive to 
manufacture and can be molded into any shape and size. 
Improvements in growth technology have made it possible to 
express its excellent physical properties and has been used even 
in advanced applications in the fields of semiconductors and 
optics. Similar to functional single crystal materials, to fully 
exploit the properties of polycrystalline materials in devices, a 
flat surface at the atomic level is required[1,2]. Chemical 
mechanical polishing (CMP) is used for polycrystalline widely as 
the same as for single crystalline. In CMP, a chemical modifies 
the surface and an abrasive removes the modified surface 
mechanically. Since the surface has various crystal orientations, 
the material removal efficiency is different for each crystal grain. 
The polished surface has many scratches and grain boundary 
steps, as shown in Fig. 1(a). In recent years, in order to suppress 
the chemical etching effect and improve the transferability of 
the reference plane, the use of a nanodiamond and metal plate 
as an abrasive and polishing pad, respectively, has been 
proposed[3,4]. However, even if the chemical etching effect is 
eliminated, it is difficult to maintain a high transferability 
because the surface of the metal plate is roughened upon 
contact with a high-hardness abrasive. As a result, the 
appearance of grain boundary steps and mechanical damage are 
fundamentally unavoidable. The fabrication of a polycrystalline 
material surface without grain boundary steps and mechanical 

damage has not been realized, and a new polishing technology 
needs to be developed. Based on the above discussion, the 
following two conditions must be satisfied to obtain atomically 
well-ordered polycrystalline material surfaces: 1) The polishing 
pad must always act as a reference flat to selectively remove the 
crystal grain located at the topmost of the sample. 2) The 
material removal must proceed via a chemical etching to avoid 
crystallographic damages. Therefore, we developed a novel 
polishing method named catalyst-referred etching (CARE), 
which is based on chemical wet etching assisted by a metal 
catalyst[5]. The CARE instrument is nearly the same as that used 
for chemical mechanical polishing. In this method, a polishing 
pad having a catalyst thin film on the surface is employed. A 
workpiece is in contact with the polishing pad while rotating in 
an etchant. The topmost site frequently in contact with the pad 
is preferentially removed. The polishing surface as a reference 
plane to be copied to the sample surface, leading to efficient 

  
(a) Chemical mechanical 

polishing   
(b) ideal polishing 

Figure 1 Schematic of polycrystalline material polishing 
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planarization with averaging effect. We have successfully 
fabricated an atomically flat surface on single crystalline 
material such as SiC, GaN[6,7]. These surfaces have a step-
terrace structure with one atomic layer height due to step flow 
etching. The etching mechanism has clarified a hydrolysis 
reaction assisted by the catalyst surface, using first-principles 
calculations[6,8]. The catalyst assists the dissociation of H2O and 
generates OH- with a high nucleophilicity. The OH- attacks the 
step-edge atoms, leading to cleavage of the backbond.  

We used the polycrystalline SiC substrate as the sample in this 
research. It is used as a handling substrate for crystalline SiC, 
leading to cost down of a SiC substrate. Whereas the 
conventional polishing method increases the surface roughness 
which is too large to form a strong bonding[8]. For industrial use, 
the surface roughness should be decreased to 1.0 nm rms (root 
mean square). In this study, we demonstrate the possibility of 
realizing the atomically flat polycrystalline SiC surface by 
applying CARE. 

2. Experiment 

The experimental setup is shown in Fig. 1. The workpiece was 
placed inside the holder and pushed onto the polishing pad with 
controlled pressure. Pressure and relative speed between the 
surfaces of the workpiece and catalyst were 15 kPa and 100 
mm/s, respectively. Pt and deionized pure water were used as 
a catalyst and an etchant. The workpiece was polycrystalline SiC 
with a polished surface by CMP. Scratch marks produced by a 
diamond pen were used as reference points on the sample 
surface, and the same location of the sample surface was 
measured before and after CARE processing using phase-shift 
interference microscopy (ZYGO NewView 200 HCR). The 
appearance of the grain boundary steps was evaluated by 
observation through atomic force microscopy (AFM, SHIMADZU 
9700HT). 

3. Result and discussion 

The optical profiles of polycrystalline SiC before and after CARE 
are shown in Fig 2(a) and (b), respectively. The introduced 
scratch and boundary steps in CMP processing were completely 
removed, resulting in decreasing the surface roughness from 
14.665 nm to 0.942 nm. Figures 3 are AFM images before and 
after CARE. We succeeded in obtaining an extremely smooth 
surface with a grain boundary step of 1 nm or less without 
introducing crystallographical damage.  

4. Conclusion 

We proposed applying a novel polishing method which is 
named CARE to polycrystalline material. In CARE, most of the top 
grain on the surface contacts with the catalyst layer frequently 
and is removed chemically, leading to a flat surface. Applying 
CARE to polycrystalline SiC, we succeeded in fabricating the 
atomically smooth surface without crystallographical damaged 

and the grain boundary steps. It can be said that the 
effectiveness of the CARE method as a surface treatment 
method for polycrystalline materials has been fully 
demonstrated. In the future, we plan to fabricate a device using 
a polycrystalline material substrate polished by CARE, evaluate 
its characteristics, and investigate the relationship between 
device characteristics and substrate surface accuracy. 
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Figure 2 Schematic of CARE instrument 

  
(a) before (b) after CARE 

Figure 3  AFM images of (a) pre-processed surface (PV: 4.888 nm, 
rms: 0.489 nm), and (b) CARE-processed surface (PV: 1.150 nm, rms: 
0.132 nm) of polycrystalline SiC 

 

 
(a) before 

 
(b) after CARE 

Figure 2 Optical profile images of (a) pre-processed surface (PV: 
964.597 nm, rms: 14.665 nm), and (b) CARE-processed surface (PV: 
23.240 nm, rms: 0.942 nm) of polycrystalline SiC 
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Abstract 
 
Metal additive manufacturing (MAM) is a promising technology in the modern industrial era owing to its inherent advantages such 
as design freedom, minimal material wastage, mass customization and suitability for batch production. However, the surface integrity 
and dimensional accuracy of additively fabricated holes are not acceptable which in turn demands post-processing. Although laser 
polishing is widely employed for post-processing MAM components, finishing of internal features such as holes is challenging. 
Moreover, post-processing methods employing chemicals, abrasives and mechanical sources have its own limitations. In light of this, 
the present study utilizes electric discharge assisted post-processing for finishing additively fabricated holes. Despite the effective 
removal of surface irregularities, the surface finish (Ra) got enhanced to nearly 1 µm after post-processing. The holes built in 
horizontal and vertical orientation exhibited significant difference in roughness. Moreover, the time duration required for finishing 
holes was strongly dependent on the build orientation. The tool electrode rotation reduces the finishing time for horizontally built 
hole, however had negligible effect on surface finish improvement. It is worthy to note that the circular hole profile is maintained 
without any deterioration due to the lower discharge energy ensured in the process. Furthermore, numerical simulations indicated 
lower pressure drop for finished holes which is a major requirement in cooling applications in industries. Therefore, the proposed 
method exhibit immense potential to be utilized as a post-processing method for additively manufactured holes. 
 

Keywords: Selective laser melting (SLM), Electrical discharge machining (EDM), Surface, Finishing  

 

1. Introduction 

The ever-increasing demand for complex shaped metallic 
components in industrial applications elevated the growth of 
metal additive manufacturing (MAM) technology in recent 
times. The feasibility of design freedom and mass customization 
establishes the superiority of MAM over conventional 
fabrication methods. Near net shaped parts/components with 
internal features like holes, cavities etc. can be realized in MAM 
fabrication. Requirement of internal features like cooling holes 
is of utmost importance in various sectors such as aerospace, 
automotive and mould making industries. However, the MAMed 
parts/components are always accompanied by poor surface 
integrity and geometrical inaccuracy. Such challenges become 
aggravated in case of holes fabricated using MAM [1]. The post-
processing variants adopted to overcome aforementioned 
limitations involve laser, chemical, abrasive and mechanical 
polishing methods. 

Conventional drilling of direct metal laser sintered (DMLS) 
Ti6Al4V was attempted by Ryzawa et al. to investigate the 
drillability characteristics [2]. However, the process can lead to 
burr formation both at the entrance and exit of the hole with 
higher burrs at the exit. In a later study, finishing of selectively 
laser melted (SLM) Ti6Al4V holes was conducted with removal 
of support structure within the hole in parallel [3]. The cutting 
forces were found to be sensitive to the additional material 
present in the hole which in turn affected the hole surface 
quality. In addition, some researchers proved that drilling 
operations can induce scratch marks, colour changes and debris 
formation over the hole surface [4, 5]. Moreover, the contact of 
cutting tool with the workpiece in conventional methods can be 

detrimental in terms of scratch formation when the material 
being finished is much harder. Other than conventional 
methods, Tyagi et al. adopted chemical and electrochemical 
polishing for finishing the internal surfaces of additive 
manufactured SS316L components [6]. It was observed that 
chemopolishing could not contribute to significant reduction in 
internal surface roughness (~13.88 µm to ~5.22 µm (Sa)). On the 
other hand, electropolishing yielded better surface quality (Sa= 
~2.1 µm) than chemopolishing. However, electropolishing is 
unable to finish internal surfaces where accessibility of counter 
electrode is restricted. Similar difficulty in finishing internal 
surface features using electropolishing was also reported in 
other studies [7]. Recently, electrochemical mechanical 
polishing (ECMP) was introduced by researchers for finishing 
internal holes generated by SLM [8]. The combined effect of 
mechanical abrasion and electrochemical dissolution in ECMP 
facilitated the elimination of partially melted powder particles 
present over the hole surface thereby enhancing the surface 
finish (Sa) from ~14.15 µm to ~3.88 µm. Nevertheless, the 
contribution of mechanical effect in the hybrid process was only 
~0.5 to ~1.8 %. Established post-processing variants like laser 
polishing is not recommended for finishing internal surface 
features like holes owing to the limited accessibility of laser head 
towards such surfaces. Abrasive flow machining (AFM) is a non-
traditional method capable of finishing internal cavities [9]. 
Somehow, a recent study highlighted that significant reduction 
in Svk value (depth of valleys) cannot be achieved using AFM 
owing to the difficulty in reaching deep valleys by abrasive 
particles [10]. 

It can be concluded that lean consideration has been given in 
the domain of finishing/post-processing of internal cavities or 
features generated by MAM. Although existing post-processing 
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methods can enhance the surface integrity of MAM 
components, several limitations are associated with these 
methods while finishing internal surface features. In recent 
times, Boban et al. proposed a low electric discharge energy 
polishing method called wire electrical discharge polishing 
(WEDP) for improving the surface integrity of MAM components 
[11]. The process contributed to submicron surface finish with 
enhancement in mechanical properties [12]. However, the 
effectiveness of electric discharge assisted polishing with low 
energy has not been investigated for internal surfaces. Electric 
discharge drilling (EDD) has been proven as a promising 
technology for producing holes on materials irrespective of their 
hardness [13]. Hence, the technology is widely used in 
aerospace, biomedical and automotive industries [14]. With the 
aid of low energy EDD process, the effectiveness of electric 
discharge assisted polishing on the surface integrity of holes 
created by MAM is explored. The experiments were conducted 
by ensuring low discharge energy between tubular tool 
electrode and MAM hole surface. 

2. Mechanism and methodology      

2.1. SLM hole fabrication 
Multiple holes of 6 mm diameter were built in AlSi10Mg blocks 

using laser powder bed fusion (LPBF) equipment (Model: EOS 
M290) under both vertical and horizontal orientation. The depth 
of the through holes was fixed to be 15 mm. The laser power and 
scan speed were chosen to be 370 W and 1500 mm/s  
respectively during the building process. 
   
2.2. Mechanism of electrical discharge drilling assisted 
polishing (EDDP) 

EDDP involves the removal of surface irregularities present 
over the hole surface by utilizing small discharge energy. The 
thermal energy generated by electric spark discharges at the 
interelectrode gap (between workpiece and tool electrode) 
facilitates the removal of excess material existing as peaks and 
valleys along the hole surface. The hole ultimately gains the 
shape of the rounded tool electrode as in EDD through uniform 
melting and solidification. The pulse on duration and current 
values for EDDP is kept minimal to prevent the formation of 
deep craters over the hole surface. The schematic of EDDP 
finishing/polishing process is shown in Fig.1. 

 
Figure 1. Electric discharge assisted post-processing of MAM holes 

 
2.3. Experimental methodology      

AlSi10Mg alloy sample comprising holes was placed in the 
processing equipment (Model: Mitsubishi die sink EDM EA8S) 
with the help of suitable fixtures. The diameter of MAMed holes 
were smaller than intended value of 6 mm due to the presence 
of excess material over the hole surface. Using ‘single edge 

pickup’ option in the controller, co-ordinates were specified in 
X, Y and Z directions. Subsequently, the ‘POLE-P’ option available 
in the system eased the determination of hole centre for 
finishing. Both pulse on time and peak current setting was kept 
minimum to maintain minimum discharge energy during the 
process. Finally, the EDDP process is carried out with an aim to 
remove the excess material and irregularities present over the 
rough metallic hole surface. The parameter settings fixed for the 
experiments is provided in Table 1.  
 
Table 1 Experimental conditions 

 

Experimental parameters Conditions 

LPBF sample AlSi10Mg 

Tool electrode Copper (Cu) 

Tool electrode diameter 6 mm 

Dielectric medium Hydrocarbon oil (DAPHNE 
CUT HL 25-S) 

Peak current (IP) 2.5 A 

Pulse on time (TON) 2 µs 

Pulse off time (TOFF) 3 µs 

3. Results and Discussions     

3.1 Surface morphology 

The surface morphology of the hole surface was evaluated 
using an optical microscope (Model: Olympus BX 53). The as-
built MAM hole surfaces in both horizontal and vertical build 
orientations were characterized by the agglomeration of 
unmelted powder particles as shown in Fig. 2 (a,b). The density 
of unmelted particles is relatively higher in horizontally built hole 
owing to the impact of stair stepping effect. After EDDP 
polishing, the successful elimination of unmelted particles is 
ensured by the low energy spark erosion induced by the tool 
electrode. The smooth surface morphology achieved after EDDP 
is shown in Fig 2 (c,d). 

 
Figure 2. Surface morphology of holes in (a,b) as-built and (c,d) EDDP 

processed conditions 

 
The topographical images of the hole surface were also 

captured using optical profilometry (Model: AEP Nanomap 1000 
WLI). Significant peaks and deep valleys are evident in case of 
horizontally built hole (Fig.3 (a)) in comparison with vertically 
built hole (Fig.3 (b)). However, the uniform melting and 
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solidification ensured during the low energy EDDP process 
causes the leveling of peaks and valleys to contribute to a 
smooth surface. From the topographical images, it is clear that 
the unmelted powder particles are completely removed after 
EDDP finishing process. The mean diameter of fabricated holes 
was found to be ~6.12 mm including overcut. 

 
 
Figure 3. Surface topographical images of hole in (a,c) as-built and (b,d) 

EDDP processed conditions 

3.2 Surface roughness analysis      

The roughness values of hole surfaces were evaluated using 
surface topographical data (Fig.4). The mean roughness (Ra) was 
evaluated at 5 different regions to confirm the reliability of 
readings. The horizontally built MAM holes exhibited 
significantly higher roughness (Ra) of ~15.23 µm (due to stair-
casing effect) which is nearly double the roughness of vertically 
built holes (Ra= ~7.44 µm). The observations corroborate well 
with the topographical images comprising peaks, valleys and 
unmleted powder particles. However, drastic improvement in 
surface finish is achieved by the hole surfaces after EDDP and are 
nearly same irrespective of the hole build orientation. ~92.8% 
improvement in surface finish was achieved by the hole built in 
horizontal orientation (Ra = 1.09 µm), whereas ~86.8% 
improvement by the vertically built hole (Ra = 0.98 µm). 

 
Figure 4. Mean roughness (Ra) of holes in horizontal and vertical build 

orientations under as-built and EDDP processed conditions 

3.3 Effect of tool electrode rotation on surface finish 

The effect of tool electrode rotation was investigated to 
explore its impact on surface finish improvement. The tool 
electrode was rotated at 30 rpm during EDDP process. The mean 
roughness (Ra) obtained by the holes with and without rotation 
is given in Table.2. It can be noticed that the the holes built in 
both the orientation attain surface finish of nearly 1 µm without 
any signficant variation in spite of employing tool electrode 

rotation. Hence, the rotation of tool electrode have negligible 
impact on improving the surface finish of the hole further. 

 
Table 2 Effect of tool rotation 

 

Conditions 
Mean roughness (Ra) after EDDP 

Horizontal 
(µm) 

Vertical  
(µm) 

Without tool rotation 1.09 0.98 

With tool rotation 0.98 1.15 

3.4 Effect of build orientation on finishing time 

The EDDP time for finishing horizontally and vertically built 
holes upto a depth of 7.5 mm was inspected. The finishing time 
was significantly larger in case of horizontal hole as compared to 
vertical hole (Fig.5). The reason can be attributed to the higher 
density of irregularities associated with the horizontally built 
hole. Moreover, horizontal holes are characterized by the 
presence of excess material due to dross formation at the top 
surface. Hence, the tool electrode demands relatively more time 
to remove all such irregularities over horizontal hole surface. 
Conversely, vertically built holes require lesser finishing time 
owing to relatively lower density of irregularities. 

 
Figure 5. Finishing time for horizontally and vertically built holes 

 
On the other hand, the rotation of tool electrode slightly 

reduces the finishing duration for horizontal hole. As the excess 
material/irregularities is not uniform in horizontal hole due to 
stair stepping effect and dross formation, rotation induces 
uniform wear of tool electrode and ensures uniform removal of 
irregularities. However, the surface irregularities are uniformly 
distributed in vertically built hole which rules out the effect of 
tool electrode rotation on finishing time. Unlike drilling, only 
surface irregularities are removed in EDDP thereby suppressing 
tool wear. Hence, tool rotation does not induce roundness 
modification and tapering of holes.  

3.5 Effect of discharge energy 

The circular profile of the hole was observed under lower and 
higher discharge energy settings. Fig.6 (a) represents the 
vertically built circular hole profile finished at higher discharge 
energy settings of TON = 64 µs and IP = 10 A. The observations 
indicate that the circular profile is deteriorated due to material 
removal in excess at higher discharge energy. Consequently, 
significant deviation occurs to the ‘contouring’ path profile and 
thickness as evident from Fig.6 (a). In contrast, a smooth circular 
profile is obtained at EDDP settings involving lower discharge 
energy settings (TON = 2 µs and IP = 2.5 A). Moreover, the contour 
profile around the hole entry is nearly unaffected after EDDP. 
Minimal discharge energy in EDDP contributes to negligible tool 
wear and insignificant heat affected zone (HAZ). 
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Figure 6. Hole profile at (a) higher and (b) lower discharge energy 

3.6 Performance in cooling channels  

The performance of as-built MAM and EDDP holes in cooling 
applications is analysed using a two dimensional fluid flow 
simulation in ANSYS Fluent 18.2. Steady state simulations were 
carried out by incorporating k-ω SST turbulence model. The 
roughness values (Ra) were converted into sand grain roughness 
(ε) using the empirical relation proposed by Adams et al. [15] as 
given in equation 1. 

         ε = 5.863 Ra   (1) 
 

 
Figure 7. Pressure drop across the outlet for (a) MAM and (b) EDDP 

finished hole 

 
Comparatively more pressure drop is experienced at the outlet 

of MAM holes for a length of 20 mm due to the high roughness 
along the hole walls. However, the better surface finish obtained 
in case of finished holes reduces the pressure drop (Fig.7) 
thereby minimizing the requirement of energy to maintain the 
desired flow. The difference in outlet pressure (facet average) 
for MAM and finished holes is provided in Table 3.  
 
Table 3 Outlet pressure for MAM and finished holes 

 

Build orientation 
Outlet pressure (MPa) 

MAM Hole Finished Hole 

Horizontal 0.86 0.905 

Vertical 0.87 0.906 

 
4. Conclusions 

The present study investigated the performance of low energy 
electric discharge drilling assisted polishing (EDDP) process on 
enhancing the surface integrity of MAMed holes. The unmelted 
particles and surface irregularities present over the surface of 
MAM built holes is very much reduced after EDDP process. 
Although higher roughness was exhibited by horizontally built 
holes relative to vertical holes, nearly same surface finish (~1 
µm) is achieved through EDDP processing. The effect of tool 

electrode rotation was found to be negligible in improving the 
surface finish of hole. However, tool rotation could minimize the 
finishing speed for horizontally built holes. Vertically built holes 
require less finishing time on account of reduced density of 
irregularities. Lower discharge energy settings in EDDP process 
contributes to a smooth circular profile without deteriorating 
the hole surface. Furthermore, numerical simulations highlight 
that the finished holes are effective in minimizing the pressure 
drop at outlet which forms a demanding requirement in 
industrial cooling applications. Thus, EDDP can be a promising 
technology in post-processing MAMed internal holes. 
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Abstract       
 
This article proposes a novel Peeling of Nano-Particle (PNP) process to locally remove material on a hard material surface using 
controllable magnetic fields. Fe3O4 particles in the size range of 50-100 nm in aqueous solution (pH value 11 adjusted by KOH) were 
magnetically controlled to adhere and remove from a 4H-SiC surface by two electromagnetic coils, which were sandwiched between 
the substrate. The particle controlling phenomenon on the surface was experimentally observed and verified by our developed 
apparatus applying an evanescent field. According to the results, particles could be controlled to approach and remove from the 
substrate surface with 12mT of magnetic field at the selective area on the substrate surface to realise the proposed PNP process. 
 
 
Hard material, Nanoscale phenomena, Magnetic nanoparticle, Peeling of nano-particle, In situ observation   

 

1. Introduction   

In recent years, single-crystal hard materials such as silicon 
carbide (SiC) and diamond have become widely used in high-
power and high-frequency semiconductors. Because of their 
extreme physical properties, such as large bandgap, high 
thermal conductivity, high chemical stability, and high 
hardness[1,2]. These hard materials are definitely difficult to 
achieve an ultra-precise surface. Chemical Mechanical Polishing 
(CMP) is one of processes that produces an effective atomically 
flat defect-free surface in semiconductor fabrication by 
employing an abrasive nanoparticle slurry[3]. However, the CMP 
process is fundamentally not able to locally remove material 
only a selective area because the abrasive nanoparticles are 
uncontrollable. Thus, we propose a novel Peeling of Nano-
Particle (PNP) process to locally remove material on the hard 
material surface using controllable magnetic fields. The concept 
of the PNP process, as shown in figure 1. Two electromagnetic 
coils are sandwiched upper and under between the substrate to 
generate the magnetic fields for controlling the magnetic 
nanoparticles (MNPs) to adhere and remove the material at only 
the selective area. In this article, Iron (II,III) oxide (Fe3O4) MNPs 
in the size range of 50-100 nm in aqueous solution (pH value 11 
adjusted by KOH) were employed to experimentally observe and 
verify the particle controlling phenomenon of the PNP process 
on a 4H-SiC surface using our developed apparatus.  

2. Near a surface phenomenon observing by evanescent field 

Generally, total internal reflection occurs when the light is 
irradiated at the high refractive index 𝑛!  material and lower 
refractive index 𝑛"  material interface at an incident angle 𝑖  is 
larger than the critical angle: 𝜃# = 𝑠𝑖𝑛$!	(𝑛"/𝑛!) . On the 
reflection surface in lower refractive index 𝑛" side, a localized  

 
 

Figure 1. Concept of localized material removal on a hard material 
substrate surface by a novel peeling of nano-particle (PNP) process 

 

 
 

Figure 2. Scattering light of nanoparticle in an evanescent field 
 

light called an evanescent field, which is generated only nearby 
the surface in a range of a few hundred nanometers.  

The evanescent field 𝐼% exponentially decays according to the 
distance from the reflecting surface, as shown in figure 2 
[4-7]. The scattering light occurs when a nanoparticle nearly 
approaches the surface in the limited range of the evanescent 
field. Their scattering light is able to be visualized or investigated 
by an optical microscopy system[7]. 
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Figure 3. Schematic diagram of experimental setup of the PNP process 
 

 Table 1 Experimental PNP process conditions 
 

Spiral electromagnetic coil 
- Copper wire diameter mm 0.4 
- Number of turns turns 60 

Work piece 
- Silicon carbide (4H-SiC): C-face mm3 10×10×t0.5 

Iron(II,III) oxide (Fe3O4) particle slurry 
- Particle size in range  nm 50-100 
- in KOH solution with pH value  11 

3. Experimental setup 

Figure 3 and table 1 show the experimental setup and 
experimental conditions, respectively. A soft magnetic material 
rod (φ1mm×L 10mm) was inserted into acrylic at the center of 
under coil for enhancing the magnetic field intensity [8]. The 
magnetic fields generated by under and upper coils were 
measured on the substrate surface, which were ≒17mT and 
12mT, respectively. The magnetic nanoparticle powder was 
dispersed in KOH solution and was filled into the pool set on the 
substrate. After generating the evanescent field, the nanoscale 
phenomena can be observed and visualized by a CMOS camera.  

4. Experimental observed results of MNPs controlling     

Figure 4 shows the detected scattering intensity results (green 
line) and the experimentally observed squence images of the 
first operating at each coil (below) during the PNP process. 
Without generating the external magnetic fields, the particles 
moved freely, and did not normally attach to the surface due to 
the similar negative charge zeta potential, as shown in figure 4 
(thin green line). At t= 4.50 s, the magnetic field was generated 
by the under coil, the individual particles or aggregated particles 
were magnetically pulled to approach the surface. The detected 
scattering light intensity evidently increased. When the under 
coil was off, MNPs still had residual magnetism due to their 
diameter are not small enough to be a superparamagnetic 
stage[9]. Thus, particles might aggregate to be the bigger cluster 
and fall down on the surface by their weight. When the magnetic 
field generated by the upper coil, the particles were pulled out 
from the surface. Hence, the detected scattering light intensity 
gradually decreased. Moreover, two particles could be observed 
during the process, as shown in figure 4 (below) at t=4.50-5.00 
s. Both particles could be evaluated the z position from the 4H-
SiC surface to understand the particle controlling phenomenon 
by detecting the scattering light intensity 𝐼  of each particle 
, as following equation in figure 2, where 𝐼& is the light intensity  
 

Figure 4. Observation of MNPs controlling in area 70(H)μm×52(V)μm 
 

when particle is at the surface (𝑧 = 0). According to the results, 
particles approached and move far away from the surface, which 
relates to the generated magnetic fields periods, as shown in 
figure 4 (black line). Namely, MNPs could be controlled to 
adhere and pull out at the selective area on the substrate surface 
to realise the proposed PNP process. 

5. Conclusion      

We proposed a concept of a novel peeling of nano-particle 
(PNP) process for localized remove material on a hard material 
surface by controllable magnetic fields. The Fe3O4 particles in 
the size range of 50-100 nm in KOH solution (pH value 11) were 
employed to be controlled and experimentally observed for 
realizing the controllability of particles in the PNP process on a 
4H-SiC substrate surface by our developed apparatus applying 
an evanescent field microscopy. We found that; 

(i)   The particle controlling phenomenon could be observed by 
our developed optical system. 

(ii)  The particles were able to be controlled to approach and 
to pull out from the surface by 12mT of magnetic fields. 

In future works, we attempt to locally remove material on the 
hard material surface by PNP process, and the resolution of the 
process will be experimentally evaluated, such as the dimension 
of the processed area, and the material removal rate. 
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Abstract 
 
Laser texturing with excellent surface quality and geometrical accuracy is made possible using a femtosecond (fs) pulsed laser process 
with pulse lengths below 10 ps. Considering that a direct monitoring and a real-time control of the fs laser pulsed micromanufacturing 
process is challenging, it is difficult for operators to produce a geometrically accurate complex microtextured part. Therefore, an in-
process monitoring strategy is essential to improving the reproducibility and quality of textures fabricated by fs pulsed laser 
micromachining. Acoustic emission (AE) is one of the common non-destructive real-time detection techniques for capturing local 
changes in materials, which can be used for monitoring the fs laser-induced ablation. Previous studies have shown the potential of 
analysing structure-borne acoustic emission in additive manufacturing, laser welding and pulsed laser machining. However, there is 
limited literature evaluating its potential for fs laser micromachining. The mapping between the evolution of the AE band and the 
average grove depth is provided in this work. Laser-induced shock waves are measured for the changes in laser parameters such as 
laser fluence throughout the processing period. Altered process parameters are attributed to the changes in the textured surface 
geometry. The results in terms of power spectrum show that the band power has a decreasing trend with increasing cavity depth. 
This research illustrates how structure-borne AE monitoring can be expanded to fs laser micromachining by correlating AE signals to 
the depth of the textured geometry. 
 

Femtosecond laser, acoustic emission, laser ablation, surface modification, process monitoring     

 

1. Introduction  

Three dimensional surface structuring using a femtosecond (fs) 
laser is a promising technology for several industrial 
applications. Fs pulsed laser machining, which is capable of 
microscale material ablation, is used for the fabrication of 
micromechanical components, surface functionalization of 
mechanical parts and medical devices, and structuring of mould. 
Literature has shown the potential of fs laser micromachining to 
fabricate micro/nanostructures more precisely than 
nanosecond laser micromachining [1].  
However, the use of the fs laser machining is currently restricted 
by its incapability to predict accurately the process response due 
to a large number of process variables and a lack of reliable 
process models. This leads to an increased process cycle time 
and manpower cost. Therefore, real-time monitoring of the 
ablation process is required to track the effect of experimental 
parameters during laser processing (e.g., the number of laser 
pulses, laser power) on the process outcomes. This is necessary 
to account for the impact of random fluctuations in the laser 
beam parameters (e.g., peak fluence of the laser pulse, pulse 
duration) and sample properties (e.g., absorbance, reflectance) 
[2]. Moreover, the integration of real-time monitoring increases 
the ablation rate as it allows for a better control of the process 
parameters and refocusing the laser beam to the bottom of the 
ablated surface.  
Various factors (such as plasma and particle shielding) affecting 
the ablation mechanisms and the resulting surface quality 
increase the difficulty of real-time control during the ablation 

process. A few studies have been reported in the past decade on 
the development of monitoring systems in laser ablation 
processes using various types of sensors; including photodiodes 
[3], acoustic emission (AE) sensors [4], and microphones [5]. 
Compared to the other sensors, AE offers the advantages of 
simple installation and strong correlation to the shock waves 
formed by various laser ablation conditions. It is also proven to 
be an effective sensor for monitoring other laser-based 
processes such as laser welding [6] and laser powder bed fusion 
[7].  
In this study, a structure-borne acoustic emission (SBAE) sensor 
is utilized to monitor the shock-waves propagating through the 
irradiated material during fs laser ablation. The process 
response is monitored using SBAE for different laser power 
levels and pulse repetition rates. 

2. Methodology  

The experiments were aimed to find correlations between the 
AE signals acquired during fs laser ablation and the 
corresponding feature dimensions. The schematic of the AE 
monitoring set-up for fs laser ablation experiments is presented 
in Figure 1. The monitoring system is integrated into a 5-axis 
ultrafast laser micromachining system.   

The laser beam is emitted by a mode-locked fs laser source 
(Carbide, Light Conversion) and directed to the sample through 
the beam delivery module. The tunable parameters include 
pulse duration from 290 fs to 10 ps, a repetition rate up to 1 
MHz, maximum pulse energy of 400 µJ for the fundamental 
harmonic (λ = 1030 nm), and average power of 20 W. The laser 
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beam is controlled by a galvo-scanner composed of fast-rotating 
X and Y mirrors (up to 1000 mm/s) to achieve high-speed laser 
scanning on the target surface. 

 

 
Figure 1. Schematic of AE sensor integration during fs laser 
micromachining 
 

A telecentric lens with a focal length (f) of 118 mm focuses the 
laser beam to a 15 µm size spot to obtain an intensity greater 
than 1012 W/cm2 on the irradiated surface. The focusing lens is 
mounted on a linear stage, which enables movement 
perpendicular to the working field. The mechanical system 
consists of an air-bearing XY-stage assembled on a flat and rigid 
granite base. The sample was placed on the air-bearing XY stage. 
Experiments were conducted on 2 mm-thick steel plate samples. 
The laser-induced shock waves propagating through the sample 
were detected by AE sensor that was mounted 2 cm away from 
the ablation zone on the steel plate (as seen in Fig. 1). Glycerin 
was used as a coupling agent to guarantee a reproducible 
coupling between the sample and the sensor. For the detection 
of the acoustic emissions, a wideband AE sensor (AE1045S 
model, Vallen Systems) was used. It is a structure-borne 
piezoelectric detector for acoustic emissions with a frequency 
ranging from 100 kHz to 1500 kHz. The signal was then fed 
through a preamplifier (AEP5) with a gain of 40 dB. Furthermore, 
a decoupling box was used to separate the high-frequency AE 
signal from the DC voltage and measure the AE signal via an ADC-
board at 4 MHz sampling rate. By using a trigger generated by 
the Simulink software, a single measurement file for each layer 
in each specimen is acquired in waveform and data form on the 
data acquisition (DAQ) card and is then processed with the 
MicroLabBox system from dSPACE.  
As shown in Fig. 1, rectangular grooves were created in all 
experimental parts, where parameters pulse distance (do) and 
hatch distance (di)  are interpulse and interline (center to center) 
distance, respectively.  To minimize the geometry influence, all 
the ablated grooves had a constant dimension of 100 µm by 100 
µm with a constant number of 10 layers (scanning passes). Each 
cavity was structured with a different laser fluence by varying 
the average laser power. Other parameters were held constant 
(scanning speed – 200 mm/s, pulse duration – 600 fs).  
The shape of the ablation crater is measured quantitatively by 
an optical confocal profiler, Sensofar S-Neox. The dimensions 
(depth and width) of the ablated groove were measured at three 
different areas of the scanning region. 

3. Result and Discussion       

Short time Fourier Transform (STFT) is used to extract the 
monitoring features. As a result, a spectrogram is generated for 
each experiment with specified laser parameters – with time 
resolution of 40 ms. The band power, i.e. the extracted sum of 
values from a defined frequency range, is taken with a central 

band of 200 kHz and 400 kHz according to the laser parameters 
and with a bandwidth of 20kHz.  
 

 
Figure 2. The influence of fs laser ablation on AE power spectrum domain 
and the depth profile of the ablated cavity   
 

Fig. 2 shows the band power trend during fs laser 
micromachining for different processing conditions. In each of 
the measured signals, peaks can be observed that correspond to 
a single layer pass. Three groups of AE signals under pulse energy 
of 45 µJ, 60 µJ and 90 µJ are selected for STFT. The depth of the 
ablated cavity increases, whereas the mean band power drops 
as the laser fluence increases. All of the signals show a similar 
trend of repeated peaks for each layer pass. AE signals are 
produced by laser ablation, hence they are closely linked to laser 
material interaction. The dynamics of this removal process is 
governed by the intensity of the laser beam and thus the energy 
density exceeding the ablation threshold. Consequently, AE is 
capable to monitor the fs laser ablation process. Besides, there 
is a correlation between the AE signals and the ablated feature 
depth, which will be further analyzed for several process 
conditions with varying laser fluence, pulse duration in order to 
define a correlation matrix. 

4. Conclusion and Future Work       

In this work, an acoustic emission system was adopted to 
monitor the fs laser machining process. A correlation can be 
seen between the structure depth and the power spectrum of 
the AE signals. Further advancements in robust signal intensity 
extraction are required because large uncertainties must be 
reduced for real-time detection by acoustic emission without 
any microscopic validation. Furthermore, the AE signals' 
dependence on the location of the piezoelectric sensor in 
relation to the AE source must be investigated.  
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Abstract 
 
In this work, an electrochemical hybrid additive (µECAM) and subtractive (µECM) micro-manufacturing process is realized on a low-
cost 3D printer platform. These electrochemical processes do not impose any thermal load on the workpiece resulting in high surface 
integrity with preserved microstructure and material-functionality. This opens up future application potential to carry out multiple 
processes in same machine e.g., repair, achieving surface roughness and dimensional tolerances, adding difficult features on 
machined parts as well as adding multi-materials on the same component. 
The details of the hybrid setup are presented, which can alternately perform µECAM and µECM.  This helps in performing selective 
micromachining and selective deposition on the same workpiece to meet functional requirements. The developed setup and proof 
of concept is presented through copper feature deposition with µECAM along with feature machining with µECM on the same 
stainless steel (EN-1.4301) sample. Overall, this hybrid additive and subtractive electrochemical micromanufacturing opens up 
avenues to produce complex and multi-material components on one machining platform and in one clamp. 
 
Keywords: micro-manufacturing, micro-machining, hybrid machining, hybrid manufacturing, electrochemical additive 
manufacturing, electrochemical machining.         

  

1. Introduction   

The demand for multifunctional components and features on 
difficult-to-machine materials has necessitated the 
development of hybrid manufacturing technologies [1]. In the 
same line of research, the trend of laser-based hybrid additive 
and subtractive manufacturing has emerged to produce finished 
components in one machine. Despite greater flexibility and 
advanced applications achieved with laser-based hybrid additive 
and subtractive processes, the workpieces are still subjected to 
thermal load and hence the surface integrity is limited. 

In this work, an electrochemical hybrid additive (µECAM) and 
subtractive (µECM) micro-manufacturing process is realized on 
a low-cost 3D printer platform. These electrochemical processes 
do not impose any thermal load on the workpiece resulting in 
high surface integrity with preserved microstructure and 
material-functionality. The µECM [2] process can machine a 
wide range of electrically-conductive materials (that can be 
ionized and contain metal bonds) independent of hardness. 
Whereas, µECAM [3] can locally deposit material on conductive 
surfaces to form functional coatings or complete parts. This 
helps in performing selective micromachining and selective 
deposition on the same workpiece to meet functional 
requirements. This opens up future application potential to 
carry out multiple processes in the same machine e.g., repair, 
achieving surface roughness and dimensional tolerances, adding 
difficult features on machined parts as well as adding multi-
materials on the same component. Apart from this, some 
advanced applications such as adding functional elements like 
strain gauges on machined parts, joining of smart textiles with 
peripherals and fabrication of source and drain electrodes in 

organic field effect transistors. Among the notable works, Li et 
al. [4] and Clare et al. [5] have hybridized the ECAM and ECM 
processes on the same setup using electrolyte jet and 
conductive nozzles with promising results. 
In this work, the details of the hybrid setup are presented, which 
can alternately perform µECAM and µECM.  The developed 
setup and proof of concept is presented through copper feature 
deposition with µECAM along with feature machining with 
µECM on the same stainless steel (EN-1.4301) sample. Overall, 
this hybrid additive and subtractive electrochemical 
micromanufacturing opens up avenues to produce complex and 
multi-material components on one machining platform and in 
one clamp. 
 
2. Experimentation 
 
2.1. Experimental setup 
The µECAM setup [6] has been further modified on Prusa® i3 
MK3S FDM 3D printer to perform both µECM and µECAM 
processes (Figure 1a). Electrolyte is pumped into the glass 
electrolyte container which then flows through the 400 μm 
internal diameter (ID) plastic nozzle. A 350 μm diameter copper 
wire is used as tool-electrode (Figure 1b) for both the processes 
suspended inside the nozzle. The interelectrode gap (IEG) is set 
by detecting the workpiece surface through the piezo-buzzer 
sensors (nozzle acceleration > 4 mm/s2 ) positioned below the 
manufacturing cell. A Thorlabs® MTS25-Z8 linear actuator             
(z stage) with a 50 nm motion resolution is superimposed on the 
vertical motion stage of 3D printer, for precise IEG setting in the 
20-150 µm range. A Tektronix® direct current (DC) power supply 
(PWS4305) provides the voltage to the circuit. A polarity switch 
is employed to switch between the µECM and µECAM processes. 
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2.2. Materials and process parameters      
To analyse process capability, an ‘L’ shaped feature of copper 

(Cu) was deposited on a stainless steel (S.S.) (EN-1.4301) sample 
and the sample itself was electrochemically machined as an 
inverted ‘L’ feature. The features were cleaned by immersion in 
deionized water for 10 mins. The process parameters and 
electrolytes used in this study are provided in Table 1 and      
Table 2, respectively. 

Table 1: Process Parameters 

Parameters Value 

Voltage 5 V (µECAM), 20 V (µECM) 

Scan rate 0.1 mm/s (µECAM), 0.8 mm/s (µECM) 

Scan layers 10 

IEG 80 µm 

Electrolyte flow rate 8 mL/min 

Table 2: Electrolytes 

Electrolyte Properties (Conc., conductivity) 

aq. CuSO4 (µECAM) 1 M, 40 mS/cm at 19 oC 

aq. NaCl (µECM) 2.5 M, 110 mS/cm at 19 oC 

3. Results and discussion 

The alternately machined and deposited features are shown in 
Figure 2a. Based on the used parameters, the machined S.S. 
sample exhibited very reduced stray pitting and the Cu deposit 
had minimal stray deposition. There is also no stray pitting or 
stray deposition at the points where scanning direction is 
reversed. This is possible due to the plastic nozzle around the 
wire which shields the current density from spreading radially 
outwards and is focused under the tool. The cross-sectional 
profile (Figure 2b) of the Cu deposit indicates that it is centred 
under the electrode. The cross-sectional profile of the machined 
feature, however, reveals a residual hill directly under the 
electrode where the current density is highest. This can be due 
to the reduced electrolyte flow in the machining zone leading to 
accumulation of by-products.  

 An important aspect is the sequence of processes and 
material compatibility. The results shown in this paper were 
achieved by doing µECAM after µECM. If Cu is deposited before 

S.S. µECM (not shown), the more reactive Cu deposit gets 
partially dissolved when electrolyte spreads over the sample 
surface, even at locations 6 mm away from the µECM machining 
zone. Figure 3a shows a 3D scan of the area (marked inside the 
red rectangle) in Figure 2a. The reference surface for 
height/depth measurements for µECAM/µECM features was 
defined as 2µm above the lowest point for µECAM and 5 µm 
below the highest point for µECM (Figure 2b). As a consequence 
of the process parameters, an average height of (1.9 ± 0.5) µm 
Cu is deposited per scan layer (Figure 3c) and the average 
deposit width is 33 % higher than the ID of plastic the nozzle 
(Figure 3b). Whereas the machined S.S. feature has significantly 
more (148 %) average width than the nozzle. This is due to the 
low electrolyte flow rate and by-products accumulation under 
the tool, which causes current density to spread radially around 
the tool, also leaving a (20.8 ± 8) µm average height residual hill.  

4. Conclusion      

The characterisation of feature profiles revealed that both the 
µECAM and µECM had minimal stray deposition and pitting. The 
µECM feature however, had significantly more (148 %) width 
than the plastic nozzle ID and residual hill (20.8 ± 8 µm average 
height) as the low electrolyte flow rate (8 mL/min) resulted in 
by-product accumulation. The setup will be further optimized to 
improve µECM performance by adding a separate flow line with 
an aim to implement the process chain hybridization technique 
for laser-assisted µECM and µECAM. 
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Figure 1: a) Experimental setup with major peripherals, b) A close-
up view of the nozzle with wire electrode. 
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Figure 3: a) Exemplar deposited and machined features, b) Cross-sectional 
profiles along the section x-x in fig. (a). 

Figure 2: a) Surface scan of features at 10x objective on Sensofar® 
microscope, b) Feature widths, c) Feature height/depths. Error bars as 
standard deviation of three dimensional measurements. 
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Abstract 
Atomic force microscope-based local anodic oxidation nanolithography has been recognised as an effective approach for the 
fabrication of nanoscale patterns for next-generation electronic devices. Particularly, the use of oscillating tips can reduce the spatial 
size of the processed patterns and significantly increase the tool lifetime. However, it is still very challenging to achieve three-
dimensional nanostructures as oxidation occurs only in a nanoscale water bridge formed between the tip and the sample, where 
multiple parameters must be precisely and strategically controlled to obtain nanopatterns with different heights. In this paper, a new 
local anodic oxidation lithographic technique is researched with the application of customised voltage waveforms to generate 3D 
nanostructures on silicon wafers. The relationship between pulse waveform parameters and oxidation growth was investigated. 
Through adjusting the tip-scan frequency and modulation of pulses, it was shown that waveform-modulated local anodic oxidation 
could fabricate 3D nanostructures in a certain area in a single scan. 
 
 
Local anodic oxidation lithography, atomic force microscope, voltage waveform, 3D nanostructures    

 

1. Introduction 

Scanning probe microscope (SPM) is a promising 
nanofabrication tool because of the advantages in atomic-level 
resolution, direct surface patterning ability and low instrument 
cost. Advanced scanning probe lithography (SPL) have 
demonstrated the excellent performance in creating micro- to 
nanoscale patterns [1,2]. Under critical environment, SPM even 
shows great potentials in atomic and close-to-atomic scale 
manufacturing (ACSM), i.e. Manufacturing III [3–6]. However, to 
create patterns down to several nanometres or close-to-atomic 
scale, mechanical scratching method is inadequate in the 
accuracy and repeatability. The in-process interactions could be 
very complex and difficult to control because of chemical 
reaction and random atomic diffusion that commonly occur at 
the tool-work interface [7–9]. To address these challenges, a 
chemical reaction-based process has attracted increasing 
attention and promising results have been achieved [10,11]. 
Among these methods, atomic force microscope (AFM) -based 
local anodic oxidation (LAO) lithography has become a popular 
research topic because of its good reproducibility for nanoscale 
patterns, in-situ imaging, compatibility with other lithographic 
processes, low environmental requirements, ease of operation, 
time-saving, etc [12]. Besides, LAO could be applied to a wide 
range of materials, including metals, semiconductor materials, 
2D materials and organic polymers. The nanostructures enabled 
by LAO have been successfully used as tunnel junctions for 
nanoelectronics [13,14], waveguides for nanooptics [15], and as 
masks for further dry or wet eching to obtain nanostructures 
with higher aspect ratios [16–18]. 

Previous research has demonstrated that LAO can be used to 
generate nanodots, nanolines, and even 3D structures [6,12]. 
During the lithographic process, the oxidation growth can be 
effectively controlled by adjusting scanning speed, humidity, tip-
sample bias and separation, charge build-up, etc. However, the 
challenges faced by LAO are also critical. The configuration of 
AFM-based process dictates a lower processing efficiency 
compared to other lithographic techniques [19], and the height 
of oxide patterns is often limited to a few nanometers due to the 
limitation in the size of water meniscus. Therefore, the LAO for 
3D patterns is challenging on the efficiency and scale. Since the 
invention of LAO lithography [20], many researchers have 
worked on the process development for 3D structures. Yang et 
al [21] used a coupling AFM lithography, in which probes served 
as both cutting tool and electrode, to create 2.5 D patterns on 
conductive materials with the depths of 6 – 80 nm and square 
widths from nanoscale to microscale. Lorenzoni and Torre [22] 
applied single DC pulses to create the single nanodots on SiC 
with high aspect ratio and demonstrated the possibility to create 
3D structures with multi-height dots. Kim et al [23] studied the 
pulse electrochemical nanopatterning on silicon and concluded 
that the pulse duration control could allow a precise dimensional 
control over nanoscale patterns.  Kim et al [24] employed a 
simple repeated SPL method and successfully fabricated 3D 
pyramidal patterns on the silicon surface. However, these 
processes require a complex procedure and introduce a high 
error rate and low processing efficiency while obtaining 3D 
patterns. To further develop the LAO lithography, a more precise 
and efficient method needs to be developed.  

In this paper, we present a modulated waveform-induced local 
oxidation process on silicon wafers. The patterning process was 
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operated under the tapping-mode AFM using a conductive 
probe, the feature size of nanodots could be controlled to sub-
20 nm through the use of ultra-short pulses. During the LAO 
process, the grounded probe kept scanning along a trajectory 
across an area while a customised waveform was applied to the 
sample. The relationships between height and position of 
desired nanodots with the modulated waveform were discussed 
to verify the possibility for achieving 3D patterning, with the 
expectation to contribute to the patterning control of LAO 
lithography at close-to-atomic scale. Besides, the waveforms are 
easily programmed so that the parametric control of feature 
sizes and positions of nanodots could be enabled by simply 
matching the arbitrary waveform to the tip trajectory. 

2. Local anodic oxidation lithography      

Figure 1 shows a schematic of LAO lithography using a tapping 
mode AFM. A cantilever is oscillating with a frequency at a 
distance above a silicon surface. The bias between the 
conductive tip and sample could induce a series of physical and 
chemical reactions and enable the nanopatterning on the 
sample surface. In a certain humidity environment, the tip and 
sample surfaces will adsorbed with water layer. Once the tip is 
close enough to the surface, the tip-sample bias could induce the 
formation of water meniscus filling in the volume between the 
tip and sample [25].  At the same time, the passing through of 
electrons could induce the electrochemical reaction within the 
water bridge and form the oxidation patterns in the reaction 
region.  

 

 
Figure 1.  A schematic of modulated waveform-induced local anodic 
oxidation lithography. 

  In this work, the sample was made by a p-doped silicon (111) 
wafer with resistivity ρ = 1 – 20 Ω-cm. The cleaning of specimens 
was operated with ultrasound in an NH4OH/H2O2/H2O (1:1:5) 
solution for 10 min to remove surface particles and blown with 
a dry N2 gas jet. The probes used in the work were Bruker TESP-
SS with tip radii of curvature at 2 – 5 nm to allow the creation of 
small patterns. The frequency is 320 kHz and spring constant is 
42 N/m. The LAO experiment was performed using a Bruker 
Dimension 3100 AFM microscope under the tapping mode, the 
feedback loop was always on to keep scanning at a constant tip-
sample distance. The experiment was conducted in a constant 
temperature (20 ℃) and humidity (25 – 30 RH) room. During the 
oxidation, the conductive tip was grounded and the sample was 
connected to a positive bias to enable the local oxidation on the 
silicon surface. The voltage modulation was controlled by a dual-

channel arbitrary generator (TGF4042, Aim - TTi) and amplified 
by a power amplifier (E01.A2, CoreMorrow).  

3. Results and discussions 

A variety of methods can be used to control the growth of 
oxidation dots during the local anodic oxidation; however, the 
modulation of waveform allows a simple and flexible control 
over the oxidation growth. To create various nanodots with 
controllable heights during scanning, the influence of pulse 
amplitude and duration and the match between tip scanning 
and pulse frequency need to be studied. In this work, scanning 
area was set in a 1 μm square region and scanning frequency 
was set as 0.25 Hz, so the scanning speed was 0.5 μm/s. Other 
parameters as tip oscillating amplitude and tip-sample distance 
were kept constant so that only the pulse amplitude and 
duration affected the feature size of the oxidation dots, while 
the tip scan and intervals between pulses determined the 
position of the oxidation point, thus their combination enabled 
the possibility for 3D patterning.  
 
3.1. LAO lithography with various pulse amplitudes      

The amplitude of pulse is a direct factor affecting the growth 
rate of oxidation. To discover amplitude’s effect on oxide 
growth, arrays of nanodots were created under different 
amplitudes through the use of modulated waveforms.  

 

 
Figure 2. Size dependences on pulse amplitudes. (a) AFM image of 
nanodots created at pulse duration of 60 μs and with the amplitudes 
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between 18.2 V and 22.1 V; (b) a section view shows the height of 
nanodots in (a); (c) AFM image of nanodots created at pulse duration of 
2 ms and with the amplitudes between 14.4 V and 18.2 V; (d) a section 
view shows the height of nanodots in (c). 

Firstly, the pulse duration was kept at constant value of 60 μs 
and the size dependence of nanodots on the amplitudes is 
shown in Figure 2 (a) and (c). When the bias increased from 18.2 
V to 22.1 V, the height of oxide dots increased from 0.8 nm to 
3.8 nm. The experiment also showed that nanodots could be 
created under a lower amplitude when pulse duration is at 2 ms. 
As shown in Figure 2 (d), when the amplitudes changed from 
14.4 V to 18.2 V, the height of nanodots shows similar increasing 
trends as in Figure 2 (b). 
 

3.2. LAO lithography with various pulse durations      
Pulse duration is another influencing factor for the growth of 

nanodots during the LAO process. Through applying the same 
voltages, size dependences on the pulse duration were studied. 
As shown in Figure 3 (a) and (b), at the voltage of 17.8 V, the 
oxide height increased from 0.7 nm to 1.4 nm under an inceasing 
pulse duration from 1 ms to 6 ms. At a higher voltage of 21.1 V,  
Figure 3 (c) and (d) also shows that the oxidation dots can be 
created at much smaller pulse durations, between 10 μs to 60  
μs. Based on the comparison, the aspect ratio of nanodots can 
be enhanced using a short and high-voltage pulse, a conclusion 
complied with previous research [26].  

 

 
Figure 3. Size dependences on pulse durations. (a) AFM image of 
nanodots created at 17.8 V and pulse duration between 1 ms to 6 ms; 

(b) a section view shows the heights of nanodots in (a); (c) AFM image of 
nanodots created at 21.1 V and pulse duration between 10 μs to 60 μs; 
(d) a section view shows the heights of nanodots in (c). 
 

3.3. Waveform-induced LAO lithography for 2D patterns      
The previous sections demonstrated how the amplitude and 

pulse affected the oxidation growth at the nanoscale when other 
experimental parameters kept constant. The results showed 
that nanodots at different heights can be created as an array. If 
we adjust time intervals between pulses, nanodots could be 
created at different positions and show as a pattern on the 
surface. 

During the AFM imaging, the tip kept raster scanning on a 
microscale square region, each line included both the trace and 
retrace. The positions of nanodots could be controlled through 
correspondingly adjusting the time intervals between adjacent 
pulses and the frequency of the tip scan. Through setting the 
scan frequency to 0.25 Hz, the pulse frequency to 1/4.25 Hz, the 
pulse amplitude to 21.6 V and duration to 200 us , a ‘Z’ shape 
pattern was created as shown in Figure 4 (a), with the half-
height diameter of nanodots between 15 - 20 nm and height 
between 3-5 nm. If an arbitrary waveform was used, the time 
intervals between adjacent pulses could be more flexibly 
adjusted and allow the creation of arbitrary 2D patterns. Figure 
4 (b) showed an ‘S’ shape pattern created by a customised 
waveform. 

 

 
Figure 4. Schematics of 2D patterns created by waveform-induced LAO; 
(a) a ‘Z’ shape pattern; (b) an ‘S’ shape pattern. 

 
3.4. Waveform-induced LAO lithography for 3D patterns      
 

Through the design of arbitrary waveform, we can modulate 
the amplitude and duration for a single pulse and the inter-pulse 
periods at the same time thus open the possibility of 3D 
patterning. The digital control on the height and position of 
nanodots can be easily achieved through the modification of 
waveform. To facilitate the design of arbitrary waveform, a 
python program was developed to create the waveform files 
based on the inputs of 2D coordinates of nanodots and the 
heights of each nanodot, whose matching relationships to the 
scan parameters, pulse intervals and amplitudes were 
empirically plotted. In this way, the incorporation of a 
customised waveform into a single scan of the AFM will allow 
the creation of a 3D pattern, which includes various nanodots 
with different heights. In the customised waveform, the pulse 
durations were kept at 2 ms and amplitude were kept increasing 
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from 15.4 V and 19.2 V. Three identical pulses were scheduled 
in each 32-second period and the intervals between them were 
set as 1 s. After a single scan, the result was shown in Figure 5 
with a clear hierarchical pattern.  

 
Figure 5. A schematic of 3D pattern created by waveform-induced LAO 
lithography. 

4. Summary      

The height of oxidation dot depends on the amplitude and 
duration of the pulse applied between the tip and sample during 
the LAO process. Through incorporating an arbitrary waveform 
between the tip and sample during the tip scanning, 2D and 3D 
oxidation patterns were found to be possible to achieve and the 
diameter of nanodots could be at close-to-atomic scale. The 
control over nanoscale feature size is highly flexible because 
waveform applied to the LAO process can be digitally 
programmed.  
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Abstract 
 
Silver nano-powder mixed electrical discharge machining (PMEDM) has demonstrated its applicability for antibacterial surface 
modification. However, previous PMEDM studies indicated that jet flushing leads to a low powder concentration in the spark gap, 
which was the main reason for a low deposited silver content. Internal flushing with different dielectric pressures was therefore 
proposed and will be investigated in this study. To do so, Ti-6Al-4V hollow tool electrodes with an outer diameter of 3 mm and an 
inner diameter of 2.5 mm are selected to machine Ti-6Al-4V samples. Silver nano-powders with a size of 50 nm to 60 nm are 
suspended in the hydrocarbon-based dielectric fluid at a 5 g/l powder concentration. Surface roughness and resulting silver content 
and distribution on the modified surface are analysed and discussed. Results show that internal flushing significantly increases the 
deposited silver content when high pressure of the dielectric fluid was applied. In addition, with careful control, the internal flushing 
is a promising strategy for improving the uniformity of the deposited silver distribution. 
 

Keywords: PMEDM, antibacterial, flushing pressure, silver content, silver distribution  

 

1. Introduction   

Implant realated infections pose a major challenge for the 
medical implant industry [1]. Various technologies such as 
physical vapor deposition, chemical vapor deposition, plasma 
spraying and ion implantation have demonstrated their 
efficiency in antibacterial surface modification. However, these 
technologies have hitherto only been used for modifying the 
surface to achieve antibacterial characteristics. Consequently, 
additional manufacturing processes for shaping and structuring 
the implants are required. 

Previous studies have demonstrated that powder mixed 
electrical discharge machining (PMEDM) using silver nano-
powder is applicable to machine part geometries with the 
concurrent generation of antibacterial layers on its surface [2,3]. 
During the PMEDM process, silver from nano-powders was 
transferred to the modified layer to affect the bacterial adhesion 
and growth. It was reported that the deposited silver content 
plays a vital role on antibacterial properties. A higher silver 
content resulted in a decrease in number of Staphylococcus 
aureus bacteria [3]. In addition, compared to electrical discharge 
machining without powder, PMEDM can provide up to 3 times 
higher material removal rate [2,3]. 

The amount of powder in the spark gap plays an important role 
for the silver deposition. It has been indicated that suspending a 
higher powder concentration increases the silver content 
deposited on the modified layer as shown in Fig. 1. No 
remarkable effects on the roughness were observed [2,4]. 
Additionally, the spark gap was enlarged at a higher powder 

concentration [5]. Furthermore, it was reported that an increase 
of the discharge energy reduced the deposited silver content [4]. 

 

 
Figure 1. Influence of the powder concentration in the dielectric fluid 

on the deposited silver content. Machining conditions: lateral flushing, 
hollow tool electrode with outer diameter of 0.6 mm and inner diameter 
of 0.17 mm, 10 µJ discharge energy, positive tool electrode [4]. 

 

However, when using lateral flushing the deposited silver 
content was significantly influenced by tool electrode size. It was 
found that using a larger tool led to a decrease of the silver 
content deposited on the modified layer [2,4,6]. Silver content 
of 3.2% was deposited on the modified surface when using a 0.5 
mm tool diameter and 5 (g/l) powder concentration [5], whereas 
the content of 1.2% was deposited when a tool diameter of 
5 mm and a higher powder concentration of 18 g/l were applied 
[2]. This is due to the fact that there are challenges in 
transporting the suspended silver powder particles into the 
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narrow spark gap when using lateral flushing. The ultrasonic 
vibration has been used during the PMEDM process to assist the 
particle transportation. However, a negligible influence on the 
powder amount in the spark gap has been reported [6]. 

Consequently, internal flushing is investigated in this study to 
increase the deposited silver content on the modified surface. In 
addition, the silver distribution will be analysed and discussed as 
the basis for further studies in generating more homogeneous 
distributions of silver with PMEDM. 

2. Methodology 

Schematic showing the difference between lateral flushing 
and internal flushing is represented in Fig. 2.  

 

 
Figure 2. Schematic showing the difference between (a) lateral 

flushing and (b) internal flushing 
 

It can be realized that the dielectric medium is provided from 
a tool´s side and has a long trip for the transportation within the 
machining gap if using lateral flushing. Additionally, a so narrow 
gap size [7] and the release of gas from the gap restrict the 
transportation of the suspended powder, which significantly 
affects the actual powder concentration in the machining gap. In 
the case of internal flushing, the dielectric medium is pressed 
through the hollow tool from inside to outside, thus facilitating 
the powder transportation through the spark gap. Therefore, 
the actual powder concentration in the gap can be significantly 
increased. 

Ti-6Al-4V, owing to its excellent properties for medical 
implants including biocompatibility, corrosion resistance and 
high fatigue strength was used as workpiece material. 
Concerning the deposition of tool material on the workpiece 
surface, for tool electrodes the same material Ti-6Al-4V was 
chosen in order to affect the basic material as low as possible. 
The applied experimental conditions are given in Table 1. 

 

Table 1 Experimental conditions 

Parameter Value 

Machine Sarix T1T4 μ-EDM machine 

Workpiece • Material: Ti-6Al-4V 

• Size: 14 mm x 12 mm x 1 mm 

Tool electrodes • Outer diameter 3 mm, inner 
diameter 2.5 mm 

• Rotation speed: 300 / min 

• Material: Ti-6Al-4V 

Dielectric fluid HEDMA111 oil 

Flushing pressure 4 bar and 7 bar 

Discharge energy 55 µJ 

Polarity Positive tool electrode 

Powder • Material: silver 99.9% 

• Size: 50-60 nm 

• Concentration in dielectric: 5 g/l 

A (3 x 10) mm2 area with a depth of h = 45 µm was machined 
on each sample as shown in Figure 3. 

 

 
 
 
 
 
 
 
 
 

  
 

Figure 3. Schematic showing the geometry of the machined areas and 
locations for EDS spectra analyses of the silver content and silver 
distribution 

 

After machining, each sample was cleaned in an ethanol filled 
ultrasonic bath at room temperature then dried in air. The 
elemental composition and mapping of the modified surfaces 
were analysed using energy dispersive X-ray spectroscopy (EDS). 
The surface topography was analysed using scanning electron 
microscopy (SEM). A spectrum of approx. (2 x 2) mm2 was 
analysed on each surface to analyze the average deposited silver 
content in the modified layer, whereas 15 smaller spectra 
numbered from 1 to 15 were analysed to evaluate the 
distribution of silver contents perpendicularly to the tool feed 
direction. 

To analyse the surface roughness, a Keyence VK9700 confocal 
3D laser-scanning-microscope was used. From the detected 
surfaces, the roughness values were analyzed by utilizing 
MountainsMap 7.4 scanning topography software. For each 
sample, five surface roughness measurements were performed 
with the evaluation length of 1.25 mm and the cut-off length of 
0.25 mm. Three samples of each machining condition were 
analyzed to calculate the average value and standard deviation. 

3. Results and discussions 

3.1.   Surface quality analysis 
 
The influence of flushing pressure on surface roughness of Ti-

6Al-4V workpiece surfaces is presented in Fig. 4. 
 

 
Figure 4. Effects of the flushing pressure on the surface roughness 
 

The roughness of the modified surface is reduced when applying 
a higher pressure of the dielectric fluid. It may be a result of a 
better flushing condition, whereby the use of a higher flushing 
pressure provides more fresh dielectric fluid, which helps to 
faster cool down the modified surface and to faster flush the 
debris out of the spark gap. Short-circuiting is therefore reduced. 
 

3.2.   Average content of the deposited silver 
 

Figure 5 shows the effect of flushing pressure on the deposited 
silver content of the modified surfaces. 
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Figure 5. Deposited silver content on workpiece surfaces for different 

flushing pressures 
 

The deposited silver content was significantly increased when 
using higher dielectric fluid pressure. The silver content of  
(1.80 ± 0.3) % is deposited on the modified layer with the 
utilization of 4 bar, whereas (8.85 ± 2.65) % was deposited, 
when a pressure of 7 bar is applied.  

It can be realized that by applying internal flushing with 
suitable pressure, the silver content deposited on the modified 
layer can be adjusted and remarkably increased compared to 
the results of lateral flushing conditions. For example, in 
comparison to using a smaller hollow tool (0.6 mm of outer 
diameter and 0.17 mm of inner diameter) with lateral flushing 
shown in Fig. 1, the deposited silver content with applying the 
internal flushing pressure of 7 bar in this study is 2.7 times higher 
when suspending 5 g/l powder concentration in the dielectric 
fluid. This is due to an increase of the powder amount in the 
spark gap when the internal flushing strategy is applied. 
Additionally, it can be seen that the silver content deposited on 
the modified surface when using 7 bar pressure and 5 g/l powder 
concentration in this investigation is similar to the use of the 
aforementioned smaller hollow tool with 25 g/l powder 
concentration. Therefore, the efficacy of silver deposition is 
significantly enhanced. 

However, the utilization of a 4 bar pressure leads to a lower 
deposited silver content. A reduced amount of silver powder in 
the spark gap is assumed as the main reason [4]. It seems that 
silver powder still faces a challenge to get into the gap in this 
case. In addition, the amount of dielectric fluid is significantly 
decreased, which adversely affects the cooling effect as well as 
the flushing of debris out of the spark gap. Therefore, more 
debris could remain in the gap and more short-circuiting occurs. 

 
3.3.   Distribution of the deposited silver 

 
The distribution of deposited silver over the modified surfaces 

is shown in Figure 6. The single silver contents were detected in 
the 15 smaller spectra introduced in Figure 3. It can be observed 
that when applying internal flushing with low pressure, the 
distribution of silver is homogeneous at (2.5 ± 0.3) % considering 
spectra 1 to 11. However, results of spectra 12 to 15 indicate a 
significant increase at the outer edge of the tool electrode. At 
high pressure, silver is only uniformly distributed with values of 
(4.15 ± 0.25) % from spectrum 1 to spectrum 4. However, the 
variation is more evident, and significantly raises up to 31.7% at 
spectrum 15. 

The deposited silver content strongly depends on the amount 
of powder in the spark gap. It is assumed that the amount of 
powder is significantly influenced by local flushing conditions 
that vary at varying spark gap size. Especially in the experiments 
with a pressure of 7 bar, local changes of the spark gap size due 

to non-parallelism between the tool tip surface and the 
workpiece surface are supposed to have caused significant 
changes in silver distribution on the modified surface.  

 

 
Figure 6. Distribution of deposited silver over the modified surfaces 
 

Fig. 7 shows the change of the spark gap caused by non-
parallelism of the tool tip surface and workpiece surface in this 
investigation as well as its effect on the flow of dielectric fluid 
and the amount of silver powder in the spark gap. 

 

 
 

Figure 7. Change of the machining gap caused by non-parallelism of 
tool tip surface and workpiece surface, effects on the dielectric flow and 
the amount of silver powder as well as debris particles in the gap. Thicker 
arrows mean higher flow rate. Points C and A are positions of the 
analysed spectra 1 and 15, respectively 

 

Due to this non-parallelism, the gap at point A is enlarged 
compared to the gap at point C, resulting in a higher dielectric 
flow rate at point A, which enhances the flushing condition and 
supplies more silver particles to the spark gap. Therefore, the 
amount of silver powder in the gap at point A is higher.  

In addition, silver powder seems to face a challenge to get into 
a so narrow spark gap of (5…10) µm [7]. It leads to a significant 
reduction of the powder amount in the gap at point C resulting 
in low deposited silver content. The utilization of 7 bar pressure 
significantly enhances the flow of dielectric fluid and reduces the 
powder congestion, therefore increasing the average deposited 
silver content. Additionally, by using higher pressure, the 
influence of the gap change on the silver powder amount is more 
obvious. The amount of silver powder in the spark gap tends to 
increase from point C to point A, resulting in the increase of the 
deposited silver content from spectrum 1 to spectrum 15 shown 
in Fig. 6 in the case of using 7 bar. 

Effects of the flushing pressure on the distribution of the 
deposited silver were analysed by silver mapping at different 
areas of modified surfaces as shown in Figure 8. It can be 
observed that with different dielectric pressures, silver was 
transferred to whole analyzed workpiece surfaces.  
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Figure 8. Silver mapping of workpiece surfaces modified using 4 bar 
(a-b) and 7 bar (c-d) of the dielectric pressure. Arrows point on the areas 
wih silver clusters 

 

The application of a high dielectric pressure (c) and (d) shows 
clear effects on the silver distribution whereby silver was more 
densely distributed. This is due to a larger amount of silver 
powder in the machining gap. However, various silver clusters 
were deposited to the surfaces.  

Comparing spectra 1 (left) and 8 (right), the silver distribution 
of the modified surface is relatively similar with 4 bar pressure, 
but obviously different with the pressure of 7 bar. Previous 
studies have shown that silver is transferred to modified 
surfaces as layers resulting from alloying and spattering effects 
[4,6]. Spattered silver is displayed as silver clusters shown in Fig. 
8. For detailed analyses of these effects and the resulting 
topographies, SEM images of the modified surfaces were 
captured as presented in Figure 9.  

 

 
 

Figure 9. SEM images of workpiece surfaces modified using 7 bar 
pressure: (a) spectrum 1 and (b) spectrum 8. Orange arrows point on the 
regions (identical areas to Fig. 8) with spattered silver  

 

It can be seen that a large amount of silver was deposited in 
the spattered layer of the modified surface when 7 bar pressure 
was used. With the pressure of 4 bar, this phenomenon was not 
observed, as no silver clusters were detected in this case (see 

Fig. 8). In addition, from Fig. 9, it can be realized that the flushing 
condition was significantly enhanced at spectrum 8 compared to 
spectrum 1, due to an enlarged gap with high pressure resulting 
in a better dielectric flow. Therefore, the spattered silver is 
decreased. 

4. Conclusion       

In this study, PMEDM with cylindrical, rotating tool electrodes 
using internal flushing for the hollow tool with different 
dielectric pressures have been used to investigate their 
influences on the deposited silver content and its distribution. 
From the results, it can be concluded that: 

• By using internal flushing with dielectric pressure of 7 bar, 
the deposited silver content is significantly increased 
compared to 4 bar pressure.  

• The dielectric pressure and the spark gap size play a vital 
role in the amount of silver powder in the machining gap, 
which significantly affects the deposited silver content. 

• It is possible to apply the internal flushing to improve the 
uniformity of the deposited silver distribution with careful 
control of the spark gap size and the parallelism of the tool 
tip surface with the workpiece surface. 

5. Recommendation      

Further studies are recommended to evaluate the possibility 
of the internal flushing condition on improving the uniformity of 
deposited silver. A negative tool electrode with careful control 
of the parallelism between surfaces of workpiece and tool 
should be used to machine with both single and overlapping 
machining lines.  
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Abstract 
 
Electric motors are used in various fields with an ever-increasing demand. In the electromobility sector as an example, a growth of a 
few hundred thousand motors per year is stated. In many cases, the rotor magnets for electric drives are produced by sintering. 
Special drives for two-axes positioning with precise movements require individual geometries of the rotor magnets such as spherical 
shapes. In this case, post-processing of the usually cylindrical or rectangular block shaped bar magnets is necessary.  
One common technique for post-processing is electrical discharge machining (EDM), which allows the machinability of hard or brittle 
materials, but also causes thermal impacts, which influence the magnetic properties of the material in a negative way. To overcome 
this negative effect it is necessary to re-magnetize the rotor magnets after EDM. Additional measurements of the magnetic field 
strength are required to ensure correct values.  
Electrochemical machining (ECM) represents an alternative technique for post-processing of rotor magnets, since it offers the 
possibility to avoid re-magnetization after the shaping process, because machining temperatures are well below the Curie 
temperature of most materials.  
In this study, ECM of a NdFeB permanent-magnetic material is presented. The experiments were carried out according to DIN-SPEC 
91399. The material-specific removal characteristics indicate an active dissolution with the chosen machining parameters. 
Comparative measurements of the magnetic field strength before and after ECM indicate that there is no negative influence of the 
removal process. The results suggest that ECM with pulsed current and oscillating tool cathode is an applicable technique for shaping 
rotor magnets. 
 
Keywords: electrochemical machining, ECM, permanent-magnetic NdFeB, shaping of neodymium-iron-boron  

 

1. Introduction   

Electric motors are used in various fields, for example in 
automobile industry. Many electric motors consist of rotor 
magnets as functional driving components. In many cases, the 
rotor magnets are produced by sintering [1,2]. Special drives e.g. 
for two-axes positioning with precise movements require 
individual geometries of the rotor magnets such as spherical 
shapes [3]. In these cases, post-processing of the usually 
cylindrical or rectangular block shaped bar magnets is necessary. 
Due to the high hardness and the therefore related challenges 
of machining this material, one feasible process is 
electrochemical machining (ECM) [4]. 

Electrochemical machining is a process based on anodic 
dissolution of electrically conductive materials such as pure 
metals and metal-containing alloys. The process depends on the 
chemical properties of the sample material [5,6]. ECM has no 
thermal nor mechanical influence to the workpiece and due to 
the missing mechanical contact between tool and workpiece, no 
process-related tool wear occurs. Because of these facts, ECM 
offers the possibility to machine complex structures even in hard 
and difficult to machine materials such as NdFeB [7,8]. 

One further development of ECM is pulsed electrochemical 
machining (PECM). PECM enables improved electrolyte flushing 
due to an oscillation of the cathode and a pulsed current. The 
oscillation of the working gap allows high flushing rate when the 

gap is large while cathode is in the upper position and 
subsequently precise removal when the pulsed current is 
switched on in the lower position of the cathode [9,10].  

The influence of the magnetic field in ECM was content of 
previous investigations, which focused on improvements of the 
electrochemical process. M. Baoji considered the improvement 
of localization for electrochemical machining by using a 
magnetic field [11]. He showed that it is possible to localize the 
anodic dissolution. Other researches analyzing the influence of 
an external magnetic field on the accuracy of the ECM process 
also showed that the magnetic field is useful for an increase in 
localization [12]. In the mentioned studies external magnetic 
fields were used to support or influence the ECM removals. 
Direct electrochemical machining of permanent-magnetic 
material with ECM is not known.  

In this study, PECM of a permanent magnetic material of 
NdFeB was analyzed. The dissolution behaviour was 
characterized with experiments according to DIN-SPEC 91399. 
Resulting surface qualities of selected samples were measured. 
To identify influences on the magnetic properties of the 
workpiece, the magnetic field was measured before and after 
machining. 

2. Experimental Setup and process parameters 

The experiments were carried out on a PEMCenter 8000 with 
a custom device constructed for characterization of the 
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material-specific dissolution behavior according to DIN-SPEC 
91399. The device consists of clamping systems for the tool 
cathode and the workpiece anode. ECM is carried out with a 
frontal working gap and a defined and constant machining area 
to be able to identify the resulting current densities from current 
measurements. The electrolyte is laterally flushed by a flushing 
chamber through the working gap. All mass removal 
experiments were carried out on the magnetic south pole of the 
samples. 

The workpiece with its dimensions used for the experiments is 
shown in figure 1. 

 
Figure 1. CAD model of the ECM device used for analysis of the 

removal characteristic with an unmachined sample 
 
The samples for the characterization have a cylindrical shape 
 with a diameter of 12 mm and a height of 50 mm as visible in 

figure 1. The mass fraction of the material is stated with 
Nd28Fe70B2.  

The specific removal mass msp of the NdFeB workpiece 
material was calculated according to equation (1) 

 

𝑚sp = ∑ 𝑤i ∙  
𝑀𝑖 

𝑧𝑖 ∙ 𝐹

𝑛

𝑖=1
   (1) 

 

The specific removal mass msp is the sum of every element in 
the alloy calculated with the quotient of the molar mass M, the 
chemical valence z and the Faraday constant multiplied with the 
mass fraction w of the respective element. The value for the 
specific removal mass msp for NdFeB is stated with 343 µg/C.  

To measure the strength and orientation of the magnetic field 
of the samples before and after the experiments a PCE-MFM 
3000 meter from PCE Instruments was used. The results show a 
magnetic field strength of approximately 460 mT ± 5 mT before 
machining.  

The parameters used to machine the samples are charted in 
table 1. The parameters of the electrolyte and the initial working 
gap, pulse width and pulse frequency were kept constant. 
Voltage and feed rate are varied in the experiments to get 
different current densities.  

Machining time and machining depth of the experiments are 
also varying depending on voltage and feed rate, but are not 
noted, because the termination criterion for the process is 
defined according to DIN-SPEC 91399 and was observed and 
kept for every single experiment. 

 
 
 
 
 

Table 1 Process parameters for analysis of the material removal 
characteristic 

Parameter Value 

Voltage U (5 ... 14) V 

Initial working gap sA 50 µm 

Electrolyte pressure ρEl 300 kPa 

Electrolyte type  Sodium nitrate 

Electrolyte conductivity κEl 70 mS/cm 

Electrolyte temperature TEl 20°C 

Feed rate vf (0.01 ... 0.4) mm/min 

Pulse width tp 4 ms 

Pulse frequency f 50 Hz 

 
The current efficiency η, for the analyses of the experiments, 

was calculated according to equation (2) 
 

                                   𝜂 =
𝑚𝑎𝑏

𝑚𝑠𝑝 ∙ 𝑄 
    (2) 

 
The current efficiency is the quotient of the removed mass mab 

and the product of the electric charge Q and the specific removal 
mass msp. Therefore, the electric charge of each experiment was 
calculated by integrating the process current I over the 
machining time t for each removal experiment according to 
equation (3). 

    𝑄 = ∫ 𝐼𝑑𝑡     (3) 

3. Results      

The properties of the magnetic field were characterized again 
after the PECM experiments to detect influences from the 
machining process. The measurements showed 460 mT ± 5 mT, 
which was the same value as before machining. Thus, it can be 
stated that electrochemical machining had no influence on the 
magnetic field strength.  

In figure 2 inclined top view images of the sample surfaces 
after machining with different current densities are shown. 

 

 
Figure 2. Surfaces of samples machined with different current 

densities; a) 10.0 A/cm²; b) 40.4 A/cm² 
 
The surfaces of all machined samples are even and have no 

flushing marks. The surface of the sample shown in fig. 2 a) 
machined with a low current density looks smoother than the 
other ones. However, all sample surfaces are characterized by 
pits as marked by the red rectangles. This is expected to be 
caused by material inhomogeneities from the previous sintering 
process resulting in locally differing removal characteristics.  

The machined surfaces were captured with a 3D laser scanning 
microscope VK-9700 from Keyence. Five parallel cross-sectional 
profiles were measured for each sample. The alignment of the 
profiles is shown exemplarily in figure 3.  
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Figure 3. Representation of the surface quality measurement  

 
The size of the measured field is 2 mm x 2.4 mm. The cross-

sectional profiles are aligned horizontally with a distance of 
350 µm to each other and have a length of 2 mm. The values of 
five profile lines were used to calculate an average roughness for 
every sample surface. The average roughness Ra and Rz are 
shown over the current density J in figure 4. 

 

 
Figure 4. Roughness Rz and Ra over current density 

 
The values for Ra are in the range from 1.06 µm to 3.19 µm. 

The values for Rz range from 31.6 µm to 54.3 µm. The lowest 
surface roughness of 1.06 µm Ra was measured at lowest 
current density of 9.97 A/cm², whereas the lowest value of 
31.6 µm for Rz was measured at a mean current density of 
60.5 A/cm². No systematic influence of the current density on 
the resulting roughness was detected. 

The characteristic removal rate va depending on the current 
density is shown in figure 5. 

 

 
Figure 5. Removal rate as function of the current density of the 

material NdFeB for different gap size 
 

The graph shows a linear behavior of the removal rate with 
increasing current density and a differentiation of the final 
working gap sE. Because of this deviation the linear fit marked as 
blue line is only based on the data from the experiments with 
smaller working gaps marked with blue dots. The function of the 
linear fit is given in equation 4.  

 

𝑣A = 0.028
mm ∙cm²  

A ∙min
∙ 𝐽 − 0.068

mm  

min
                   (4) 

 
According to the diagram in fig. 5 the material was dissolved 

with removal rates up to 2.3 mm/min at current densities of 
80 A/cm². For a successful mass removal, a minimum current 
density of 3.6 A/cm² is required.  

In a range from 3 A/cm² to 20 A/cm² the experimental results 
with larger working gap (red dots) indicate that changing the 
current density only led to slight changes of the removal rate. It 
should be noted that the working gap was not adjusted before 
the experiments, but is a result of tool feed rate and chosen 
voltage and results as process parameter in equilibrium state. 
Therefore, only low current densities were possible with large 
working gaps between 200 µm and 360 µm as highlighted by the 
red dots in comparison to the smaller working gaps between 30 
µm and 150 µm marked as blue rectangles.  

Further analyses were carried out on the current efficiency η 
as function of the current density J. The results are presented in 
figure 6. 

 

 
Figure 6. Current efficiency as function of current density 
 
Figure 6 shows a significant difference between experiments 

with small and those with large working gaps. The current 
efficiencies for experiments with small gaps range from 75 % at 
low current density to 100 % at higher current density. The 
experiments with current densities below 60 A/cm² show a 
current efficiency between 75 % and 93 %, which is a trans-
passive dissolution behavior, but for experiments with current 
densities higher than 60 A/cm², current efficiencies between 
96 % and 99 % were found, which represents active dissolution 
behaviors. The experiments with larger gaps are all located in 
the range from 3 A/cm² to 20 A/cm² with current efficiencies 
between 40 % and 60 %.  

4. Summary       

The material-specific electrochemical removal characteristic 
of NdFeB was determined with sodium nitrate electrolyte at an 
electric conductivity of 72 mS/cm. A linear increase of the 
removal rate over the current density was found. The 
permanent-magnetic material shows a trans-passive dissolution 
behaviour at current densities below 60 A/cm², whereas at 
higher current density an active material removal behaviour was 
found. In the range from 3 A/cm² to 20 A/cm² the removal 
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behaviour significantly depends on the working gap size, which 
leads to a wide variation of the current efficiency. 

The magnetic field strength was not influenced by the 
electrochemical machining process as shown by comparative 
analyses before and after PECM. The roughness of the samples 
ranges from 1.06 µm to 3.19 µm of Ra and from 31.6 µm to 
54.3 µm of Rz. There was no systematic influence of the current 
density on the roughness values.  

In future researches the material removal characteristic of 
NdFeB in non-magnetic state will be determined and compared 
to the removal characteristic of the permanent-magnetic 
material to identify influences of the magnetic field. Further 
experiments are planned on PECM for shaping geometrically 
pre-defined rotor-magnets.  
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Abstract 
The compliance, light weight, fast actuation and flexibility in positioning of soft-actuators makes them interesting candidates for 
force-free micromachining processes such as electrochemical machining (ECM) and electro-discharge machining (EDM). 
Electrochemical machining in particular has high potential to be integrated in soft-machines as it does not involve machining forces 
and is absent of tool wear. In this paper, preliminary research work is presented on the development of a soft actuator with a 
conductive element to be used for electrochemical machining applications. The design and development of the soft-actuator is 
presented along with proof-of-concept electrochemical machining on the inside of a prototype cylindrical workpiece. 
 
Keywords: Micromachining, Electrochemical Machining, ECM, soft-actuators, soft-machines 

 

1. Introduction   

With the advancement in soft-robotics and soft-actuators, the 
development of soft-machines at different length scales has 
opened up new avenues of applications [1]. The compliance, 
light weight, fast actuation and flexibility in positioning makes 
them interesting candidates for force-free micromachining 
processes such as electrochemical machining (ECM) and electro-
discharge machining (EDM). Electrochemical machining [2] in 
particular has high potential to be integrated in soft-machines as 
it does not involve machining forces and is absent of tool wear. 
ECM process can machine conductive materials without any 
limitation on the hardness. 

The development of soft-machines will help in minimizing the 
use of multiple motion-axis [3][4] and their complex control 
softwares in ECM machine-tools. On top of that, it will also 
reduce the efforts needed to design complicated tools for the 
machining of features at difficult locations on the workpiece 
such as corners, bends, narrow-spaces, bearing races, spacing 
between gear teeth, internal features, etc. This will bring down 
the machine-tool and tooling costs and can reduce the size of 
machine-tools making them more portable. In order to realize 
the application of soft-machines in the field of micromachining, 
several challenges need to be adressed such as designing 
actuators with tuneable stiffness, embedding conductive 
elements, selecting an actuation method and control technique, 
as well as improving the positioning accuracy. 

In this paper, preliminary research work is presented on the 
development of a soft actuator with a conductive spring element 
to be used for electrochemical machining applications. The 
design and development of a soft-actuator is presented along-
with proof-of-concept electrochemical machining on the inside 
of a prototype cylindrical workpiece. 

2. Design of the soft actuator      

The actuator was designed keeping in account the 
requirements of electrochemical micromachining. Figure 1(a) 
shows the designed soft actuator. The actuator (33 x 19 mm) has 
a varying cross section along the length, with a slit in the middle 
containing a conductive spring element. The electrolyte enters 
into the actuator from the open end and continues into the 
interelectrode gap (IEG) via 4 channels  (diameter: 0.82 mm) on 
the periphery of actuator as shown in Figure1(b). 

Figure 1. (a) Designed soft-actuator (b) Schematic of the electrochemical 
micromachining process with soft-actuator inside a cylindrical 
workpiece. IEG refers to interelectrode gap between the cathodic tool 
and anodic workpiece. 

(b) 

(a) 
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The spring element serves as the cathodic tool-electrode for 
the ECM process. In this design, the electrolyte serves dual 
function. It is used as a working fluid for the electrochemical 
machining process as well as a fluid to control the inflation of the 
actuator. Figure 2 shows the result of the FEM simulation 
(Abaqus® software, hyperelastic material model) of the 
deformation of the soft actuator after inflation. It can be 
observed that the IEG required for an ECM process is set 
automatically when the inflated actuator touches the walls of 
the workpiece. 

Figure 2. Simulation of the deformation of the actuator after inflation 
inside the cylindrical workpiece using Abaqus® software. 

 
Simulation results reveal that during inflation at pressure 

(p)=38694.4 Pa, the volume of actuator increases by about 6.8 
times. As a result, the conductive spring element moves 0.5 mm 
outward and comes into contact with the pipe. Increasing the 
pressure after this point pushes the spring harder against the 
cylindrical workpiece, since the cylindrical workpiece obstructs 
any further radial displacement. Friction between the actuator 
and the internal surface of the workpiece hinders vertical 
displacement of the former, restricting the area where ECM 
occurs. 

3. Manufacturing of soft-actuator      

The soft-actuator is cast out of Ecoflex® 30 silicone rubber 
using two 3D printed PLA mould halves (Fig. 3(a)). First, needles 
are inserted into the moulds to later obtain the channels needed  

 
Figure 3. (a) 3D printed mould of PLA (polylactic acid). (b) Two halves of 
the mould filled with silicone (Ecoflex® 30) (c) First prototype of a 
produced soft actuator. 

for electrolyte flow from inside the actuator to the machining 
region (Fig. 2). Next, both mould halves are filled by pouring 
liquid silicone rubber into them, and are then pressed together 
(Fig. 3(b)). After that, a metal rod is inserted into the center of 
the mould, creating the cavity through wich electrolyte will be 
supplied into the actuator.  Then, the silicone is left to cure inside 
the mould until solid, after which the needles and rod are 
withdrawn from the mould and the cured silicone is cast out. 
Finally, the metal spring is mounted onto the cured soft-
actuator, and an electrolyte supply tube is attached. Figure 3(c) 
shows first prototype of the produced soft-actuator. 

4. Proof-of-concept machining results      

Pilot machining experiments were done on an Inconel IN718 
workpiece using 20% aq. NaCl (sodium chloride) as electrolyte. 
The main machining parameters were voltage: 20 V, electrolyte 
flow rate: 1.4 ml/s, interelectrode gap ranging from 0.1 – 0.3 mm 
and the duration of machining was 20 s. Figure 4 shows a 
representative picture of the electrochemically machined 
Inconel IN718 workpiece using conductive spring element in the 
soft-actuator. 

 
 

Figure 4. Proof-of-concept electrochemical machining using conductive 
spring element on an Inconel IN718 workpiece.  

5. Summary      

This work explores the intersection of soft-machines and force-
free machining processes to explore novel applications of soft-
robotics in the manufacturing field. In this direction, a first 
prototype of a soft actuator (33 x 19 mm) with a conductive 
spring element is designed to be used for electrochemical 
machining applications. The design and production of the soft-
actuator is presented along-with proof-of-concept 
electrochemical machining on an Inconel IN718 workpiece. 
Further work is planned for improving the design of the actuator 
along with perfoming extensive experiments on machining the 
internal surface of the cylindrical workpiece. 
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Abstract 

The structured laser beam (SLB) is a pseudo-non-diffractive optical beam. Its optical intensity profile in the transverse plane is similar 

to that of a Bessel beam. Thus, the SLB has a narrow central spot of high intensity surrounded by concentric circles. It is possible to 

generate a SLB such that the visibility – as defined in optics – of its central spot or concentric circles is equal to one. An interesting 

feature of the SLB is its ability to propagate over very long distances. It is theoretically possible to generate a SLB with an "infinite" 

range. The maximum distance at which SLB propagation has been tested is 200 m. Even at a distance of several hundred metres, the 

SLB retains its low divergence capability. During the measurement, under certain conditions, a divergence angle of less than 

0.01 mrad was measured, the diameter of the central spot at the beginning of the beam being about 0.01 mm. This article summarises 

part of the research related to the properties of the SLB and measurements of some of its characteristics at different distances up to 

more than 100 m. Extensive simulations have allowed the study of phenomena such as the effect of symmetry breaking on the beam 

propagation, as well as the minimum dimensions of the free space required around the SLB. The capabilities of the SLB could make 

it attractive for the potential development of applications in alignment or large-scale metrology. 

 
 
Alignment, Laser, Positioning.  

1. Introduction  

The Bessel beam (BB) is a type of non-diffractive optical beam. 
Such laser beams have been used for alignment purposes [1-3], 
but the fact that their length does not exceed 20 m under 
standard conditions is a limiting factor for their use in long-range 
metrology. 

However, a new way of generating long-distance Structured 
Laser Beams (SLB) [4], with a transverse intensity profile partly 
similar to quasi-Bessel beams, allows to overpass this limit. SLB 
has special properties - some of which have been tested in the 
range of a few centimetres to a distance of 200 m - that appear 
to be of interest in the context of the development of large-scale 
metrology tools and high precision long range alignment 
systems, such as for particle accelerators. Similarly to the BB, the 
SLB shows, a transverse profile made of a narrow central spot of 
high intensity surrounded by concentric circles. In addition this 
type of beam has the ability to propagate up to very long 
distances – theoretically up to infinity - with a low divergence of 
the central part. It can be expected that under ideal conditions, 
i.e. propagation in vacuum and symmetrical distribution of the 
complex amplitude, a SLB will propagate strictly in a straight line.  

The transverse and longitudinal profile structures as well as 
the divergence of the central beam are shortly described below. 
Then, the influence of a symmetry breaking on the propagation 
of the beam and on its straightness is discussed. The paper 
examines two types of symmetry breaking that can occur. The 
first one is due to the transit of the beam through a circular 

aperture, which is transversely shifted. The second one is 
obtained by blocking part of the beam on one side. 

The research was conducted using numerical simulations. In 
this study, the propagation of the beam is considered under 
vacuum in order to avoid the influence of the gradient 
distribution of the refractive index of the atmosphere. 

The resulting data should provide an indicative knowledge of 
the shift of the SLB centre for the given conditions. This 
knowledge will then be used in future work to set the 
parameters of the experiments for verification of the 
simulations. 

2. SLB propagation at long distances 

 

 
Figure 1. Image of a real SLB at a distance of 140 m from the generator. 

The optical intensity I is represented in arbitrary units. 
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2.1. The transversal profile 
The traversal profile consists of a narrow central part with the 

highest intensity and of a surrounding part made of concentric 
circles, see an image of real SLB in Figure 1Error! Reference 
source not found.. Concentric light circles are separated by dark 
ones. As it is the case for Bessel beams, a zero optical intensity 
in the dark circles of a SLB is theoretically achievable.  

 
2.2. Longitudinal profile and divergence of the core 
Unlike a Bessel beam, a SLB can theoretically propagate up to 

infinity. The range was tested from some centimetres up to a 
distance of 200 m. The longitudinal profile of a SLB, see the 
example in Figure 2Error! Reference source not found., has also 
other characteristics compared to a Bessel beam one. 

 
Figure 2. Computer simulation of the SLB longitudinal profile. The 

optical intensity I is represented in arbitrary units.  
 
Naturally, a SLB propagating over long distances is subject to 

divergence. However, the cone angle at which its core diverges 
can be very small. The picture of a real SLB, see Figure 1, taken 
at 140 m from the generator shows a diameter of the central 
core of 1.3 mm. Knowing that this SLB was starting at 5 m after 
the generator with a diameter close to a few microns, the 
divergence of its central part is approximately 9.6 μrad. 

3. The simulations of SLB and beam symmetry breaking 

This chapter introduces the procedure and principle of the 
performed computer simulations describing the spread of SLBs, 
partially obscured by an obstacle. It explains the use of two types 
of obstacles that asymmetrically block parts of the SLB and 
presents a method for finding a SLB central spot position. 

 
3.1. Simulation of the field just after the SLB generator 
The field immediately behind the SLB generator was calculated 

using ray optics from the known initial illumination field (a 
Gaussian beam was considered). The postulates of ray optics 
were taken into account, and the change in the direction of the 
rays therefore occurred only at the interface of two media with 
different refractive indices based on Snell's law in a vector 
form [5]  

 (𝑘2
⃗⃗⃗⃗ − 𝑘1

⃗⃗⃗⃗ ) × 𝜈 = 0. (1) 

Equation (1) expresses the fact that the tangent components 

of the wave vectors 𝑘1
⃗⃗⃗⃗  and 𝑘2

⃗⃗⃗⃗  are continuous at the interface of 
two media with different refractive indices. The orientation of 
the interface at the incident point is given by its normal vector 
𝜈 . 

The phase distribution of the SLB in the transverse plane 
immediately after the generator was calculated based on the 
optical path distance of each individual ray. Note that the SLB 
generator can be tuned to create various SLBs with different 
characteristics. More information about the generation 
principle is given in [4]. 

 

3.2. Simulation of the SLB propagation in free space 
The further development of light, after leaving the generator, 

is more complicated and requires taking into account the wave 
nature of the light. In general, the problem can be solved using 
the diffraction integral [5, 6]: 

 
𝑢(𝑥, 𝑦, 𝑧) =  

𝑖

𝜆
∬𝑢(�̃�, �̃�, 0)

𝑒−𝑖𝑘𝑟

𝑟
cos 𝜃 𝑑�̃� 𝑑�̃�, (2) 

where 𝑖 cos 𝜃 𝜆⁄  is the inclination factor. 
When considering a paraxial (Fresnel) approximation, the 

following assumptions can be made: 
 cos 𝜃 =

𝑧

𝑟
 (3) 

and 
 

𝑟 ≈ 𝑧 (1 +
1

2
(
𝑥2 + 𝑦2

𝑧2
)). (4) 

The diffraction integral is then adjusted: 
 𝑢(𝑥, 𝑦, 𝑧)

=  
𝑖

𝜆
∬𝑢(�̃�, �̃�, 0) 𝑒−𝑖𝑘𝑟𝑒

−
𝑖𝜋
𝜆𝑧

((𝑥−𝑥)2+(𝑦−�̃�)2)
𝑑�̃� 𝑑�̃�, 

 

(5) 

and after further modifications, the diffraction integral will 
take the form: 

 
𝑢(𝑥, 𝑦, 𝑧) =  

𝑖

𝜆𝑧
𝑒

−
𝑖𝜋
𝜆𝑧

(𝑥2+𝑦2)
�̃� (

𝑥

𝜆𝑧
,
𝑦

𝜆𝑧
), 

 
(6) 

where �̃� = 𝐹𝑇{�̃�} is a Fourier transform of the modified 

aperture function �̃� =  𝑢(�̃�, �̃�, 0)𝑒−
𝑖𝜋

𝜆𝑧
(𝑥2+�̃�2)

. 
 
Following the process below, the complex amplitude of the 

beam is calculated at any distance: 
1. The SLB is traced from the generator to the obstacle using 

the Fresnel diffraction integral; 
2. In the obstacle plane, the calculated field is multiplied by a 

window function representing the obstacle; 
3. The Fresnel diffraction integral is used again to trace the SLB 

after crossing the obstacle up to the demanded position. 
 
3.3. Two types of obstacles 
The 2 types of obstacles used in the simulations are considered 

to be ideal ones. That means perfectly impermeable screens, 
through which no parasitic field seeps. In the numerical 
simulations, the obstacles were realized by assigning a zero 
value of the complex amplitude in the part of the beam blocked 
by the screen. The situation is illustrated in Figure 3, which 
shows the simulation of the corresponding optical intensity 
distribution in the plane just after the obstacle. More 
specifically, it is a beam passing through a circular aperture 
shifted with respect to the beam axis. The position of the circular 
aperture is defined by the coordinates of its centre [𝑥𝑐0, 𝑦𝑐0].  

 
Figure 3. Computer simulation of the SLB after using an obstacle with 

a circular aperture. [𝑥𝑐0, 𝑦𝑐0] are the coordinates of the circular aperture 
centre. 
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The similar situation with a different type of obstacle, i.e. only 
part of the SLB covered on one side, is shown in Figure 4. The 𝛿𝑥 
parameter therefore specifies the position of the obstacle edge 
on the x-axis. The edge of the obstacle is perpendicular to the x-
axis. 

 
3.4. SLB centre position detection 
The method used to accurately evaluate the position of the 

simulated SLB centre, which was proved successful in measuring 
the position of real SLBs, is based on the similarity between SLB 
and Bessel beam. As part of the optimization, the parameters of 
the equation describing the Bessel beam are sought to find the 
optimal agreement with the investigated SLB. Equation (7) 
describes the optical intensity distribution 𝐼(𝑥, 𝑦) of a Bessel 
beam with the centre intensity normalized to one. 

 
𝐼(𝑥, 𝑦) = (𝐽0 (𝑘𝑇√(𝑥 − 𝑥0)

2 + (𝑦 − 𝑦0)
2))

2

, (7) 

where 𝐽0 is Bessel function of the first kind and zero order, 𝑘𝑇 
is the transverse wave vector and [𝑥0; 𝑦0] are the coordinates of 
the centre of the Bessel beam. The parameters 𝑘𝑇, 𝑥0 and 𝑦0 are 
subject to change during the optimization process. After finding 
the parameters for which the analytical relation best fits the 
observed SLB, the coordinates [𝑥0; 𝑦0] are used as the centre 
position of the SLB. 

 
Figure 4. Computer simulation of the SLB after using an obstacle on 

one side of the beam. The 𝛿𝑥 parameter is the x coordinate of the 
obstacle edge. 

 
3.5. Summary of assumptions and limitations 

• The beam propagation medium is the vacuum. 

• The polarisation is negligible for the type of SLB generator 
which is considered here. 

• The simulations are based on wave optics. 

• The solution of the diffraction integral uses Fresnel 
approximations. The error of this approximation decreases 
with distance from the source field. This means that the 
error for the simulations considered here is negligible. 

• The obstacles are completely opaque and do not leak even 
parasitic fields. 

• The beam centre detection method is applied only on the 
beam part where circles are fully visible. 

4. Parameters and results of simulations  

Six types of simulations were performed in total. The nature of 
each simulation is described by the following parameters: 

• The type of the obstacle; 

• The distance LO of the obstacle from the SLB generator; 

• The diameter D of the aperture if the obstacle is a circular 
one. 

The distance LO is either 10 m or 100 m in the performed 
simulations. The value of 10 m corresponds to a distance inside 
the near zone, the so-called Fresnel zone, in which the beam 
shape changes depending on the longitudinal coordinates. The 
value of 100 m corresponds to the far zone, the so-called 

Fraunhofer zone, in which the beam shape no longer changes 
with longitudinal coordinates and where only the size is linearly 
increasing. 

The results of all simulations are visualized in graphs. The shift 
𝛥𝑥 of the SLB centre position is shown by the colour axis and 
depends on two parameters. The first one is the distance L from 
the obstacle and is common for all simulations. Specifically, L 
takes values from 20 m to 1000 m. The second one is either 𝑥𝑐0 
for the circular aperture, see Figure 3, or 𝛿𝑥 for SLB with one-
side blocking, see Figure 4. The lower limit of the 𝛿𝑥 parameter 
was chosen so that obvious deformations did not appear in the 
vicinity of the SLB centre. The upper limit of the 𝛿𝑥 parameter 
was chosen bigger than the largest circle of the SLB. 

For the one-side SLB blocking results, the graph was divided 
into 2 zones with 2 different colour scales for the 𝛥𝑥 axis. This 
was done with the intention of making visible small Δx values 
and their changes that would not be seen on a common scale. 

 
4.1. Results of simulations 
The obtained results are visualized in Figure 5 – Figure 10. 
 

 
Figure 5. The 𝛥𝑥 shift of the SLB centre depends on the distance L from 

the obstacle and on the position of the circular aperture described by 
the 𝑥𝑐0 coordinate. The obstacle hole has a 20 mm diameter and is 
placed at 10 m from the SLB generator, i.e. in the Fresnel zone. 

 

 
Figure 6. The 𝛥𝑥 shift of the SLB centre depends on the distance L from 

the obstacle and on the position of the circular aperture described by 
the 𝑥𝑐0 coordinate. The obstacle hole has a diameter of 40 mm and is 
placed at 10 m from the SLB generator, i.e. in the Fresnel zone. 
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Figure 7. The 𝛥𝑥 shift of the SLB centre depends on the distance L from 
the obstacle and on the position of the circular aperture described by 
the 𝑥𝑐0 coordinate. The obstacle hole has a diameter of 40 mm and is 
placed at 100 m from the SLB generator, i.e. in the Fraunhofer zone. 

 

 
Figure 8. The 𝛥𝑥 shift of the SLB centre depends on the distance L from 

the obstacle and on the position of the circular aperture described by 
the 𝑥𝑐0 coordinate. The hole in the obstacle has a diameter of 80 mm 
and is placed at a distance of 100 m from the SLB generator, i.e. in the 
Fraunhofer zone. 

 

 
Figure 9. The 𝛥𝑥 shift of the SLB centre depends on the distance from 

the obstacle and on the 𝛿𝑥 parameter. The obstacle is placed at a 
distance of 10 m from the SLB generator, i.e. in the Fresnel zone. 

 

Figure 10. The 𝛥𝑥 shift of the SLB centre depends on the distance from 
the obstacle and on the 𝛿𝑥 parameter. The obstacle was located at a 
distance of 100 m from the SLB generator, i.e. in the Fraunhofer zone. 

5. Discussion of results 

The results of the simulations with a circular aperture show 
that the diameter of the aperture has a huge effect on the SLB’s 
centre shift 𝛥𝑥. For both Fresnel and Fraunhofer zones, 𝛥𝑥 shift 
values up to thousands of microns were observed for small 
aperture diameters (D = 20 mm and D = 40 mm, respectively), 
see Figure 5 and Figure 7. By simply doubling the diameter of 
the aperture, 𝛥𝑥 was reduced to values in tens of microns range, 
see Figure 6 and Figure 8.  

An interesting phenomenon was observed mainly in the 
simulations with the large diameter circular apertures, see 
Figure 6 and Figure 8. The maximum value of 𝛥𝑥 is found for 

coordinates 𝑥𝑐0 close to zero and, as expected, for the maximum 
value of L. For example, in Figure 6, the maximum 𝛥𝑥, 
approximately 15 microns, is observed for values of the 
parameters L and 𝑥𝑐0 respectively close to 1000 m and 0.2 mm. 
This looks unnatural because for 𝑥𝑐0 = 0 the SLB is symmetric 
and 𝛥𝑥 is zero. A hypothesis is that this phenomenon is due to 
the fact that with a small shift of the centre of the circular 
aperture from the centre of the SLB, the aperture overlaps with 
one of the SLB circles over a significant portion of the 
circumference. The contribution of the diffraction caused by the 
circular aperture is consequently non-negligible in the 
distribution of the light intensity measured in the transverse 
plane studied. 

 
In the case of an obstacle blocking one side of the SLB, see 

Figure 9 and Figure 10, for a same distance L, the 𝛥𝑥 value 
oscillates around zero as the 𝛿𝑥 parameter increases. It seems 
interesting that the phase of oscillations does not change much 
with the distance. In other words, it exists 𝛿𝑥 parameter values 
for which the 𝛥𝑥 value approaches zero over a long range of 
distances L. As expected, the amplitude of the oscillations 
decreases with increasing 𝛿𝑥 parameter. The effect of constant 
phases of oscillations will be closely monitored in the future. 

6. Conclusion 

The use of SLB as reference fiducial line for alignment over 
long distances looks promising. 

On one hand, the long distance propagation capability and the 
low divergence of the central part of the beam, which keeps the 
central spot of small size, are major advantages. 

On another hand, even if the simulations shows that a 
symmetry breaking of the SLB in the transverse plane leads to 
shift of the beam line, these shifts can be reduced at the micron 
level at long distances when the apertures of optical elements 
and the free space surrounding the beam axis are reasonably 
large. Note also that the simulations have been performed for 
one SLB longitudinal profile type, which can be easily tuned and 
optimised. This numerical study has to be confirmed by 
experiments in the near future. 

In the frame of developments of alignment systems based on 
SLB, this work will help to define the necessary aperture around 
the beam according to the longitudinal range of the system and 
to the requested precision. 
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Abstract 
This paper presents a frequency scanning interferometry (FSI) shortwave infrared (IR) setup developed for position and orientation 
measurement of industrial robots. Within contemporary and future industrial frameworks, robots—in particular collaborative robots 
(cobots)—will play an important role in ensuring safe and coherent automation of manufacturing processes. Robots are generally 
regarded as a means to improve performance and reduce production costs through improved production efficiency, versatility and 
adaptability. However, due to high flexibility and compliance imposed for safety reasons, exact coordinate positions of robots during 
operation can vary significantly from desired positions. Systematic positioning errors are further exacerbated by backlash from wear 
and tear in motors and motion joints. Accurate measurement feedback is therefore required to satisfy performance requirements in 
high-accuracy applications. Common state-of-the-art solutions for high-accuracy applications involve the use of either costly laser 
tracking systems or less accurate photogrammetric systems. FSI can provide an alternative metrological solution for the 
measurement of position feedback for robots. Unlike conventional interferometry that measures relative displacements, FSI can be 
used for absolute distance measurement eliminating the need for continuous displacement of targets from reference positions during 
measurements. An optical fibre FSI setup has been developed to address requirements needed for measurement of robotic end-
effector position and orientation. Some of the requirements considered include pose measurements, wide measurement field of 
view, sensitivity to moving targets and identification of multiple targets when displaced. Absolute distances of reflective targets 
mounted on the end-effector of a UR5 robot can be measured using frequency analysis of the interference intensity resulting from 
the interaction of frequency tuned IR light and the reflections of the light from the targets. Reflected light from each target interferes 
with a beat frequency that corresponds to the target distance. After target distances are determined from the beat frequencies, 
methods of determining robotic coordinate positions are investigated. Preliminary results indicate that real-time calibration of swept 
frequency using gas cell and frequency analysis of interference data are promising for robotic FSI position measurement. Future work 
will integrate the suitable elements of the FSI measurement systems for robotic tracking and comparative uncertainty analysis. 
 
Keywords: Frequency scanning interferometry, position measurement, uncertainty   

1. Frequency scanning interferometers 

In classical displacement interferometers, interference is 
induced by the optical path difference of the reference and 
measurement beams. For a displacement interferometer, a 
measurement mirror is usually moved from a reference point to 
a target position without interruption of propagated beam. In 
several applications where multi-dimensional and absolute 
distance measurements are required, the use of a displacement 
interferometer is not feasible because of the requirement for 
continuous mirror displacement. Frequency scanning 
interferometry (FSI) presents an alternative strategy for inducing 
interference by variation of the frequency of the propagated 
beam. The variable frequency in FSI modulates absolute 
distance, making it possible to measure distance, rather than 
displacement, from the observed interference intensity of 
targets. Distances in FSI can be measured through phase-
measurement or frequency spectrum analysis of interference 
signal [1]. Frequency-based FSI can measure multiple targets 
and when light intensity is relatively low [2].  

Due to simplicity, most FSI systems use collimated beams with 
target mirrors constrained to one-directional movement. To 
measure robotic end-effector position and orientation, multi-
dimensional distances to multiple retroreflective targets are 
required. Beams commonly collimated from fibre guides have 
narrow cross sections that cannot provide the coverage required 

for multi-target FSI. As a result, divergent multi-target FSI has 
been suggested using either a fibre ferrule tip [2] or a 
measurement head with a divergent lens [3]. In this paper, FSI 
configurations, requirements and position measurement 
options are studied for a robotic metrology application.  

Section 2 summaries the principle of multi-target FSI, accurate 
frequency calibration and the FSI setup. Section 3 discusses how 
FSI distances can be used to measure robotic position and 
orientation. Finally, section 4 gives preliminary results and 
discusses future work. 

2. Multi-target FSI methodology 

Consider a frequency tuned laser light at time t, with initial 
frequency 𝜈0 (at time 𝑡 = 0), that mixes with reflected light 
returning from 𝑚 retroreflective targets, after the light travel 
times 𝜏𝑖|𝑖=1,2…𝑚. The observed intensity of interference if the 

light is linearly swept to a new frequency 𝜈(𝑡) = 𝜈0 + 𝛼𝑡, at 
time t, is given by  

 

𝐼(𝑡) =∑ 𝐴𝑖𝑐𝑜𝑠[2𝜋(𝛼𝜏𝑖𝑡 + 𝜈0 𝜏𝑖)]
𝑚

𝑖=1
,                                (1) 

 
where 𝐴𝑖 is the signal magnitude caused by each target. The 
frequency scan rate 𝛼 in equation (1) can be set from the 
tuneable laser and is assumed to be constant. When working in 
the wavelength domain, the wavelength scan rate can be 
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determined from the frequency scan rate: 𝛼𝜆 =
𝜕𝜆

𝜕𝑥
= −

𝜆

𝜈
𝛼. 

Tuneable laser sources have limitations that result in scan rates 
varying slightly during each sweep [4]. To make accurate 
measurements, the accurate value of the instantaneous scan 
frequency (or wavelength) needs to be measured.  

Frequency-based FSI is suitable for multi-target 
measurements because each target will have a corresponding 
peak beat frequency 𝑓𝑖 when the fast Fourier transform (FFT) of 
the observed intensity is evaluated. Distances to measured 
retroreflectors 𝑑𝑖|𝑖=1,2…𝑚 can be determined from  

 

𝑑𝑖 =
𝑐𝑓𝑖
2𝑛𝛼

,                                                                                 (2) 

 
where n is the refractive index of the medium. The reference 
interferometer distance is also related by the same relationship 
given in equation (2). Since the reference distance is commonly 
more stable than the measurement distances, fluctuations in the 
reference beat frequency can be used to mitigate the effects of 
non-linearity of frequency sweep. 
 
2.1. Frequency calibration and data processing 

The frequency (or wavelength) of tuned laser light is calibrated 
using a NIST hydrogen cyanide calibration standard SRM 2519a. 
The calibration standard is based on the fundamental molecular 
absorption lines that are shown in Figure 1. Accurate 
wavelengths (with combined uncertainties of less than 0.2 pm 
using a coverage factor 𝑘 = 2) at 54 absorption lines are given 
in the calibration certificate [5]. When the measured 
photodetector signal of the frequency calibration channel in 
Figure 2 is observed, the signal should have a similar set of 
absorption lines as the certificate. By comparing the line 
spacings of the signal with the standard, the linearity of the laser 
sweep can be determined.  

Real-time signal data then needs to be processed and 
synchronised with the laser source. The laser source used in this 
paper provides trigger signals at the start and stop time of 
sweeping cycles, helping to provide precise data windows to 

detect the gas absorption lines and perform distance 
measurements. Since the beat periods are typically less than the 
sweeping time for targets at close range, it is possible to 
measure multiple distances in a single sweep. However, the 
accuracy of the distance measurements will depend on how 
accurate the gas cell absorption lines are calibrated for a partial 
sweep. There are series of data manipulations, such as filtering 
and interpolations that can improve measurements [6].  Gas cell 
signals are filtered and interpolated to detect absorption peaks 
in this paper. 

 
Figure 1. Hydrogen cyanide reference transmittance spectrum showing 
absorption lines and detected absorption peaks. 

2.2. Multi-target FSI setup 
A 1 mW tuneable laser is used to sweep light from 1525 nm to 

1565 nm at a rate of up to 2000 nm/s. The fibre-coupled light is 
distributed to a reference interferometer, a gas cell and several 
measurement interferometers in parallel. Photodetectors are 
used for real-time measurement of both the intensities of the 
interferometric channels and the transmission intensity of the 
gas cell. Interference is established by mixing the emitted light 
with the reflected light from retroreflective targets. The light 
going to the measurement channels is amplified by an erbium-
doped fibre amplifier (EDFA) to provide sufficient intensity of 
received back-reflected light from the targets.  

 
Figure 2. FSI system showing interferometer and frequency calibration (using gas cell) channels connected to a source tuneable laser with 
photodetector (PD) outputs. Additional measurement interferometers can be attached to the splitter.  Self-mixing type and emitter-receiver type 
measurement heads (MHs) are used in the measurement interferometer channels.

Two types of light mixing methods for the measurement 
interferometer are shown in Figure 2: self-mixing and emitter-
receiver type mixing. In the self-mixing interferometer, emitted 
light is split at the exit of the measurement head. The split beam 
bounces back and is interfered with the returning light from the 
retroreflectors. The flat surface of the ferrule tip of FC/PC type 
fibre connector end can be used as a cheap beam splitter and 

the numerical aperture (NA) of the optical fibre defines the 
beam divergence [2]. Alternatively, a fibre-coupled beam 
diverging lens could be attached to the fibre for better 
divergence. The critical limitation of divergent-beam FSI is the 
measurement limited range (around 0.3 m at a maximum eye-
safe power [3]) of the measurement heads. At the cost of a more 
complex optical path length, an emitter-receiver type 
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interferometer can be used. The optics of the emitter and 
receiver can be designed separately to improve measurement 
range and transmission efficiency. As a practical solution for the 
limited range of FSI, robotic positions at longer ranges can be 
measured using photogrammetry [7]. Figure 3 shows FSI targets 
and photogrammetric artefacts attached to a robotic end-
effector. The accurate positioning of robots is more critical 
towards the end of desired trajectory in many industrial 
applications [8]. At these near end positions, movement of the 
robot is expected to be slow and dynamic issues of FSI can be 
reduced and accuracy maintained. Therefore, less accurate 
measurements using photogrammetry can be applied before 
reaching close to the final positions of a desired trajectory. 
Research on implementation of photogrammetry for robotic 
tracking is ongoing, but intelligent integration of 
photogrammetry and FSI should improve robotic metrology. 

3. Position measurement 

Distances evaluated from FSI can be used to determine the 
three-dimensional (3D) positions of target reflectors through an 
analysis of the rigid body kinematics of the placed targets. Given 
a rigid target reflector network, methods for evaluating 3D 
positions using a system with two to four measurement heads 
are discussed.  
   
3.1. Position using two measurement heads 

Coordinate positions of the rigid points 𝑷1(𝑥1, 𝑦1, 𝑧1), 
𝑷2(𝑥2, 𝑦2, 𝑧2), 𝑷3(𝑥3, 𝑦3, 𝑧3) in Figure 3 can be determined from 
FSI distances computed from two measurement heads.  

   The origin of the coordinate frame is taken as the first 
measurement head position 𝑨 and the direction of 𝑥-axis is 
along the second measurement head position 𝑩(Figure 3). 
Finally, the 𝑧-axis is assigned such that the first point 𝑷1 lies on 
the 𝑥𝑦 plane (𝑧1 = 0). The 3D coordinate positions of the points 
can be evaluated given the rigid body spacings of the points 
(𝑑12 = ‖𝑷2 − 𝑷1‖, 𝑑13 = ‖𝑷3 − 𝑷1‖, 𝑑32 = ‖𝑷3 −𝑷2‖), the 
position of 𝑩(𝑏, 0,0) and the measured FSI distances from 𝑨 and 
𝑩. If we assign the measured distances as 𝑙𝐴1 = 𝑨𝑷̅̅ ̅̅ 1, 𝑙𝐴2 =

𝑨𝑷̅̅ ̅̅ 2, 𝑙𝐴3 = 𝑨𝑷̅̅ ̅̅ 3, 𝑙𝐵1 = 𝑩𝑷̅̅ ̅̅ 1, 𝑙𝐵2 = 𝑩𝑷̅̅ ̅̅ 2 and 𝑙𝐵3 = 𝑩𝑷̅̅ ̅̅ 3, the 
coordinates can then be expressed as: 

 
𝑧1 = 0

𝑥1 =
1

2
(
𝑙𝐵1
2 − 𝑙𝐴1

2

𝑠
− 𝑠) ; (𝑠 ≠ 0)

𝑥2 =
1

2
(
𝑙𝐵2
2 − 𝑙𝐴2

2

𝑠
− 𝑠) ; (𝑠 ≠ 0)

𝑥3 =
1

2
(
𝑙𝐵3
2 − 𝑙𝐴3

2

𝑠
− 𝑠) ; (𝑠 ≠ 0)

𝑦1 = √𝑙𝐴1
2 − 𝑥1

2

𝑦2 =
𝑙𝐴1
2 + 𝑙𝐴1

2 − 𝑑12
2 − 2𝑥1𝑥2

2𝑦1
; (𝑦1 ≠ 0)

𝑧2 = √𝑙𝐴2
2 − 𝑥2

2 − 𝑦2
2

𝑦3 =
(𝑙𝐴1
2 + 𝑙𝐴3

2 − 𝑑13
2 − 2𝑥1𝑥3)

2𝑦1
; (𝑦1 ≠ 0)

𝑧3 =
(𝑙𝐴2
2 + 𝑙𝐴3

2 − 𝑑23
2 − 2𝑥2𝑥3)

2𝑧2
−
𝑦2𝑦3
𝑧2

; (𝑧2 ≠ 0)}
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

.            (2) 

 
Equation (2) require a minimum of three matched target 

distances to be measured simultaneously. In addition, the 
coordinate positions are not defined at some target positions. 
Therefore, increasing the number of measurement heads can 

improve the likelihood of solving for the coordinate points as 
occlusions may also occur during operation. 
 
3.2. Position measurement using trilateration 

When a third measurement head is added at a position 𝑪, the 
coordinate position of a target 𝑷𝒊(𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖) can be obtained 
from the distances 𝑙𝐴𝑖 = 𝑨𝑷̅̅ ̅̅ 𝑖, 𝑙𝐵𝑖 = 𝑩𝑷̅̅ ̅̅ 𝑖 and 𝑙𝐵𝑖 = 𝑩𝑷̅̅ ̅̅ 𝑖  
measured from the measurement head positions 𝑨(𝑥𝐴, 𝑦𝐴, 𝑧𝐴), 
𝑩(𝑥𝐵, 𝑦𝐵, 𝑧𝐵) and 𝑪(𝑥𝐶 , 𝑦𝐶 , 𝑧𝐶) respectively. The coordinate 
position (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖) can be evaluated by the equating to zero the 
following set of equations 

 
(𝑥𝑖 − 𝑥𝐴)

2 + (𝑦𝑖 − 𝑦𝐴)
2 + (𝑧𝑖 − 𝑧𝐴)

2 − 𝑙𝐴𝑖
2 = 0

(𝑥𝑖 − 𝑥𝐵)
2 + (𝑦𝑖 − 𝑦𝐵)

2 + (𝑧𝑖 − 𝑧𝐵)
2 − 𝑙𝐵𝑖

2 = 0

(𝑥𝑖 − 𝑥𝐶)
2 + (𝑦𝑖 − 𝑦𝐶)

2 + (𝑧𝑖 − 𝑧𝐶)
2 − 𝑙𝐶𝑖

2 = 0

}.                  (3) 

 
The use of four measurement heads would further improve 

the accuracy of position measurements [9], by applying a 
multilateration method [10]. 

 
Figure 3. Robotic position measurement system showing rigid FSI 
retroreflective targets and photogrammetry (PG) artefacts. 

4. Preliminary results      

This section presents initial results of FSI signal processing and 
a simple multi-target FSI measurement result. Development of 
the robotic FSI system is on-going and the presented results are 
for investigation and validation of specific strategies to be 
implemented in the overall measurement system.  

 
4.1. Frequency calibration and scan speed 

Absorption lines are observed from the gas cell signal and the 
detected peaks are given in Figure 4. It was found that signal 
noise does not prevent detection of the absorption lines for 
wavelength calibration uncertainty of less than 30 pm [5]. 
Analogous peaks detected from the standard certificate data in 
Figure 1 are used to match the gas cell signal to the accurate 
time-dependent frequencies. 
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Figure 4. Gas cell absorption peaks detected from one sweep at 
wavelength scan rate of 1000 nms−1. 

The calibrated wavelengths can be used to determine the actual 
scan speed of the laser. By using the spacing between the 
calibrated spectrum lines, the wavelength scan speed is 
evaluated and shown in  Figure 5. It can be deduced that relying 
on the linearity of the laser scanning speed, without the 
calibration, can contribute significant error to measurements. 

 
Figure 5. Comparison of tuneable laser wavelength scan rate for a setting 
of 1000 nm s−1. 

4.2. Multi-target results 
This section investigates the detectability of mixed beat 

intensity signals from the self-mixing interferometer presented 
in Section 2. As a result of safety requirements that are being put 
in place to run a class 3B EDFA amplifier, the robotic testing of 
the FSI interferometer could not be carried out. Therefore, 
unamplified 1 mW laser light is used to investigate interference 
signals in fibre patches connected by FC/PC type ferrule tips. The 
three ferrule targets 𝑇1, 𝑇2 and 𝑇3 shown in Figure 6a) have 
reflectivities of about 4% that allow them to be used as splitters 
[2]. These reflected beams interfere with the beat frequencies 
given in Figure 6b). From this preliminary result, it is observed 
that beat frequencies are detectable even when the interfering 
light has power in the order of microwatts. 

 
Figure 6. Multiple distance measurement and beat frequencies 
corresponding to each distance.  

5. Conclusion and future work      

With increasing autonomy and flexibility of robots, in-process 
and on-site applications of FSI should be investigated to extend 
robotic applications to accuracy-demanding industrial 
processes. FSI technology presents the opportunity to improve 
positional accuracy of robotic systems by providing 
interferometric measurement accuracy without relying on 
motion mechanisms that can contribute additional errors. The 
application of divergent beam for robotic FSI measurement is 
discussed, and preliminary results show that frequency analysis 
of the interference signals can detect distances at low light 
intensities. Future work will investigate FSI-based 3D coordinate 
measurement accuracy, integration with photogrammetry and 
tracking of robotic trajectories. 
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Abstract 
ATLAS is one of the detectors of the Large Hadron Collider (LHC) at CERN and in the Long Shutdown 2 (LS2) a major upgrade of the 
muon forward detector with the construction and installation of the New Small Wheel (NSW) took place. Each of the two NSWs has 
a diameter of nearly 10 m, weighs approximately 110 t, and includes shielding parts, a mechanical support structure and 16 double 
wedges that are composed of multiple chambers.  
The development of a dedicated surveying strategy has been necessary for the construction of the NSW to fulfil the different demands 
from the engineering team and the specifications of the physics detector. The concept has been prepared in cooperation with the 
ATLAS Technical Coordination and Collaboration. The concept includes partly the quality control and the follow-up of the assembly 
for different items of the NSW. The constructed detector is composed of different mechanical parts on one hand and the chambers 
that are sensitive parts of the detector to register data for the physics analysis on the other hand. The demanded precisions for the 
measurements varied between several tens of microns for reference tooling up to several millimetres for envelope issues. Mainly 
laser trackers have been used for the surveying tasks but in specific situation, other instrumentation has been proposed as close range 
photogrammetry or laser scanners.  
This paper summarizes the surveying concept starting with the preparation work, adjustment of assembly tooling, the fiducialisation 
of components and follow-up of assembly up to the installation of the NSW in the ATLAS cavern in the second half of 2021. 
 
 
Keywords: Alignment, Measuring instrument, Positioning   

 

1. Introduction 

ATLAS is a physics research experiment [1] for high-energy 
physics and is installed at CERN in the Large Hadron Collider 
(LHC) [2]. To exploit fully the detector in the high-luminosity era, 
an upgrade of the experiment to the higher collision rate is 
necessary because it creates more data and increases radiation 
levels. A major part of the preparation of the ATLAS detector for 
the High Luminosity LHC [3] is the upgrade of the Muon 
Spectrometer with the New Small Wheels (NSW) [4, 5], see 
Figure 1. After nearly 10 years of design and construction, the 
wheels have been lowered in the ATLAS cavern in 2021 and they 
have been adjusted to their run position beginning of 2022. 

 
Figure 1. Overview of ATLAS experiment with highlighted NSWs. 

 
Each of the two NSWs weighs around 110 tons and has a 

diameter of nearly 10 m. The sensitive part of each NSW consists 
of 160 chambers assembled in 16 sectors called Double Wedges 
that are installed on each wheel. The chambers are of two 
different types: four Micromegas (MM) and six small-strip Thin 
Gap Chambers (sTGC) per double wedge. They have been 
constructed in nine different countries on four continents and 
have been shipped to CERN for the double wedge assembly and 
the installation on the wheels.  

Multiple challenges come along with the assembly and are of 
different kinds. They have been technical for the innovative 
chambers and their readout. A further tough task has been on 
the logistic side with the delivery and assembly during the 
pandemic. In addition, the team has been confronted to 
geometrical quality control at different levels. In this context, a 
survey strategy has been developed in the early design phase to 
ease the follow-up of the assembly of sectors and their 
installation on the wheel. This strategy takes also into account 
the different survey demands during the lifetime of the detector. 
Key interventions are the integration and positioning of the 
different elements to validate the correct placement and to 
assure the functioning of the internal optical alignment system 
used to correct data for the physics analysis. The alignments of 
the NSWs on the beamline of the LHC at the end of each 
maintenance period as preparation for the physics data-taking 
are other critical measurements.  
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2. Methodology 

The CERN Geodetic Metrology group is in charge of the 
geometrical infrastructure for the detector installation, the 
large-scale metrology works for the assembly and for the 
alignment on the beamline. In multiple discussions with the 
engineers and physicists, the needs for geometrical controls, 
survey and alignment are precisely defined. For the different 
stages where survey interventions are needed, a reasonable 
solution has to be found for all parties and a major step is the 
integration of the adjustment systems and references in the 
detector design. 
 
2.1. Survey references on the NSW 

For the follow-up of the assembly, survey references have 
been integrated on all parts of the mechanical structure to 
control the assembly and to define the coordinate system of 
each of the pieces. The CERN standard survey reference holes, 
see Figure 2, have been used as survey references for the 
mechanical structure. These are 8H7 holes that have been 
directly integrated in the mechanical design.  

  
Figure 2. CERN survey reference hole and 0.5-inch survey target support. 

 
This type of reference has appreciated flexibility as the same 

reference can be used for different types of measurement 
equipment. In addition, the integration is facilitated as no 
material is added, which could negatively influence the physics 
performance or violate the geometrical envelope of the 
component. The coordinates are given for the centre of the 
survey target that has an offset of 20.0 mm from the mechanical 
contact surface. The placement of the references has been 
chosen to provide sufficient visibility for the succeeding 
measurements in different configurations. Simultaneously, it 
should be stable and describe sufficiently well the object 
geometry. The needs are different for the assembly works in the 
surface buildings and for the placement with respect to the 
beamline of the LHC accelerator in the ATLAS cavern. A large 
number of references gets hidden following the progress of the 
assembly and a transfer of the geometrical references in time is 
necessary. 
 
2.2. Instrumentation 

The majority of the assembly measurements, in particular, the 
control and adjustment of assembly tooling, the fiducialisation 
measurements and the adjustment of sectors have been done 
by laser tracker AT40x [6]. The typical accuracy that could be 
reached is between a few tens of microns up to a few hundreds 
of microns and the accuracy depends mainly on the size of the 
objects, that have been typically 1-10 m, and on the heating and 

ventilation in the measurement environment. On rare occasions, 
close-range photogrammetry or laser scanner measurements 
have been used if the measurement demand justified their use. 
The Z+F Imager® 5016 as laser scanner has been employed for 
envelope measurements. The integration team checks the 
envelopes, in particular of the installed services, in advance to 
detect in the 3D mock-up possible conflicts with other parts of 
the ATLAS detector. The measurement precision for the 3D laser 
scans is at the level of a few millimetres over the detector size. 
 
2.3. Construction of Double Wedges 

Each NSW is composed of eight small and eight large Double 
Wedges that are mounted in an overlapping configuration as 
visible in Figure 3. The construction of each Double Wedge is 
based on the Spacer Frame as the mechanical support structure. 
The Micromegas chambers and a layer of small-strip Thin Gas 
Chambers are installed symmetrically. The relative position of 
the survey references for half a sector are visible in the exploded 
view of a large Double Wedge Figure 4. The fiducialisation of the 
spacer frame with its reference pins ensures the correct 
positioning of the Micromegas chambers. The fiducialisation 
measurements of the sTGC chambers with respect to the 
mechanical mounting points have been a condition for the 
precise relative angular in-plane adjustment of the sTGC wedges 
to a specification of 0.1 mrad on each of the Double Wedges.  

 
Figure 3. Large sectors (Double Wedge) small sectors (Double Wedge)  
with their respective Alignment Bars of small sectors  and large sectors , 
shielding supporting structure.  

 
Figure 4. Exploded view of NSW Large sector Double Wedge with the 
spacer frame, MM chambers and sTGC. 

310



  

2.4. Measurements for the New Small Wheel project 
The different geometrical measurements within the NSW 

project can be grouped as follows and have been performed in 
numerous locations at CERN. The typical results are the 
measured 3D coordinates and the difference to their nominal 
values. The types of measurements are listed below and their 
precisions are summarised in Table 1. 
a) Measurements for prototypes of the mechanical 

adjustment systems to confirm their correct functioning 
and the alignment of chamber prototypes in the test beam 
areas. 

b) Installation and maintenance of the geometrical reference 
networks in the different assembly areas including the 
ATLAS cavern for which the coordinate system is based on 
the geometry of the LHC accelerator. 

c) Adjustment or geometrical verification of planarity of the 
assembly tables for the different chamber types and spacer 
frames as well as the adjustment of the 2D position of the 
reference pins and tooling on these tables. 

d) Validation of the assembly procedure for chambers and 
wedges on the very first elements to verify if the 
specifications of the assembly can be reached. 

e) Follow-up of the mechanical assembly of the shielding disk 
and of the mechanical structures such as spokes, hub and 
hub-extension to validate their planarity respectively their 
exact 3D positioning. 

f) Fiducialisation measurement of the sTGC wedges and of 
the spacer frames to ensure the correct positioning of the 
MM chambers. 

g) Deformation measurements in 3D of the completed wheel 
after disconnection from the wall and after transport to the 
ATLAS cavern to validate the finite elements mechanical 
calculations and to confirm that the size of the 
deformations is acceptable for the operation of the 
detector. 

h) Adjustment of 2 x 8 Double Wedges and Alignment Bars on 
each of the two NSWs, see Figure 3, and final placement of 
the wheels in the ATLAS experiment to be within the 
specification defined by the engineers and physicists for a 
successful operation. 

i) Envelope measurements of the services for integration 
purpose to avoid any conflicts in later assembly stages and 
during the final positioning in the ATLAS cavern. 
 

Table 1. Measurement precision (1 sigma) for ATLAS NSW assembly 

 

#  
asked 
(mm) 

obtained 
(mm) 

volume 
 (m3) 

technique 

a) 
0.03-
0.10 

0.03- 
0.10 

variable  
laser tracker, 

photogrammetry 

b) 0.3 0.10 125 x 30 x 25 laser tracker 

c) 
0.02-
0.10 

0.01- 
0.10 

variable 
laser tracker, 

photogrammetry 

d) 0.05 0.05 10 x 6 x 3 laser tracker 

e) 0.30 0.08 20 x 15 x 12 laser tracker 

f) 0.10 0.05 12 x 8 x 3 laser tracker 

g) 0.20 0.08 20 x 15 x 12 
laser tracker, 

photogrammetry 

h) 0.20 0.08 20 x 15 x 12 laser tracker 

i) 5.0 3.0 5 x 11 x 11 laser scanner 

3. Discussion  

It should be noted that the construction of the NSWs is a first 
and has not been preceded by any full-scale prototype. The 
assembly procedures and methods had to be adapted to the 
learning curve. Especially the beginning of the mechanical sector 
installation suffered from the lack of experience and several 
works had to be reiterated. Even if a detailed measurement list 
with the corresponding accuracies has been defined in advance, 
modifications in the assembly procedures, to cope with 
unexpected situations, ended up with additional survey tasks. 
This has been the case due to repair of chambers after their 
arrival at CERN or because of defects in sectors that have been 
discovered during commissioning. In this case, it has been 
necessary to disassemble the sector for modification. The 
mechanical assembly procedures have been partly too 
optimistic and the expected mechanical precision could not 
always be achieved. In several cases, additional survey 
interventions could solve mechanical problems. The insufficient 
stability of the assembly tooling used for the chamber 
integration and the sub-optimal mechanical integration of the 
survey reference marks on sTGC chambers can be mentioned 
here as examples of problems overcome thanks to additional 
measurement intervention.  

In several of the work zones, the measurement conditions are 
far from perfect stabilised laboratory environmental conditions. 
The temperature gradients caused by the seasonal variations in 
surface buildings result in significant changes due to the size of 
the objects. The NSW is composed of different materials like 
steel and aluminium, thus the thermal expansion of the entire 
structure is a complex question. Temperature differences in the 
assembly areas of up to a maximum of 15°C between 
measurements in winter and summer cause stress in the 
structure. The changes in size and form are partly visible in the 
measurement results. The typical temperature changes in 
between measurements are significantly smaller and reach 
rarely more than a few degrees Celsius. In this case, the 
differences are noticeable for the measurement system but not 
critical for the assembly.  

 
3.1. Deformation measurements of the completed NSW 

During the assembly, the mechanical structure has been 
gradually charged by the installed sectors and services. As the 
NSW has been bolted to the wall during the assembly for 
stability and safety reasons, the deformations have been limited 
to less than 2 mm. Additional significant movements up to 7 mm 
on the hub extension in the centre of the wheel and up to 15 mm 
have been visible for points on top of the wheel at the moment 
of the disconnection from the wall. Despite these movements, 
the deformations are limited to +/-1 mm at 1 sigma based on the 
results of the best-fit transformation. The transport and 
lowering in the cavern has caused further deformation i.e. of 
+/- 5 mm at the feet level due to the different load distribution. 
Even if the mechanical engineers had calculated the expected 
deformation in advance, it has been neglected during the 
assembly on the surface. The decision has been justified by the 
limited deformation in the plane of the sectors and that the 
demanded quality of the sector positioning has been +/-2 mm to 
ensure that the sensors of the optical alignment system of the 
muon spectrometer are within its measurement range.  
 

3.2. Alignment of the NSWs on the nominal beamline 
The ATLAS cavern has a size of 53 m x 30 m x 35 m and is 

located nearly 100 m underground. The geometrical network 
used for the survey and alignment of experiment parts in the 
cavern is referenced with respect to the geometry of the LHC 
accelerator in the tunnel. Due to the installed shielding and 
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detectors, the link of the accelerator tunnel and the 
experimental cavern is guaranteed by the survey galleries 
(UPS14/UPS16), see Figure 5. A dedicated monitoring system 
measures the relative alignment of the last magnets located in 
the accelerator tunnel at each side of the experiment and 
provides, via a dedicated transfer alignment system, references 
for the geometrical network in the ATLAS experimental cavern 
[7]. The frequency of the network measurements is reduced to 
once a year due to its complexity as well as the required time 
and effort. Nevertheless, a regular update is mandatory as the 
civil engineering structures like the tunnel and cavern are 
constantly exposed to long-term deformations at a sub-
millimetre level per year.  

Due to the dimension of the assembly, practical issues became 
challenging such as the access to the geometrical reference 
points and their visibility from stable stations of the laser 
tracker. The achieved measurement precision of the final 
alignment of the NSWs with respect to the LHC nominal 
beamline is on the sub-millimetre level despite the challenging 
conditions. 

 
Figure 5. Layout of ATLAS cavern and LHC accelerator.  

 
3.3. Optical Alignment System of the NSW 

The alignment precision of the different parts of the Muon 
Spectrometer is essential for the detection and analysis of the 
muon particle tracks in the detector [8]. Due to temperature 
changes and long-term deformation of the cavern, the different 
parts of the spectrometer composed of various materials move 
well above the 50 microns. This is the precision demanded by 
the physicists to exploit fully the capacities of the NSW 
chambers. In addition, the strong magnetic field of the Toroid 
magnets in run configuration creates forces reaching over 
12000 kN [9] and deforms the mechanical structure. It provokes 
changes in the relative position of the different parts of the 
muon spectrometer. To cope with these influences and to 
provide continuously valid data during the operation of the 
detector, an internal optical alignment system is integrated to 
monitor these movements and to recalculate the relative 3D 
position of all chambers [10]. The strict geometrical follow-up of 
the sector assembly and installation has been necessary to 
ensure the correct functioning of the fragile high precision 
chambers and to keep all sensors of the optical alignment 
system within their measurement range. The backbones of the 
system are the calibrated Alignment Bars as shown in Figure 3. 
They are equipped with sensors to allow the optical connection 
between the bars and to measure the chamber positions relative 
to the bars. The bars themselves are equipped with internal 
optical and thermal sensors such that the shape of the bar and 
the position of all sensors on the bar are known with adequate 
accuracy [11]. In combination with measurements taken by the 
muon spectrometer based on particle tracks from collisions, 

with the magnet system switched off, the optical alignment 
system can provide corrections for the physics analysis [12]. 

4. Summary  

The assembly of the NSW and the associated survey works 
took around five years after several years of preparatory 
discussions with the different teams spread over several 
countries around the world. A large variety of measurements 
and more than 250 survey interventions have been necessary for 
the completion of the NSWs. Each of the measurements of the 
more then 1500 reference points is documented with a survey 
report in CERN’s Engineering Data Management Service. The 
adapted instrumentation met the demands specified by 
mechanical engineers and physicists. A few values of the 
specifications had to be modified to fit  the geometrical quality 
of the wedge assembly and the environmental condition of the 
measurements. The measured deformations globally fitted well 
to the calculation of the mechanical engineers. Due to different 
delays and unexpected situations that generated a large number 
of unplanned survey works, the workload has been very intense 
especially in the last two years with a survey team working on a 
daily basis for the project. With the alignment of the NSWs to 
their physics run position beginning of 2022, a further milestone 
of the project has been achieved and the physics data taking will 
start later this year. The optical alignment system now takes 
over the monitoring of the position of the chambers in the 
internal geometry of the NSWs. In parallel, it measures the 
position of the NSWs in the ATLAS muon spectrometer and any 
deformation during the operation of the detector. The geodetic 
metrology is still asked at the end of each maintenance period 
to adjust the wheels with respect to the nominal beamline. 
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Abstract 
 
Automated handling systems are well integrated into today's production processes. However, production processes like 3D printing, 
monitoring moving objects, gluing, or welding require handling systems with high precision and repeatability. Thus, a calibration of 
the handling system is necessary to achieve the needed accuracies. Furthermore, to maintain the flexibility of the handling systems, 
such as industrial robots, the correction process needs to be done online. This leads to the demand for measurement systems with 
the ability to measure at a high sample rate, high accuracy and high repeatability at the same time.  

 
This article discusses a new photogrammetric approach using an aperture array and a single camera, which can provide online 3D 
data of a machine under test. Previous photogrammetric methods needed a multi-camera solution to achieve an online TCP 
measurement with an accuracy below 10 µm. However, these systems had high spatial demand and a high need to synchronise and 
calibrate the used camera systems. Thus, the new Multi-Aperture-Positioning-System (MAPS) offers the advantages of a single 
camera system and the features and precision of a multi-camera system with the benefit of being cheap, modular and scalable. 

 
The MAPS measurement system is based on a single camera and a light-emitting target. The setup includes an LED target, the aperture 
mask and the camera sensor. The light emitted by the LED target travels through the holes in the aperture mask and creates light 
spots in the image plane. The light source coordinates can then be determined by calculating the intersection point of the lines 
defined by the holes in the aperture mask and the corresponding light spot positions on the sensor.  

 
In the following paper, the accuracy of the MAPS measurement system is discussed. Therefore, the occurring errors of the 
measurement system are measured by using a highly accurate positioning system. These errors are described and identified using a 
simulation of the measurement system. 

 
 

Photogrammetry, 3DoF measurement, online measurement, TCP, accuracy, robotics, online calibration  

 

1. Introduction 

Driven by economic interests, the modern consumer markets 
demands for individualised products is changing the production 
processes, from mass production to small batch sizes of highly 
individualised products. Shorter product life cycles, requiring 
short-production ramp-up times, result from that development. 
Therefore, product quality can no longer be evaluated over time. 
For this reason, the absolute accuracy of machine tools is of 
increasing importance [1]. Processes adapted to this demand 
require machines with high repeatability. To achieve the needed 
geometric accuracy, it is possible to correct them in a feedback 
loop [2] or by accurately calibrating the machine tool using a 
correction matrix [3]. The coordination of different machines is 
another need these new production processes have. Therefore, 
all devices used in these processes need to work within the same 
coordinate system, and their position needs to be known 
precisely within this coordinate system. For example, in 
assembling processes, the parts that need to be joined are 
mounted by different handling systems. If these systems are not 

perfectly aligned, the product can be damaged during the 
assembly. To avoid this, all machines and workpieces in the 
process need to be measured precisely in the same coordinate 
system. 

Measurement systems available today, such as Laser Tracker 
or photogrammetric methods, cannot achieve online 
measurement, high accuracy, and the possibility to measure 
multiple systems simultaneously at the same time. For example, 
Laser Trackers offer very high precision and high measurement 
frequencies compared to photogrammetric methods. But due to 
the need for a particular target that reflects the laser light 
emitted by the Laser Tracker, these systems cannot measure 
multiple targets simultaneously [4–10]. Compared to that, 
measurement systems based on photogrammetry, such as 
described in [8, 9, 11–15], excel at measuring numerous targets 
simultaneously. But due to limitations with camera systems, 
such as a limited viewing angle, a limited sensor resolution 
combined with aberrations caused by the used optics, 
photogrammetric systems lack accuracy compared to a Laser 
Tracker. Another limitation caused by the used camera systems 
is the trade-off between high framerate and high-resolution 
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images. Therefore, these systems are slower than a Laser 
Tracker. 

This article will introduce a new photogrammetric 
measurement method, the Multi-Aperture-Positioning-System, 
capable of online measuring different machines under test while 
delivering high accuracy measurements. The setup for MAPS 
consists of a LED target, an aperture mask and a single camera 
sensor. 

 

2. The Multi-Aperture-Positioning System 

The Multi-Aperture-Positioning-System (MAPS) is based upon 
the principle of a pinhole camera. Despite the straightforward 
structure, the pinhole camera has some advantages in optical 
imaging. According to [16, 17], the pinhole camera has no 
distortion, an extreme wide angular field and a wide depth of 
focus. Therefore, a straight line can be drawn between the light 
source/ object, the pinhole and the corresponding image. 

The height of the image of the object on the image plane can 
be calculated using the intercept theorem. Figure 1 shows a 
sketch where the intercept theorem for the pinhole camera is 
displayed. The following Equation (2) for the magnification 
factor β can be established based on this theorem. 

 𝛽 =
|𝐵1|

|𝐺1|
=  

|𝑏|

|𝑔|
 (1) 

Where B1 stands for the object's size, G1 for the size of the 
image, b represents the distance from the pinhole to the image 
plane and g gives the distance from the object to the pinhole. 
Equation (1) shows that the magnification factor β, which 
depends on the lengths b and g and not on the pinhole size. Since 
equation (2) has two unknown variables, this Equation cannot 
be solved for G1 or g independently. A second hole gives a 
second equation solving this problem, and G1 and g can be 
calculated. This technique is described in the following chapter. 

2.1. Multi-Aperture Technique 

Following Equation (1), one can recognise that for a fixed 
distance b from the pinhole to the imaging plane, the size of 
image B is only dependant on the object-related parameters g 
and G1. By adding a second hole into the aperture mask, 
observing the same light source, a second straight line can be 
calculated intersecting the first straight line in the position of the 
light source. In Figure 2, a second pinhole is added to the sketch 
displayed in Figure 1 with a distance of h2 in respect to the 
already existing one. This results in a second formula given by 
equation (2). 

 

𝛽 =
|𝐵2|

|𝐺2|
=  

|𝑏|

|𝑔|
 (2) 

Since the variables related to the z-axis, b and g, are the same 
as in Equation (1), only the variables connected to the x- or y-
axis differ. BP2 gives the height of the second light spot relative 
to the optical axis, which is perpendicular to the aperture mask 
and passes right through hole P1. Thus, the image height B2 can 
be expressed as follows, 

 
𝐵2 =  𝐵𝑃2 − ℎ2  (3)  

where BP2 is the image height relative to the optical axis, the 
image height relative to a straight line perpendicular to the 
aperture mask G2 can be calculated as shown in Equation (4). 

 
𝐺2 = ℎ2 − 𝐺1 (4) 

 
Using Equation  (3)  and Equation (4) to replace B2 and G2 in 

Equation (2), it becomes 
 

|𝐵𝑃2| − ℎ2

ℎ2 − |𝐺1|
=  

|𝑏|

|𝑔|
 (5) 

where G1 and g are the unknown variables expressed by the 
results of a second pinhole. 𝐵𝑃2 can be evaluated by finding the 
peak of a light spot and its coordinates in the image plane. 

Substitution of 
|𝑏|

|𝑔|
 with Equation (1) results in the following 

expression 
 

|𝐵1|

|𝐺1|
=  

|𝐵𝑃2| − ℎ2

ℎ2 − |𝐺1|
 (6) 

solving for G1 results in Equation (7). 

 

 

Figure 2: Sketch of the Multi-Aperture Technique. A second pinhole is 
added in comparison to Figure 1. The second pinhole P2 has the 
distance h2 from the pinhole P1. Resulting from this a second straight 
line can be evaluated with a new object height G2 and a new image 
height B2. BP2 is the image height relative to the first pinhole P1. 

 

 

Figure 1: Sketch of a Pinhole Camera. P1 represents the pinhole. G1 
is the object height; B1 is the height of the image; g is the distance 
from the object to the pinhole; b is the distance from the pinhole to 
the display. 

Figure 3: Sketch of the measurement principle of MAPS using vector 
analysis. The light emitted by the LED target passes the aperture mask, 
containing holes arranged on a grid and is measured by a camera sensor 
behind the aperture mask. 
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𝐺1 = 
ℎ2  ∙  |𝐵1|

|𝐵1| + |𝐵𝑃2| − ℎ2
 (7) 

Thus, G1 depends only on the offset of the second pinhole h2 
and the relative image height B1 depending on the first pinhole 
and the relative image height BP2. Using Equation (7) to calculate 
G1 and solving Equation (1) for |g|, the object distance |g| can 
be calculated. Thus, using two Pinholes, the object-related 
parameters for the height |G| and the distance to the pinhole 
|g| can be calculated when the image related parameters (B1, 
B2, h1, h2 and b) are known. Based on this principle, the MAPS 
system can calculate the position of a light source in space.  

Another view on the multi-aperture technique is represented 
by vector analysis instead of the intercept theorem. Therefore, 

the location vector 𝑂𝑃spot,n
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is calculated by using the spot 

centre coordinates Pspot. Since every spot measured with the 
sensor can be correlated to one specific hole in the aperture 

mask, a direction vector 𝑃𝑠𝑝𝑜𝑡,𝑛𝑃ℎ𝑜𝑙𝑒,𝑛
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  from the spot, the centre 

coordinates Pspot,n to the hole centre coordinates 𝑃ℎ𝑜𝑙𝑒,𝑛 can be 

calculated. Therefore, the line 𝑔𝑛⃗⃗ ⃗⃗   can be written as follows  

 
where r can be any real number. A typical sensor image 

contains between 700 and 1000 spots (𝑁𝑠𝑝𝑜𝑡𝑠) and therefore, 

the same amount of line equations can be formulated. The 
number of light spots visible on the sensor depends on the 
distance of the light source from the aperture mask, the chosen 
chamber constant, and the size of the sensor. To display the 
behaviour of the calculated lines, Figure 3 shows a sketch of the 
measurement principle using vector analysis. Therefore, on the 
left side, the point light source is represented by a cross. In the 
centre part of the sketch, the aperture mask is shown, and on 
the right side, the image is plotted at the sensor position. Five of 
those lines related to the corners and the centre of the sensor 
image are shown in Figure 3. It is also shown that all of those 
straight lines intersect in the position of the light source. This 
behaviour can be exploited by calculating the intersection point 
of all lines. As it can be seen in Figure 3, all vectors 𝑔 𝑛 point 
towards the light source position. This relation can be used to 
evaluate the light source coordinates by calculating the 
intersection point of the vectors.  

Since only two vectors are needed to calculate an intersection 
point, it is possible to calculate multiple intersection points using 
multiple vector pairs. Therefore, the number of possible 
calculations for the coordinates of the LED target can be 
calculated, as shown in Equation (1). 

 
𝐶𝑘(𝑁𝑠𝑝𝑜𝑡𝑠) = (

𝑁𝑠𝑝𝑜𝑡𝑠

𝑘
) =

𝑁𝑠𝑝𝑜𝑡𝑠!

𝑘! (𝑁𝑠𝑝𝑜𝑡𝑠 − 𝑘)!
 (9) 

Where 𝐶𝑘(𝑛) is the number of combinations without 
repetition, k is the number of elements to combine. This results 
in a total number of ~240 000 to 500 000 positions that can be 
calculated from a single measurement. The gain of accuracy in 
comparison to a single pair of lines can be calculated by 

√𝑁𝑠𝑝𝑜𝑡𝑠 − 1 and therefore, the accuracy gain can be estimated 

by a factor between 26 and 32.  
The downside of this technique is the increase in computation 

time. To calculate the LED position, it is necessary to determine 
the centre of the light spots in the image. After that, the 
corresponding hole in the aperture mask has to be found. These 
calculation steps increase linearly with an increasing number of 
spots 𝑁𝑠𝑝𝑜𝑡𝑠 in the image. Finally, the intersections between the 

evaluated straight lines have to be calculated. Since there are 
𝐶𝑘(𝑛) possible intersections, the computation time of this step 
increases linearly to 𝐶𝑘(𝑛).   

3. Proof of concept 

3.1. Setup 

For proof of concept, a prototype setup was realised using an 
Allied Vision Prosillica GT-3300 with a framerate of around four 
frames per second. The resolution of this sensor is 3296 x 2472 
pixels with square pixels with a pixel pitch of 5.5 µm, resulting in 
a sensor area of roughly 18.13 mm times 13.6 mm. As an 
aperture mask, a 1 mm thick glass plate with a diameter of 
150mm is used. To create a mask with multiple apertures, the 
glass plate is coated with chromium layer containing holes 
placed in a grid with a hole distance of nominal 0.4785 mm and 
a hole diameter of nominal 0.1595 mm. The area, including the 
apertures, measures 120 mm in diameter and contains 
approximately 42 000 holes. As a light source, a Cree LED Xlamp 
XQ-E Royal Blue was used with a wavelength of 450nm. This light 
source is mounted to a Zeiss PRISMO Access with a Zeiss Vast XT 
measurement head. This coordinate measurement system has a 
specification for length measurement error E0,MPE of 1.2 µm + L / 
500 and a useable measurement area of 0,9 m x 1,2 m x 0,7 m. 

As displayed in Figure 4 a), the MAPS setup is placed on a 
50 mm thick aluminium plate and mounted on the granite plate 
of the CMM, therefore, extending the working area of the CMM 
in a way that the functional area of the CMM stays the same. 
The black box mounted on the aluminium plate contains the 
MAPS prototype setup, including the aperture mask and the 
camera sensor. This box is needed to protect the system from 
stray light and dust particles. 

 
𝑔 𝑛 =  𝑂𝑃spot,n

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝑟 ∙  𝑃𝑠𝑝𝑜𝑡,𝑛𝑃ℎ𝑜𝑙𝑒,𝑛
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

= 𝑃𝑠𝑝𝑜𝑡,𝑛 + 𝑟 ∙ (𝑃𝑠𝑝𝑜𝑡,𝑛 − 𝑃ℎ𝑜𝑙𝑒,𝑛) 
(8) 

a) b) 

Figure 4: Experimental setup for MAPS. a) Image of the experimental setup. The LED Target is mounted on a Zeiss PRISMO Access equipped with 
a Zeiss VAST XT measurement head. The black box contains the MAPS setup and protects it from stray light and dust. It is also visible that the 
MAPS is positioned on an aluminium plate that extends the working area of the CMM to keep the measurement area. b) Sketch of the MAPS 
setup build inside the black box in Figure 4 a). 1) is the aperture mask. 2) the used Allied Vision Prosillica GT-3300. 3) is a tip- tilt stage to align 
the sensor against the aperture mask. 4) is a x- y- and z- stage to position the camera sensor in front of the aperture mask. 
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To verify the accuracy of MAPS at different distances, a line 
measurement was carried out, where the line was placed on the 
optical axis of MAPS. The distance of the LED was chosen from 
400 mm to 800 mm with a step width of 1 mm. At every step, 20 
different measurements were performed. 

3.2. Results 

Figure 5 displays the experimental results. Three different 
graphs are shown for the difference between the x-, y- and z-
coordinates of the measured MAPS values and the 
corresponding actual positions given by the CMM. The RMS 
values for these line plots are 1.4 µm for the x-coordinate, 1.4 
µm for the y-coordinate and 25 µm for the z-coordinate. In these 
RMS values, the accuracy of the CMM is included, which is in a 
similar scale. 

The line plot for the z-error thereby shows spikes not visible 
for the x- and y- error plots. Two spikes can be found at a z-axis 
position of ~570 mm and ~730 mm. These spikes range over 
approximately 20 mm and have a peak to valley distance of up 
to 130 µm.  

4. Simulation 

In the full paper, the previously described spikes are analysed 
using a MAPS simulation. Therefore, single spots are simulated, 
and the algorithms' resulting error is discussed. In addition to 
that, the MAPS measurements are simulated fully and lead to a 
better understanding of the new measurement technique.  

5.   Conclusion 

A newly developed optical measurement device measuring 
the coordinates of a light source has been described. This 
measurement system aims to measure the machine errors of a 
handling system, for example, a machine tool, a coordinate 
measurement machine or a robot. Three-dimensional data can 
be obtained using a single light source. Since the Multi-Aperture-
Positioning System can measure the position of any light source, 
which fulfils the necessary brightness requirements, a target can 
be created that allows for measuring all six degrees of freedom. 
Therefore at least three LEDs are required. Another advantage 

of the independence of the used light source is that the MAPS 
system can measure different tool-centre points in the same 
working area. This allows getting the positional data of multiple 
handling systems in the same coordinate system, which can be 
aligned. 

This paper describes occurring measurement errors and 
investigates the error sources. For this purpose, a simulation of 
the MAPS has been created. The advantage of this simulation is 
to explore the features of a maps image separately. Therefore, 
it is possible to find the error source by adding one feature after 
the other. 

At the end of the proposed paper, the avoidance strategies for 
the described errors are discussed and presented to the reader. 
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Figure 5: Experimental results of a line measurement conducted using a 
ZEISS PRISMO Access CMM as a positioning system. The measured line 
is placed in such a way, that the line equals the optical axis of MAPS. 
Displayed are the deviations between the measured position and the 
position given by the CMM. Each position is measured 20 times and the 
RMS coordinates are calculated. The plot for Delta z shows multiple 
spikes. 
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Abstract 
Large cylindrical inhomogeneous workpieces are commonly mounted on lathes using four-jaw independent chuck. Adjusting the 
rotation centre of the workpiece is done manually and is thus prone to human error. Flexible workpiece rotation centre adjusting is 
especially prone to errors because contact with the workpiece is changed every time the rotation centre is adjusted.  
A device for centre displacement adjusting was developed. The main principle is that with the new device, the rotation centre of 
the workpiece can be adjusted without changing the contact with the workpiece. The device is mounted on the lathe spindle by 
replacing the chuck. The working principle of the device is that the rotating centre of the workpiece is adjusted by changing the 
angular displacement between two eccentric members in the device. Rotation of the eccentric members is locked with a spring 
force produced by a steel membrane. The membrane is operated with hydraulic pressure so that pressurization unlocks the 
rotation of the eccentric members and vice versa. The test device is equipped with a 315 mm standard three-jaw chuck and is 
designed to withstand 2500 Nm of maximum throughput torque.  
The device was validated using a static torque load measurement. According to the conducted tests, the device is capable of 
operating with at least 2800 Nm of throughput torque. The maximum eccentricity is 20 mm and the hydraulic pressure needed to 
operate the membrane is 250 bar. The device increases the accuracy of the machining process and moreover reduces the risk of 
accidents.  
 
Turning, workpiece holding, eccentric    

 

1. Introduction 

Centering of large inhomogeneous workpieces and eccentric 
turning processes commonly utilizes four-jaw independent 
chucks. Adjusting the position of the workpiece and clamping it 
with high accuracy require expertise and the mounting of large 
flexible workpieces has low repeatability using conventional 
methods. This study develops a device for adjusting the 
rotation centre of a workpiece in relation to the rotation centre 
of the lathe in a precise, repeatable, and safe way.  

A four-jaw independent chuck is the most common device 
used to adjust the centre of rotation of workpieces in turning. 
Very few alternative devices have been developed. The state-
of-the-art review uncovered two devices intended for eccentric 
turning in lathes, developed and patented in the 1940s and 
1960s [1-2]. Both devices are intended for small-diameter 
workpieces and utilize uniaxial eccentricity adjustment, which 
allows adjustment of the rotation centre in only a single axis. 
Biaxial eccentricity adjustment is advantageous with 
inhomogeneous workpieces, as the magnitude and direction of 
the eccentricity can be individually adjusted in relation to the 
workpiece’s section profile. Biaxial turning profile adjustment 
can also be performed, for example, with a computer-
controlled tool holder system. Several systems with similar 
purpose have been published earlier [3-5].  

2. Methods  

The structure of the developed device is shown in Figure 1. 
The frame and the membrane unit are bolted together, which 
forms the body for the device and a cavity between the 
components. The combination of the frame and membrane 
unit is located inside the 1st eccentric member, and 

furthermore, the 2nd eccentric member is located topmost. 
The pull stud is threaded to the center of the membrane unit 
and the three-jaw chuck is mounted on the 2nd eccentric 
member.  

 
Figure 1. Exploded view of the centre displacement device 

The center axis of the internal bore of the eccentric members 
has 10 mm eccentricity in relation to the external surface. By 
changing the angular displacement between the body and the 
eccentric members, the displacement between the center lines 
of the three-jaw chuck and the lathe spindle can be adjusted 
without steps and biaxially. Angular displacement is adjusted 
with a specially made pin wrench from the rear surfaces of the 
eccentric members. 

The cavity formed by the frame and the membrane unit is 
used as a hydraulic membrane actuator. A pull stud, connected 
to the center of the membrane, is used to lock the rotation of 
the eccentric members. The locking of the rotation is achieved 
by friction between the contact surfaces of the membrane unit 
and the eccentric members. The surfaces are coated with a 
friction-increasing material used in clutches. Pressurization of 
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the cavity deforms the membrane and introduces axial 
clearance between the eccentric members, allowing rotation of 
the members. In contrast, depressurization of the cavity locks 
the rotation by compressing the components axially with the 
spring force of the membrane. 

 
2.1. Investigated device  

 
The investigated test device was designed to be used with a 

standard three-jaw chuck with diameter 315 mm, whereas the 
outer diameter of the device is 400 mm. Figure 2 presents the 
realized prototype mounted on a lathe spindle.  

 

 
Figure 2. Centre displacement device mounted to the lathe. 

The target throughput torque for the device was set to 2500 
Nm, according to the average maximum throughput torque of 
lathes with the corresponding chuck size. The structure 
between the body of the device and the eccentric members 
corresponds to a disc clutch, so furthermore the structure of 
the membrane was scaled according to the needed 
compression force between clutch elements. The design 
parameters of the device are presented in Table 1.  

 
Table 1. Design parameters of the centre displacement device. 

Chuck size 315 mm 

Device outer diameter 400 mm 

Max eccentricity 20 mm 

Operating pressure 250 bar 

Max throughput torque 2500 Nm 

 
2.2. Measurement setup  
 

The measuring process consisted of a test which proofs the 
maximum throughput torque of the device. The device was 
mounted directly on the lathe spindle and spindle rotation was 
prohibited with separate feature supporting the device to lathe 
guideways. A long beam was mounted on the chuck of the 
device and an accurately known mass was placed on the end of 
the beam.  

Internal slipping of the clutch surfaces in the device under 
static torque load was measured. The measurement was 
conducted using dial gauges by measuring the difference in the 
location of the chuck before and after the loading cycle. Figure 
3 presents the maximum throughput torque measuring process 
where the maximum applied torque was 2800 Nm.  

3. Results  

The realized test device met the design targets according to 
the performed tests. The chuck displacement after maximum 
throughput torque test was lower than 0.01 mm, which means 
that the clutch surfaces did not slip notably.  

Unlocking the rotation of the device was successfully 
performed with 250 bar hydraulic pressure applied to the 

chamber. The eccentric members were rotated manually with a 
pin wrench with similar ease before and after the maximum 
throughput torque test.  

 

 
Figure 3. Maximum static throughput torque was measured by using a 
beam and an accurately known mass. The figure presents the unloaded 
situation where the mass is hanging from an overhead crane. 

4. Discussion  

The centre displacement device is efficient equipment for 
machining tasks where accurate eccentric workpiece mounting 
is required. Eccentricity adjustment without changing the 
contact with the workpiece is advantageous especially with 
flexible workpieces, because of its higher repeatability.  

The realized test device achieved the set goals and 
performed the operational tests as expected. The maximum 
throughput torque is the most important limiting operational 
factor with the device and according to the conducted tests, 
the device produces enough throughput torque capacity for 
most use cases. Even though the device performed well under 
a static torque load, the maximum throughput torque could 
not be obtained due to the torque limitation of the lathe used 
in the test setup. Therefore, further studies should investigate 
the performance of the device under dynamic loading 
conditions. 

The centre displacement device can be combined with a 
computerized measuring setup which measures the roundness 
and, with tubular work pieces, the wall thickness variation of 
the workpiece and defines the needed centre displacement 
according to the desired end product properties, be it 
minimized unbalance, maximized bending stiffness or 
minimized dynamic deformation. The system gives direct 
adjusting values to be applied by the centre displacement 
device. The computerized measuring system increases the 
profitability of the system significantly and so it is a highly 
recommended add-in with the centre displacement device. 
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Abstract 

The SciFi detector is one of the new particle trackers of LHCb, which is one of the four main experiments installed on the LHC at 
CERN. This detector is composed of three stations each formed by four ‘six by five meters’ planes covered by scintillating fibres. 

The LHCb dipole magnet powering cycles and the environment conditions such as humidity and temperature variations may affect 
the geometry of the detectors leading to loss of precision for the tracking of the particles.  

During the second-long shutdown of the LHC (LS2), the CERN Survey team (BE-GM-ESA) in collaboration with the LHCb Technical 
Coordination and the EPFL (Ecole Polytechnique Fédérale de LAUSANNE, CH), developed a near real time 3D monitoring system in 
order to follow the possible movements and deformations of the detector. It should allow for the 3D position measurement of three 
sets of a dozen of points spread over each of the three detector stations, reaching a precision of 150 µm at the one sigma level. 

The new system is based on intersecting lines of sight of opto-electronic BCAM (Brandeis CCD Angle Monitor) sensors, following 
the movements of reference marks attached to the detector. 

It will use eight BCAM sensors per station. They will be fixed on the LHCb concrete ‘bunker’ via adjustable supports. Their lines of 
sight will intersect in 10 different positions where targets will be installed. 

Some 4 mm diameter glass spheres of index 2 will materialize the measured points. The spheres allow a wide range of intersection 
angles. They are maintained in place by low (density) material holders, minimising the interference with the physics of the detector. 

The system will be installed in 2022. 
This paper summarizes the studies of the proposed system, its configuration and integration in the experiment, as well as the first 

tests and current results obtained.   

 
Monitoring, Image, Laser, Accuracy 

 

1. Introduction 

The SciFi detector is a new particle tracker of LHCb [1] (Figure 
1), one of the four main experiments installed on the CERN Large 
Hadron Collider [2].  

 
Figure 1.   LHCb layout [3] 

This detector is composed of three stations. Each formed of 
four connected layers. Each station opens in half around the 
beam pipe. Every layer is made of 5 or 6 modules (Figure 2). The 
modules are approximately 5 m high, 600 mm wide and 40 mm 
thick and contain several layers of scintillating fibres reinforced 
by honeycombs and carbon fibre. 

 
Figure 2.   SciFi detector parts 

From previous trackers it is known that the LHCb dipole 
magnet powering cycles and the environmental conditions may 
affect the position and geometry of the detectors leading to loss 
of precision for the tracking of the particles [4].  

In order to identify those movements and deformations, a 
near real time 3D monitoring system has been developed since 
the end of 2019 during the second-long shutdown and technical 
stop of the LHC.  

The system must keep track of the position of about a dozen 
of points per station (Figure 3). The measurement of the relative 
movements should have a precision of 0.1 mm at one sigma 
level. The accuracy of the determination of the absolute position 
should be better than 0.5 mm in three dimensions. The system 
should be made of a limited use of materials, work in 1 Tesla 
magnetic field, survive in the radioactive environment of the 
experiment and be low cost. 

Bunker 

Beam pipe 

Station 1C 

Station 1A 

Station 3 

St2C 
St2A 

Modules 

Half Station 

Concrete bunker  
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Figure 3.   Distribution of the monitored points for station 3 

Previous LHCb trackers were already equipped with a similar 
system [5]. On each station, a single point materialised by a 
reflective sticker has been observed by 2 cameras subtending an 
angle close to 90°. Simple trigonometry has been used to 
compute the point coordinates. 

The new system uses eight cameras per station, installed on 
stable structures, having their lines of sights intersecting at the 
points of interest. 

This research work will explain the choices and designs used 
for the cameras, the targets and their installation as well as the 
computation of the point 3D coordinates. 

2. Principle 

Points of interest of the detector, materialised by targets, are 
visible from fixed cameras. Each camera sees a few targets and 
tracks their angular movement (direction of the line of sight). 
Coupled with data from a second camera, the intersection gives 
the 3D coordinates of the observed point. 

The main hypothesis of the system is the stability in time of 
the cameras, especially during the physics run. 

2.1. Targets and their supports 

Each monitored point is materialised by a physical reflective 
target visible from the cameras.  
 

There are two main constraints. It should be visible at a 
distance of up to 9 m and it must be contained in the lines of 
sight of at least two cameras, which should subtend an angle as 
close to 90° as possible. The quantity of material is kept to a 
minimum to limit the physical interaction with the particles that 
are tracked. In addition, for practical reasons, the target has 
been designed to be slightly adjustable in position and to be 
interchangeable with laser tracker targets. 

 
Therefore, 4 mm diameter glass balls with reflective index 2 

have been selected. They are maintained in place by a kinematic 
plugin system that consist of a holder equipped with 8g6 pin and 
a receptacle equipped of 8H7 holes, both made of PEEK 
(Polyetheretherketone). The receptacle can be inserted in five 
different positions into a support made of ‘Delmat EP GC 203’ 
which is glued directly on the detector (Figure 4). 

 
Figure 4.   Target/glass ball adjustable holder 

2.2. Cameras and their supports 

The system uses single sided Brandeis CCD Angle Monitors 
(BCAM). They are robust, isostatic, non-magnetic, working in 
magnetic field and can accept a total radiation dose of 400 Gy 
[6] (Figure 5).  

For cost reasons, the recycled first generation devices with a 
field of view of 30 mrad x 40 mrad and a precision of 5 µrad have 
been used. 

 
Figure 5.   Camera, fixation and specifications 

The cameras are equipped with laser sources that are 
reflected by the targets. 

Beneath each BCAM there are three depressions: a flat, a slot, 
and a cone (Figure 5). These allow the BCAM to sit isostatically 
on three quarter-inch (6.35 mm diameter) ceramic balls. The 
centres of these balls define a mount coordinate system (also 
called BCAM coordinates system) [7]. The calibration procedure 
allows to determine the position of the camera pivot point and 
the direction of the camera axis, the rotation of the CCD and the 
position of the laser light sources in the mount coordinates. That 
way, the determination of the vector between the camera and 
the target has been achieved with a precision of 50 μrad  
(Figure 6). 

 
Figure 6.   Schematic drawing of the optical principle [5] 

The most stable area in the zone from where the detector is 
visible is the concrete bunker on which the SciFi is installed. The 
BCAMs will be placed there, on supports (Figure 7) that allow the 
camera adjustment in translation and rotation in order to find 
their nominal positions. During the monitoring operation the 
zone will be closed and the temperature controlled. To verify the 
stability of the support, an additional camera will be fixed at the 
extremity of one of the arm of the support to look at a stable 
target placed on one of the concrete wall of the LHCb cavern. 

 
Figure 7.   Camera support 
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2.3. Observations / geometry 

The aim is to monitor a maximum number of points, as equally 
spread as possible over the detector plane (with special interest 
in the centre of the detector plane where a maximum of 
particles passes), with a limited number of cameras placed on 
the available stable area.  

In Figure 8, the chosen geometry is illustrated. It is a 
compromise maximizing the number of modules covered while 
minimizing the number of cameras. Twelve targets are observed 
in 3D by eight BCAMs. Two points are only observed in 2D by a 
single camera, they are on a module that has already 2 other 
positions monitored in 3D, to identify a possible bent shape of 
the X–Y plane of the module. The same configuration is used for 
each of the three stations. 

 
Figure 8.   Cameras and targets distribution for one station 

The camera axes are coplanar, the plane is inclined by 5° w.r.t. 
the detector plane, allowing the targets not to hide each other 
and to ease the target identification on the camera images. 

Thanks to the known mounting system (equipped with 
reference marks) of the cameras and to the compatibility of the 
target holders, the starting positions of the cameras and targets 
can be measured in the detector system with a laser tracker. 

2.4. Computation 

Each vector between the cameras and the targets can be 
computed (§2.2) in the detector coordinate system with an a 
priori precision of 50 µrad. In the worst case with a camera to 
target distances up to 9 m, this is equivalent to 450 µm on the 
target coordinates. It is due to the extrapolation between the 
BCAM base length of ~80 mm and the distance between the 
camera and the target. This precision will be improved with a 
calibration of the system using precisely measured positions of 
all targets and cameras with a laser tracker. 

The system is slightly redundant so that a least squares 
adjustment of the 3D positions will be performed. In practice, 
we benefit from existing CERN software developed such as 
MATHIS [7] to perform the acquisition of images and analysis, 
and LGC [8] for the least squares compensation. 

The computation will loop, with data acquisition time of 
approximately 1 minute per station.  

3. One to one (1:1) scale mock-up 

In the validation procedure, a 1:1 scale model simulating the 
system for one layer has been done on a concrete floor. 

The positions of the cameras and the targets have been 
determined using an Absolute Laser Tracker (AT) with an 
estimated precision of 40 µm along X, Y and Z axes (Figure 8). For 
each test, two positions of the targets have been measured 
using both systems to compare relative displacements. 

3.1. Measurement repeatability  

A repeatability test of 30 measurements of the 14 targets took 
place. The standard deviation when considering all points of 
interest is 6, 9 and 5 µm (Figure 9) for the position along X-, Y- 
and Z-axis, respectively. 

 
Figure 9.   Precision per axis. 

The 3D precision for each point can be computed as follow: 

 𝜎3𝐷 = √𝜎𝑋
2 + 𝜎𝑌

2 + 𝜎𝑍
2 (1) 

Where: 

 𝜎𝑋,𝑌,𝑍 = the standard deviation of the 30 

measurements along X-, Y- and Z-axis 
respectively, for a given target.  

 
The precision varies from 5 to 25 µm depending on the 

distance between the target and the camera and the 
intersection angle between the camera lines of sight (Figure 10). 

 
Figure 10.    Repeatability per point of interest (top) and camera line of 

sight intersection angle A (bottom) in function of the camera-
target distance. 

3.2. Accuracy on the coordinates 

The accuracy is determined by the comparison of the 
coordinates given by the BCAM system and the laser tracker (AT) 
measurements. The accuracy (d) and its uncertainty along each 
axis are given by: 

 𝑑𝑊 = 𝑊𝐴𝑇 − 𝑊𝐵𝐶𝐴𝑀     and      𝜎𝑑𝑊
= ±√𝜎𝑊𝐴𝑇

2 + 𝜎𝑊𝐵𝐶𝐴𝑀

2   (2, 3) 

With  

 W =  X, Y or Z; 

 𝑑𝑊  = the coordinates difference between AT and 
BCAM along the W axis; 

 𝑊 = the X-, Y- and Z-coordinates provided by the AT 
and BCAM measurements, respectively.
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And the 3D accuracy (𝑑3𝐷) and its uncertainty by: 
 

 𝑑3𝐷 = √𝑑𝑋
2 + 𝑑𝑌

2 + 𝑑𝑍
2 (4) 

and  

𝜎𝑑3𝐷
= ± ((

𝑑𝑋

√𝑑𝑋
2 +𝑑𝑌

2+𝑑𝑍
2
)

2

𝜎𝑑𝑋

2 + (
𝑑𝑌

√𝑑𝑋
2 +𝑑𝑌

2+𝑑𝑍
2
)

2

𝜎𝑑𝑌 
2 +

(
𝑑𝑍

√𝑑𝑋
2 +𝑑𝑌

2+𝑑𝑍
2
)

2

𝜎𝑑𝑍 
2 )

1

2

  (5) 

The accuracy is similar along the X-, Y- and Z-axis and the 3D 
accuracy varies from 50 to 150 µm depending on the 
geometrical configuration of targets and cameras (Figure 11). 

 
Figure 11.   Accuracy of 3D coordinates per point of interest 

3.3. Accuracy of relative displacements 

Thanks to the two different positions of the targets measured 
with the two independent systems, an accuracy on the relative 
displacements (D) and its uncertainty can be estimated along 
each axis by:  

𝐷𝑊 = 𝑑𝑊𝐵𝐶𝐴𝑀
− 𝑑𝑊𝐴𝑇

 and  𝜎𝐷𝑊
= ±√𝜎𝑑𝑊𝐵𝐶𝐴𝑀

2 + 𝜎𝑑𝑊𝐴𝑇

2   (6, 7) 

Where:  

𝑑𝐼𝑠𝑦𝑠
= 𝐼𝑃2𝑠𝑦𝑠

− 𝐼𝑃1𝑠𝑦𝑠
  and  𝜎𝑑𝐼𝑠𝑦𝑠

= ±√𝜎𝐼𝑃2𝑠𝑦𝑠

2 + 𝜎𝐼𝑃1𝑠𝑦𝑠

2  (8, 9) 

With: 

 I = X, Y or Z 

 sys = BCAM or Tracker 

 𝑑𝐼𝑠𝑦𝑠
 = difference in coordinates between the two 

positions for one of the systems along a given axis. 

 
Figure 12.   Accuracy of relative displacements measurement  

The accuracy in 3D and its uncertainty is given by: 
 

𝐷3𝐷 = √𝐷𝑋
2 + 𝐷𝑌

2 + 𝐷𝑍
2  and 𝜎3𝐷 = √𝜎𝑋

2 + 𝜎𝑌
2 + 𝜎𝑍

2 (10,11) 
 
The accuracy on relative displacement detection is mostly 

below 50 µm along the X-, Y-, and Z-axis. 
 
In 3D, the accuracy varies from 40 to 100 µm except for one of 

the targets, which is the furthest away from its associated 
cameras (Figure 12). 

4. Conclusion 

The system being studied looks very promising. The simulation 
of one SciFi plane with a 1:1 scale model using first generation 
BCAMs as cameras, 4 mm glass balls with refractive index 2 as 
targets and MATHIS software for computation give results in the 
expected range of measurement precision and accuracy. A 3D 
precision better than 20 µm and an accuracy better than 150 µm 
is achieved. The accuracy of relative displacement is around 
50 µm for most of the target-camera configurations. 

 
An improvement of the system could be to add other cameras 

looking at existing targets from further stable positions. In 
addition, more points could be monitored inside the field of view 
of existing cameras by adding more constraints to the 
computation such as known distances between points on a same 
module. 

 
The system will be installed at the end of the ongoing 

maintenance and upgrade period of the CERN LHC. The system 
relies on the stability of the cameras which is assumed during 
the LHC runs when the cavern is closed and the access forbidden 
and that was checked by the previous existing monitoring 
system. The knowledge of the movements of the detectors with 
the monitoring system precision and accuracy will help to 
determine the particles tracks with more reliability. 
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Abstract 

This abstract presents advancement in the design and manufacturing of a fully polymer-based micro-injection moulded acoustofluidic 
chip for acoustic blood plasma separation in diagnostic Point-of-Care platforms. In order to move from conventional glass chips to a 
whole-polymer platform, appropriate materials for micro-injection moulding (µIM) were considered. Polymethyl methacrylate 
(PMMA) by LG IG 830 was selected as the primary µIM material. Our FEM modelling of particle acoustophoresis behaviour in the 
channels with the selected material yielded the channel dimensions with an acoustic resonance frequency of 1.26 MHz for a water-
filled channel.  The separation channel was designed to be of 150 µm height, 375 µm width and 36 mm length. The design was 
simulated and optimized using injection moulding simulations and virtual design of experiment (DOE). After moulding the parts using 
the optimized process settings, the chips were then sealed off using a 175 µm thin foil of the same material and through UV-aided 
hot press process. The bonding strength of the chips were then characterized using delamination test. A delamination pressure of 36 
MPa ± 7 MPa was achieved for the optimal bonding parameters. Ultimately, the chips were examined in regards to their functionality. 
They first stood the leakage test with a maximum pressure value of 2 bar and showed no sign of leakage. Secondly, the chips were 
tested for acoustofluidic performance using polymer beads as cell model. Ultimately, the acoustofluidic results were compared to 
FEM simulations with positive agreements. 
 
Micro-injection moulding, polymer bonding, PMMA, lab-on-a-chip, metrology, acoustofluidics, FEM simulation 

  
 

1. Introduction 

Lab-on-a-chip (LOC) systems, as a device that encompasses 
one or several laboratory functions, have received immense 
attention in the recent years for their versatility, cost-
effectiveness, reproducibility and last but not least, scalability 
[1]. UV-lithography techniques have been the favourable 
process choice for manufacturing such platforms thanks to 
tooling procedures derived from the microelectronics industry. 
The material employed for such processes are silicon and glass 
which together with polydimethylsiloxane (PDMS), form the 
majority of microfluidics chips used in laboratories today[1]. 
Over the past few years, the advancements in the field of rapid 
prototyping have helped to scale up the studies and the use of 
LOC and organ-on-a-chip (OOC) production [2].  

Rapid prototyping techniques for polymers with the 
advantages they offer such as low manufacturing cost in large 
scale, have given rise to studies for manufacturing low-cost POC 
diagnostics devices that separate and enrich cells using acoustic 
forces. However, the lack of a predictive model for resonant 
acoustofluidic polymer platforms had been problematic and for 
that reason, the full potential was not reached yet [3].  In 2019, 
Bruus et. al. presented a review of the theory of the acoustic 
radiation force and derived a second-order time-averaged 
relation to explain acoustophoretic motion of micrometre-sized 
materials inside an ultrasound field [4]. In 2019 Moiseyenko and 
Bruus [5], introduced a model for whole-system ultrasound 
resonances which could serve as a foundation for a full-polymer 
acoustophoresis platform. Through a well-tested and 
experimentally validated numerical method [6], it was 

demonstrated numerically and experimentally that good 
acoustophoresis can be attained inside a microchannel that is 
embedded within an all-polymer chip using excitation of whole-
system resonances [5, 7]. The advent of the recent 
manufacturing capabilities along with the theoretical 
groundwork gave birth to the AcouPlast project to design and 
manufacture an all-polymer device for acoustic blood plasma 
separation using whole-system resonances in polymer chips [7]. 

Injection moulding (IM) is a manufacturing process used for 
producing parts through injection of molten polymer material 
into a mould and in this study, it is presented as an alternative 
to the silicon/glass chip for the purpose of a more cost-effective 
and high-scale production. However, transitioning from 
silicon/glass etching to plastic chips causes some inherent 
problems. That is, with IM both shrinkage and warpage upon 
cooling are induced due to the polymers' high thermal 
expansion. These issues are non-existent when working with 
silicon/glass chip fabrication [8].  Shrinkage and warpage of the 
functional micro-features of the channel cavity is detrimental to 
the acoustic cell separation performance, as whole-system 
resonance is sensitive to dimensional deviations. Hence, the 
problem to be solved is minimizing the deformation of the 
whole chip including the functional micro-features. 

The study utilizes a feedback loop, as illustrated in figure 1, to 
leverage simulations and virtual DOEs to enhance the quality of 
the chips in both quality and acoustic performance. This occurs 
through FEM numerical simulations, IM simulations using 
virtual DOEs, quality assurance and lastly, acoustofluidic 
performance tests of the chip. [9, 10, 11]. 
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Figure 1. The schematic of the established feedback loop to exploit the 
production data as well as the simulation data in tandem. 

2. Injection moulding simulations and DOE 

As a pre-requisite to an accurate numerical simulation, a fine 
meshing network is crucial. To fulfil the goal, Moldex3D 
software allows users to employ multi-scale meshing that helps 
us define various meshing regions contingent on the size of the 
feature. This segmentation would ensure that we would have 
an accurate analysis while avoiding unnecessary computations 
for regions that are bigger than others. In this study as can be 
seen in figure 2 , 0.2 mm was used as the global mesh size which 
corresponded to 10% of the largest thickness feature that is the 
chip thickness (=1.9 mm) and for the microfluidic channel, 15 
µm was selected since it corresponded to 10% of the channel’s 
thickness to obtain a more refined mesh.  
Figure 2. Highly refined mesh as small as 15 µm used to increase the 

accuracy of the simulations. A total of 3 million mesh was created 
throughout the sample. 

Thanks to the database of the polymer grades available in 
Moldex3D, similar manufacturing grade as the one used for 
injection moulding of the parts was selected for the IM 
simulations. Moreover, the archive of IM machines within the 
software allowed us to select ARBURG 370 A 600-70-18 which 
was also utilized for the production. A full analysis was 
performed for each of the simulations, consisting of the 
following phases: cooling, filling, packing, cooling and warpage 
(CFPCW). 

The goal was to understand the effects of the four primary 
parameters namely, mould temperature, melt temperature, 
injection velocity and packing pressure. These parameters are 
referred to as factors in the study of the DOE. The goal for this 
part was to minimize the volumetric shrinkage value as the main 
response. The values of the volumetric shrinkage as a function 
of these factors were first obtained by running simulations on 
Moldex3D. The output values were then input to Minitab 
statistical analysis software to understand the individual and 
combined effects of the four parameters on the volumetric 
shrinkage as the primary response. 

In order to perform a full-factorial analysis, each of the four 
factors were assigned two levels. Consequently, the number of 
runs necessary for a full factorial analysis is 24=16 runs. In other 
words, a total of 16 simulations with different process settings 
were run for PMMA LG IG 840. A set of values (levels) was 
selected for PMMA LG IG 840 as our target material as can be 
seen in table 1. 

 

Table 1. Different process setting (levels) used as IM factors for the 
DOE in regards to PMMA LG IG 840. 

 
The results of the analysis of the four primary factors of the 

virtual DOE with the volumetric shrinkage being as the response 
are shown in figure 3. The data helped with better 
understanding of which factors play a more noticeable role in 
the increase/decrease of the shrinkage. 
 

 
Figure 3. Virtual DOE primary effect analysis demonstration using 
Minitab software. The two highlighted graphs indicate the two factors 
with more pronounced effect on volumetric shrinkage. 

3. Production  

The chips were manufactured via an injection moulding 
machine Allrounder® 370A from Arburg GmbH, Lossburg, 
Germany. The machine offers a maximum clamping force of 600 
kN, a maximum injection pressure of 250 MPa and injection 
speed of 300 mm/s. The machine benefits from a reciprocating 
screw with a diameter of 18 mm and a length to diameter ratio 
of 24.5.  

In this investigation, we decided on using an insert-based 
mould as it provides with faster turnarounds which is 
advantageous for rapid prototyping as shown in figure 4.  

 

Figure 4. The insert used for moulding the LOC. A section cut of the 
insert is also demonstrated in the right image where the features such 
as the channel and the ejector pin holes are visible to provide a better 
overview of the details.

 

 

Factor Levels Values 

Melt temperature/°C  

2 

 

210 – 230 

Mould temperature/°C 65 – 90 

Injection velocity/mm.s-1 60 – 120 

Packing pressure/MPa 60 – 120 
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Table 2. Channel average dimensions. For the molded parts, the values are average of 9 different points registered from 5 different samples. 

 

 

 

4. Quality assurance 

The initial metrology analysis results were used to improve 
and understand the simulations. The simulation results were 
further used in a reciprocal manner to improve the productions. 
Moreover, the IM parts are used as a proof of the IM simulations 
performance and accuracy. A thorough quality evaluation of the 
parts (an example of the part can be seen in figure 5) is the 
paramount step to assess the efficacy of the feedback loop. The 
measurements of channel height and width were performed 
using LEXT OLS 4100, a laser scanning confocal microscope, by 
Olympus, Tokyo, Japan. The DeMeet 220 coordinate measuring 
machine Schut Geometrische Meettechniek was also used in 
conjunction with ApproveforDeMeet software for the 
estimation of the linear shrinkage and the measurement of the 
length of the channel. 

 

Figure 5. Post-optimization chip moulded in PMMA LG IG 840. 

As can be seen in table 2, the length, the width and the depth 
of the channel were measured for the parts, before and after 
optimization, as well as the mould. This would allow for a true 
assessment of dimensional variance. The results of the post-
DOE production showed a clear enhancement of depth 
dimension. The recorded channel depth was 129 µm in the first 
production batch while this value was measured to be 147 µm 
after using the optimized process settings for PMMA LG IG 840 
which are (See figure 6.) 

 
Figure 6. Dimensional inspection of the channel’s height and width for 
PMMA LG IG 840 before and after optimization through the use of 
virtual DOE and IM simulations. 

5. Bonding  

After the parts were moulded and their quality have been 
thoroughly inspected, the chips have to be sealed off in order to 
have a functional microfluidic platform. Various techniques  

 

 

 

 

 

for polymer-polymer bonding exist, involving e.g. plasma-
bonding, chemically-assisted bonding and temperature-assisted 
bonding. In order to minimize the deformation of the micro-
channel as much as possible, UV-assisted thermal bonding has 
been selected as the favoured technique. The foils are cut using 
CO2 laser to maintain dimensional accuracy that is needed to 
place on the chip. Here the polymer chip as well as the foil get 
exposed to UV of a certain wavelength. Afterwards the UV 
exposed surfaces brought into contact with each other. To 
create a strong bond the stack of chip and foil is placed in a hot 
embosser in order to apply a controlled pressure on the surface, 
while maintaining a set temperature on both sides. 

In order to generate an even pressure distribution on the 
surface, the polymer samples are sandwiched between two 
nickel shims and covered by two Teflon sheets on the outside, 
see figure 6 for reference. The nickel shim is used due to its 
smooth surface finish, while the purpose of the Teflon sheet is 
to cancel out slight mismatches in the height distribution by 
acting as a soft buffer layer.  

 

Table 3. Bonding parameters used for the UV-assisted thermal bonding 
of PMMA LG IG 840. 

 

As illustrated in figure 7, different samples were put into the 
hot embosser one by one and an automated temperature and 
pressure profile was started. The process parameters used for 
the hot embossing of PMMA can be seen in table 3.  

 

 
Figure 7. Bonding process starts with UV using Dymax 5000-EC laser. A 
sandwich of the chip, lid foil and Nickel shim and Teflon sheets are then 
placed inside Collin P300 SV hot-embossing machine to finish the 
bonding. 

6. FEM simulation  

In recent work a numerical simulation model has been 
presented, showing good agreement between theory and 
experimental results on the acoustofluidic platform [6]. The 
resonance frequencies, where good acoustic focusing inside the 
microchannel is observed, are governed by the resonances of 
the whole polymer chip. This whole-system ultrasound 
resonance (WSUR) depends on multiple factors, including the 
outer dimensions of the polymer chip as well as the dimensions 
of the fluid channel itself. At this WSUR a resulting pressure field 
is observed inside the fluid channel that is close to a standing 

 
l/mm w/μm h/μm 

CAD file (nominal value) 36 375 150 

Mould (measured values) 35.99 ±0.01 398 ±3 147 ±6 

Moulded PMMA (before optimization) 35.74 ±0.01 398 ±3 129 ±6 

Moulded PMMA (after optimization) 35.77 ±0.01 399 ±3 147 ±6 

Parameter PMMA LG IG 840 

t for UV exposure/s 50  

t inside hot embossing/s 600  

T/°C 110 

P/bar 50  
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pressure half-wave, leading to acoustic focusing of µm-sized 
particles in the pressure node. [4, 6]  

 
Figure 8. 2D-cross section of the acoustofluidic device, consisting of the 
injection-moulded polymer chip, and a thin polymer foil bonded to the 
chip to seal the fluid channel.  

Figure 8 shows a 2D-cross section of the modelled polymer 
chip. It has been observed that the mechanical and acoustic 
properties of the underlying polymer, such as density 𝜌, Young’s 
modulus 𝐸, and Poisson’s ratio 𝜈 can have a large impact on the 
performance of the acoustofluidic device. This is visualized in 
figure 9. The bottom-up approach in the fabrication allows to 
adjust the chip dimensions as well as the material properties 
and optimize the process parameters to achieve acoustic 
properties that are ideal for acoustophoresis experiments. 

 
Figure 9. 2D simulation results of the acoustic energy density inside the 
fluid channel for actuation frequencies between 0.5 MHz and 2.5 MHz 
and Young’s moduli of an isotropic solid between 2 GPa and 8 GPa (with 

constant density 𝜌 = 1186
𝑘𝑔

𝑚3
, and Poisson’s ratio 𝜈 = 0.36). A shift 

towards higher resonance frequencies can be observed when increasing 
the Young’s modulus of the polymer chip. 

7. Conclusion 

Through FEM numerical simulations [7] certain dimensional 
inputs were given for a polymer chip which is aimed to be used 
for acoustic segregation of blood particles. The target design 
encompasses a microfluidic channel with a relatively high length 
compared to the height and the width. As such, the primary 
challenge is maintaining the channel dimensional conformance 
with the nominal dimensions throughout the entire length after 
injection moulding of the part.  In order to tackle the challenge 
and optimize the results, a feedback loop was developed for the 
device process development where the data of the preliminary 
µIM production was exploited to implement a simulation-based 
full-factorial virtual DOE PMMA LG IG 840. The four essential IM 
parameters namely, mould temperature, melt temperature, 
injection velocity and packing pressure were used as factors. 
Two levels were assigned to each of the four process 
parameters that resulted in a DOE consisting of 24=16 virtual 

experiments for a full-factorial study. The primary response that 
was chosen for the current investigation was the linear 
shrinkage, which would help spot potential production 
anomalies and product defects such as part warpage.  

Overall, IM simulations were performed based on the virtual 
DOE inputs on Moldex3D for PMMA LG IG 840 and later, parts 
were moulded and characterized where for linear shrinkage a 
respective width and height difference of 1 % and 3.3 % 
between the simulations and the production results was 
observed. The results in this case confirms the positive impact 
of the virtual DOE as a part of our feedback loop that is being 
developed and could be equipped to optimize the outputs in 
µIM production. Furthermore, the results of the IM simulations 
through Moldex3D showed reliable compatibility with the 
production in µm range. 

The parts ultimately were examined in regards to their 
functionality. They first stood the leakage test with a maximum 
pressure value of 2 bar and showed no sign of leakage. 
Secondly, the chips were tested for acoustofluidic performance 
using polymer beads as cell model. As the last step, the 
acoustofluidic results were compared to FEM simulations with 
positive agreements. This study paved the way for achieving a 
reliable method for manufacturing and optimizing injection 
moulded parts and the functional tests that followed, 
demonstrated promising results for the first prototype. This 
results will help us in the design of the next prototypes and 
moving towards having the full-functional POC platform using 
injection moulding. 
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Abstract 
Several newly developed positioning devices working inside of a high energy beam-line (HEX) from 3rd generation synchrotron facility 
(NSLS-II) are presented. Developed for a new complex multiaxis and multipurpose positioning system (MPS), some of the devices are 
based on parallel positioning technology (PPT), providing the necessary power, stability and accuracy of motion, in relative small-
allocated spaces, to manipulate samples (and instruments) towards an X-ray beam. The proposed devices are helping several 
scattering techniques to investigate advanced engineering materials. Their innovative design and capabilities to quicky, stably and 
precisely pose heavy loads/large sizes or dynamic behaviour of the objects in the right necessary experimental position are revealed.  
Parallel Positioning Tables Devices (P-PTD) have been developed, as combinations of different sets of actuators (and guides), moving 
the related experimental surfaces (interfaces) inside of the required tolerances (planeity/straightness). Parallel Alignment Table (P-
AT) based on TRIPOD PKM structure was developed to manipulate samples, weighing several hundred kilograms with high precision. 
Alignment capabilities has been provided. Parallel Lifting Table (P-LT1), manipulating a collimator instrument has been developed on 
BIPOD principle having a precision elongated table. Parallel Lifting Table (P-LT2), manipulating a heavy imaging detector instrument 
was developed using a QUATROPOD structure. The paper presents several important aspects of precision (challenges and solutions), 
related with  mechanic and design concepts and manufacturing processes for the first finalized products (protoypes).  
 
Synchrotron positioning, conceptual design, parallel technology, kinematics, motion, precision  

 

1. Introduction 

Synchrotron Radiation (SR) proved to be a powerful tool to 
investigate the micro/nanoscopic structure of matter. Produced 
by very complex sources, called synchrotrons [1], the actual 
generation (3rd) are producing very brilliant radiation comparing 
with the first one (1st)[2]. Having a continuous spectrum over a 
broad range of frequencies, from microwave to X-ray, SR has a 
great advantage of being non-destructive. The demands for 
research investigations of materials are coming from a large 
areas of sciences as biology, geology, etc up to engineering.  

Synchrotron X-ray diffraction (XRD) has been developed as a 
fundamental experimental technique, being successfully applied 
for a broad range of materials from crystalline to amourphous 
ones [3]. The actual modern techniques [4] are investigating the 
structure of materials for micro/nano engineering purposes, as 
necessary in photonics, electronics, defence, etc.   

Today challenging issues (e.g., electric vehicles) directed the 
research community to be strongly focused on sustainable 
energy. The intention is to discover new advanced materials, 
able to improve the actual existent supports (batteries) and 
savings (storage) and the ways of conversion (fuel cells), for a 
long-term sustainability [5]. Interesting results are expected to 
be obtained in the future, by the development of new 
techniques and adequate instruments [6]. 

Till now, most of the basic diffractive research have been 
performed on traditional (standard) machines called 
diffractometers.  There are existing several wellk-nown such 
multiaxis machines mainly, based on corelated rotational 
motions (circles) where, the basic X-ray technique (XRD) applied. 

Today tendency is to use basic and modern X-ray techniques 
 

 
combined in one place. This has the advantage of obtaining a 
large spectrum of results in a short time within the same 
allocated space, by reducing the total costs and increasing the 
profitability of investigations, see for example [7].  

However, from the design point of view, by taken in 
consideration all the cumulative aspects related with the 
increased number of samples, techniques, together with 
precision have proved to be challenging for the whole machine 
(system). The structures are becoming complex with some of the 
specifications contradictory and special technological solutions 
necessary to be applied, e.g. air bearing and the results often are 
standing as a nonconventional product [8].  

 At one of the most important national research institution in 
the world [9], including a 3rd  generation synchrotron facilities 
[10], an upgradation process started few years ago. Inside of a 
Hard X-ray Scattering and Spectroscopy (HSS) science program, 
a new beam line [11) is expected to be built and open soon to 
the users (2022). By benefiting from the use of a high energy 
radiation power of the beam and future versatile machines, it 
will combine several techniques to study various material 
engineering structures and processes in one place, from 
batteries to functional ceramics under induced (in-situ) and real 
(in-operando) conditions [12].  

A dedicated system [13] using several X-ray techniques is 
expected to work here, which will be installed soon in the 
allocated experimental hutch (EH). Inside, several manipulation 
devices have to adequately work, related with loads, speed and 
precision. The solutions have been proposed based on in-house 
parallel positioning technology (PPT) [14]. Precision challenging 
issues and solutions from conceptual kinematic and design pov, 
together with manufacturing aspects are shortly presented 
below. 
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2. Multipurpose Positioning System 

The mission of the High Energy (250keV) Engineering X-ray 
Scattering beam line 27-ID (HEX) is to advance the developments 
of clean solutions and creative technologies for the future of 
energy. In this respect, a positioning system role(s) is to give the 
possibility for the investigations to be performed, using different 
types of: a) samples – small/medium/heavy (0.5kg/50kg/500kg) 
and b) techniques–diffraction/imaging/tomography (XRD/CCD/ 
CT) on engineering materials(thick) and related processes 
(chemical, mechanical, etc). However, due to the time-constrain 
beam-line issue, these should be done, as fast as possible and in 
an easy way, in the allocated EH space (L=10m).  

A dedicated multiaxis/multipurpose positioning system (MPS-
HEX) has been proposed. From mechanical pov, it consists of 
several positioning modules (Pm) linearly disposed in-parallel 
and along the beamline, relating the main components - 
sample(S), detectors(D), shield(s), collimator (C), and optics (O) 
with the beam line and reciprocally, Fig.1. Some of Pm being 
moved/removed from working area. 

Figure 1. MPS-HEX (Mechanical structure)  
 
Pm are generally built on classical(stacked) combinations of 

positioning units (Pu), with simple linear (X,Y,Z) or rotational 
(Rx,Ry,Rz) motions(stages), supported by positioning tables (T1-
T7). However, from the considerations explained further on 
(c.3), some of them (T3-T5) are using in-parallel (P) motions.  

Optics(O) Pm is using (T1) for supporting beam conditioning 
optical components before the beam is goes to the sample. 
Shield(s) Pm is protecting the devices agains X-ray through a 
panel (lead), coming perpendicular to the beam through (T2). 

Sample tower(S)  Pm is using (T3) to manipulate the samples 
(and additional instruments) toward the incoming Xi(i-incident) 
beam. It should provide an adequate means to support (and 
move) all the samples (m3=0.5-500kg) and related instruments, 
in a stable and highly precise way, along/around every direction 
in space (XYZ), approaching the beam from above. In order to 
quickly be adapted at necessary samples/techniques, a modular 
concept has been chosen. Five modules(M1….M5) are consisting 
from a combination of positioning devices (precision stages) 
stacked one after the another, starting from the  basic one (M1), 
based on (T3). Two gonio stages (M4, M5) are performing high 
speed rotations-a) Ry4=10rev/s(m3=1kg, SoC< 1 µm) and b) 
Ry5= 50 rev/s(m3=-0.5kg, SoC<1 µm), SoC-Sphere of confusion. 

Colimator (C) Pm based on (T4) is carrying the collimating 
instruments (m4=50kg) up and down(Y), performing long/short 
(YX) precision motions.  

Imaging(I) Pm is using a positioning table (T5) for precisely  
posing the related instrument (CCD cameras), having an 
appreciable mass (m5=200kg), in the right position (XY)  and 

then moved/removed  (Z).  
Detectors(D) Pm role is to catch the scatered Xs-ray beam (Xs, 

s-scattered) after it comes from the sample. They are specific to: 
a) EDXD and b) XRD/powder, techniques. (T6,T7) must 
adequately manipulate them to correctly collect the spot. 

Note: 1) A general coordinate system of reference (OXYZ) has 
origin (O) in the center of the sample/beam line and the partial 
ones (oxyz)i, i=1,7 with origin (o) in the center of the functional 
(experimental) surfaces. 2) As the nominal value of the beam 
height(H) is set-up at 1.4 m, two Pm have underfloor base (S,C). 

The positional motion ranges and precision of components is 
affecting the design solutions. For the parallel actuated tables 
(T3-T5) they are given in Table 1, including the repeatability and 
resolution parameter values, respectively.  

 
Table 1 Motion specifications(tables)  

*Long stroke  
 

As seen from above, the positioning tables (T3-T5) should 
perform precision or high precision motions, performing both, 
long and short strokes. In addition, the subsequently 
(experimental) surfaces (Σi, i=3,5), see Fig.2 with horizontal 
orientations must fulfil some geometric errors specifications. 
For (Σ3) it must be not tilted more than 250 µrad over the 
complete travel range.  With other words, straightness/flatness 
values have are to be limited at maximum: ε(X3)=25µm, 
ε(Y3)=20µm, ε(Z3)=10µm. XY stage (M4), must not tilt the 
sample more than 100µrad, or errors to be less than: ε(X34)= 
ε(Y34)=10µm values.  

Due to the high number of positioning devices involved, the 
space around the sample became very crowded. Especially, the 
relatively small existent space between the floor and beam.  

As such, compact and powerful solutions was necessary to be 
investigated, and prevailed. The results were that in the final 
design review (FDR) step, for short stroke the positioning table 
devices (T3-T5) have been built, using parallel positioning 
technology (PPT) principle, Fig.2. In addition, for some standard 
components (stages) the size and power were also modified. 

 Figure 2. MPS-HEX (Design) 
 

3. Parallel Positioning Technology  
 
Parallel positioning technology (PPT) is not a new 

technological concept. It was already applied for relative long 
time in various applications, especially those related with 
synchrotron positioning. More specific, where heavy loads and 

Table
(T) 

Axis 
(XYZ) 

Range 
(mm) 

 Rep. 
(µm) 

Res. 
(µm) 

T3 XZY 1500*/100/100 5/1/1 1 

T4 YXy 620*/150/90 10/1/1 10/1/1 

T5 ZYX 2760*/200/100 200/10/10 10 
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high precision manipulations tasks have had to be successfully 
accomplished [14]. It includes actuation, guides and sensors as  
the first components.  

Devices conceived on parallel kinematic mechanisms (PKM)  
principle are all using PPT in a way or another. The Hexapods are 
the best examples, being increasingly used, as positioning table 
devices inside of various systems. However, when some 
constraints must be taken into consideration, as 
small(particular) available spaces or reduced degrees of 
freedom (dof<6) to be used, the existent solution not satisfied 
the design expectations. Then, the designers have look for 
another solutions.  

Therefore, by using a larger parallel actuation (PA) concept, for 
a limited number of dof (or, even single one), several proposed 
positioning devices solved de problem. Note: In the actual 
context, PA concept is used to provide the necessary power 
(motion) to a final component, involving any dof, including the 
minimum one (1dof). The solution is often coming, as a divided 
(differential) action from a central one, see for example [16].  

More details of the PA/PPT applied in the MPS-HEX context are 
given below. 

 
3.1. Parallel Positioning Table Devices  

The proposed positioning devices for (T3-T5), using PA/PPT are 
shown in Fig. 3. Their new and innovative design concepts are 
described taken in to account their specific requirements.  

Figure 3. P-PTD (Concepts): a)Sample tower, b)Collimator), c)Imaging 

 
The P-PTD1 corresponding to (T3) have to manipulate various 

samples and instruments under a modular approach applied to 
sample tower(S) positioning module. M1 basic module is 
dedicated to heavy/large samples to precisely manipulate its Σ3 
(alignment) surface. M2 module should provide heavy load/ 
large size samples precision position capability in rotation 
around vertical axis through a precision rotation stage (G440XE, 
Ry2=±180°, e<1µm, e-eccentricity). M3 module is able to 
manipulate the same type of samples as (M2). In addition, the 
sample can also be rotated in two perpendicular directions using 
a modified gonio stage (G5203.80XE, Rx,Rz=±5°, eccentricity<10 
µm). M4 module dedicated to tomography is using small 
samples, rotating continuously around a vertical axis with high 
speed and precision for which an air-bearing stage (EZ0570, 
Ry4=±360°, eccentricity ≤1µm) has been included. Both, being 
supported on a strong hollow spacer (s4). Horizontal adjustment 
(alignment) of motion axis can be possible through a modified 
translational XZ stage (T5102.20XE), diminishing the inertial 
effect (imbalance). M5 module is similar with last one but using 
a smaller size sample rotation stage (EZ310, Ry5=±360°, 
eccentricity≤1µm)  on a higher spacer (s5). P-PTD1 should be 
strong enough to manipulate all samples, stages and supports, 

coming from all modules built up on it. An overview of the 
involved masses (mi, i=2,5) are given in Tab.2.  

 
Table 2. Design specifications (T3) 

   * XE-Extreme precision 

 
Shortly, as P-PTD1 is an integrated part of all modules (M1-M5) 

it has to support/move a mass in the worst case (M3) of at least 
m3=700kg, including m(sample)=500kg, m(stages)=171kg and m 
(supports)=16kg and m(plates, etc)=13kg, in addition, to high 
precision parameters related with the geometry of motion 
(straightness/planarity) mentioned before.  
  As such, P-PTD1 concept was developed around a Parallel 
Alignment Table (P-AT) with PKM structure for vertical motion 
(Y). In addition, two translational stages (X-St, Z-St) stacked one 
under another.  

Parallel positioning table device (P-PTD2), Fig. 3b has to have 
not only good supporting (load) and precision (motion) 
capabilities, but to be very flexible, to quickly performing long/ 
short stroke vertical motions (Y/y). In addition, it should avoid 
the existent imaging device in the minimal(nominal) position. 
The dedicated device developed is a combination of two – 
coarse(Y)/fine(y) lifting devices, including a small one Parallel 
Lifting Table (P-LT1).  
  Parallel positioning table device carrying a heavy/large 
detector (CCD camera) nearby of the sample and then removed 
it, Fig. 3c involves a motion performed with precision, in vertical 
(Y) direction towards the beam. Care has been taken to 
overcome the collimator table (P-PTD2), being already there in 
the nominal (lower) position. A dedicated device based on a 
specific Parallel Lifting Tables (P-LT2) was developed.  

More details are given below for the above parallel positioning 
table devices (P-PTD), from kinematic point of view, Fig.4. 

Figure 4. P-PTD (Mechanisms): a)Alignment, b) and c) Lifting 

 
The parallel positioning mechanism conceived to work inside 

of P-PTD1, as Parallel alignment table (P-AT) is based on a new 
TRIPOD (TP) structure, providing 1T2R (T-trans., R-rot.) 
capabilities, Fig.4,a.  

The corresponding mechanism 3-[2(PP)-P]S consists of a pairs 
of identical kinematics chains (PPS) in addition to single (PS) one. 
Each chain comprising the same type of joints (P-Prismatic, S-
Spherical). From space constrain consideration, on two bases 
(B1,B2) are vertically arranged a set of three P (active), 
horizontally supporting (passive) P joints, which in turn support 
the table (T) through (passive) spherical (S)  ones. This 
mechanism will be able to perform short positioning vertical 
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motion (Y=±50 mm) with the possibility of small rotational 
(Rx,Rz=±5°) for the alignment purposes. In addition, the whole 
mechanism can be horizontally shortly moved (Z=±50 mm) 
support base (B), which in turn is moving along long rails in X 
direction. Note: By taken in to account all motions, the whole 
mechanism can be seen as a hybrid kinematic structure with 
serial(Z)/parallel(YRxRy) motions. 

The parallel lifting table (P-LT1), Fig.4b is consisting from a new 
serial combination of two BIPOD mechanisms. The first one 
(BP1), based on a differential parallel actuation (P1/P1'P1'') is 
providing the coarse motion (not shown). The second one (BP2), 
providing small (fine) precision motion, through another 
differential actuation (P2/P2',P2'') is horizontally keeping the 
final table (T) surface with the desired accuracy. As such, the 
(pseudo)BP2 mechanism has one (1) dof vertical (y) motion. 
Note: An additional (X) necessary motion in-between the two 
BPs, is qualifying the whole mechanism, as a hybrid kinematic 
structure with serial(X)/parallel(y) motions. 

 Parallel lifting table (P-LT2) is based on a typical QUADROPOD 
structure, as Fig.4c shows. The new proposed mechanism 
consists of a set of four (4) in pairs (P1', P2') and (P1'', P2'') 
actuation elements driven by a central one (P) and a set of three 
(guiding) pairs (P1-P3) supporting the table(T1). With this type 
of (differential) actuation, the P-LT2 belongs to the large (PA) 
family of quadropods. However, as each of the actuation is not 
independent, the correctly name of the structure should be 
(pseudo)QP in the strict sense of parallel mechanisms theory. 
Note: As structure has also the possibility to hold and move the 
instruments in X direction (top), the whole system can be seen 
as a hybrid-parallel (Y)/serial(X) kinematic structure. 

From design point of view the corresponding solutions for 
above mechanisms are presented below, see Fig.3.  

P-AT design is using modified vertical standard stages 
(G5103.A20) to increase the power, acting the legs/pods, 
located in-between two robust components – base (B) and table 
(T). On their upper part support, linear guides (LWLF/MLF30/ 
IKO) and spherical plain bearing (GE10AW/INA) were assembled.  

P-LT1 design has been implemented with specific components 
delivering short strokes. Each of the pods of BP2 being actuated 
by actuators built with vertical gonio stages (G5103.A20) driven 
by a simple common transmission (coupling) coming from a 
single stepping motor (PKP266VEXTA/ORIENTAL).  

P-LT2 design has a centralized motor, transmiting (splitting) 
the motion to both pairs of pods (pillars) through specific 
transmissions (motion axis & couplings). Each of the legs/pillars 
are based on two screwed parts, one in relative motion to 
another (fixed), specific to jack devices (T5103.D20)  powered by 
2-phase high torque motors (PKP266VEXTA/ORIENTAL) through 
a gear box (HSG1/INKOMA). Strong pillars (g) are using linear 
precision guides (0672-250-40/BOSCH) for guiding the table. 

Note: All motorised axis above are controlled in a closed loop 
way, through a dedicated control box (SMC9000) and dedicated 
software for which sensors as absolute encoders(E) 
RESOLUTE/RENISHAW have been provided, together with 
electrical limit switches and mechanical stop/end components.  

P-PTD devices have been manufactured at the end of 2021, 
waiting now for the installation/commissioning of the whole 
prototype.  

As most of PPT components were commercially available, for 
which mounting experience already existed in the factory, care 
has been taken in machining of sensitive functional surfaces. 
These included not only the supporting surfaces of samples 
(plates) and instruments (interfaces), but those related with PPT, 
as for example for actuation (Y-stages) and guides (linear).  The 
procedures were based on  quality and tolerances (dimensional/ 
geometric) control, exceptions being for granite, connectors and 

cables parts coming from outsourcing, where additional work 
was not necessary to be done. An overview of the final physical 
products is shown in Fig. 5.  

Figure 5. P-PTD (Prototypes): a)Alignment, b) and c) Lifting 
 
Note: All the sample/experimental surfaces, having standard 

interfaces from Al plates (20/10 mm)  with an array of holes 
(M6/50mm), allowing various configurations of samples/ 
instruments to be easly fixed, were aligned using metrological 
devices (levelling) and related procedures. 

4. Conclusions      

New and innovative parallel positioning table devices (P-PTD) 
integrated in a new complex multipurpose positioning system 
(MPS-HEX) have been presented from kinematic and design pov.  

The tests included in a factory acceptance test (FAT) report 
have been performed for components in motion (with 
payloads). At the end, all have been met the customer 
expectations. In the P-PTD1(P-AT) case, corresponding to the 
vertical motion(Y), the obtained measurement values for 
positioning accuracy (repeatability/resolution) being (0.7/0.5) 
µm and, for geometric errors (straightness/planarity) as 
(2.1/3.4) µm. More results will be latter reported, together with 
their graphical and numerical variation.  
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Abstract 
Laser structuring is an effective way to functionalize or texture components. For the machining of large components > 500 x 500 mm, 
precision machine tools costing up to €1.5 mio  are needed. This circumstance leads to a limited market applicability. Fraunhofer IPT 
is developing a cost-efficient laser structuring solution making it possible to scale up maximum processing area by mounting the laser 
structuring head on an industrial robot. However, high positioning accuracy of < 5 µm is needed for laser structuring while an 
industrial robot system delivers a maximum position repeatability of about 70 µm. 
Fraunhofer IPT has developed a compensation strategy using an inline camera setup. The system detects reference features of 
markers and texture by using FAST algorithm for corner detection with a laplacian image pyramid. The current system is capable to 
set exposure times automatically and to compensate position inaccuracies of up to 1 mm to an overall accuracy of < 5 µm despite a 
camera chip resolution of 5.3 µm/px. 
In this contribution we present an overview of the compensation algorithm with an evaluation method for process stabilization and 
identify challenges, e.g. illumination and material properties will be addressed. 
 
Laser structuring, Robot, large parts, computer vision, process control 

1. Introduction 

Laser structuring is used, among others, to repeatedly mark or 
engrave complex 3D geometries. In this application, a focused, 
pulsed laser beam scans a target surface using high precision 
galvo-scanner [1]. Since the scanning field is limited,  large 
surfaces must be divided into sufficiently small patches. Here, 
precise repositioning of the structuring system is of major 
importance; deviations of >5 µm lead to optically recognizable 
seams. The demand on positioning accuracy, thus, necessitates 
reliable high-precision system technology. Processing large 
moulds – e.g. bumpers, instrument panels or centre consoles for 
the automotive industry – requires complex and cost intensive 
plant technology [2]. Investment costs for systems with a 
working volume of 1 m3 quickly exceed €1.5 mio, whereas only 
a small fraction (approx. €50k - €70k) are accounted for by the 
laser system. Industrial robots present a cost-efficient 
alternative for these kinds of laser processes. Today, such 
systems are mainly used in laser material processing for laser 
cutting or laser welding [3].  

Such systems have not been used industrially for laser 
ablation, as the positioning accuracy of robot systems is not 
sufficient for this purpose. Currently, pose repeatability of such 
industrial robot systems cannot exceed approx. 0.3 mm [4]. 
There are several ways of dealing with robot positioning 
inaccuracies. For example, path and positioning deviations can 
be compensated for by using external laser trackers or stereo 
cameras [5]. Such systems would increase the total costs by 
€100k to €150k with the resulting increase in accuracy still 
insufficient for the purpose of laser structuring. 

We have developed an approach that accepts the robot-
related positioning inaccuracies of positioning the laser module 

and then compensates for the resulting error using an inline-
camera based optical reference system. 

2. Technical approach 

Figure 1: Developed process chain for robot based laser structuring 

The compensation method is based on system components 
required for laser structuring. Figure 1 shows the developed 
process chain. The first process step “CAD/CAM” pre-calculates 
tool paths for the laser module as well as the robot that positions 
it. In the next step, “Positioning the robot,” markers are applied 
by the laser system at defined positions on the surface. These 
markers serve both as anchor points for the texture and as a 
means for determinating the robot system’s position in the 
following steps when  the laser texture is applied. The marker 
positions are approached individually by the robot system and 
positional inaccuracies of the system are deliberately tolerated. 
At each marker position the integrated camera system takes a 
reference picture, which are then compared with images taken 
using the high-precision galvo-scanner in the later texturing 
process. Now, the robot successively positions the laser module 
above each segment such that the optical axis is located at its 
center. Before the laser structuring process starts, the actual 
position of the laser module in the current segment with respect 
to the reference markers needs to be determined. The process 
step “Referencing” deals with the camerabased detection of 
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positioning errors. Each segment contains three associated 
markers that enable the triangulation of the current position. 
Acquisition of the actual images is carried out by the high-
precision galvo-scanner using the integrated camera system. 
Each recorded image of the actual position is then compared 
with the corresponding reference image. For this purpose, we 
developed a library based on OpenCV algorithms to identify 
identical features in reference and actual images; using that 
information, we calculated a displacement vector for each 
marker. In the next process step “Adaptive toolpath 
generation,” the displacement vectors for the corresponding 
segment markers are used to adapt the pre-calculated tool path 
for the respective segment on the fly. The corrected tool path is 
now executed in the last process step “Laser ablation,” resulting 
in no recognizable seams between the segments. These process 
steps are repeated for each segment in each layer, respectively. 

 
2.1. Setup 

Figure 2 shows the developed laser structuring module with its 
beam path illustrated. The robot used for module handling in 
this study is an ABB IRB 6660-205 industrial robot especially 
designed for high-performance applications. Due to its stiff 
design with parallel arm structure, it delivers a pose 
repeatability of about 70 µm. The maximum reach of the robot 
arm is 1.93 m extended with a linear axis of 6 m travel range. The 
maximum payload is 205 kg, where the laser structuring module 
weighs 24 kg. The laser structuring module is held by the 
industrial robot using a Schunk pneumatic quick tool changing 
adapter (SWS).  

 
Figure 2: Developed laser module with beam path illustrated. 

A nanosecond pulsed SPI G4 (model SP-070P-A-EP-Z) laser 
source provides pulsed laser radiation (10 ns - 520 ns) with a 
maximum power of 70 W and pulse energies up to 1 mJ at a 
central emission wavelength of 1064 nm with a Gaussian 
intensity distribution. A collimator (ILLK f30 d35) is used to feed 
the laser beam into the designed beam path collimating the 
beam to a diameter of 3 mm. The beam passes through an 
optical z-axis (ScanLab VarioScan20i_de) with a beam expansion 
factor of 2.8. With the optical z-axis the laser beam can be 
focused in 3D from the working plane by ±12 mm in the z-
direction. The beam then passes through a dichroic beamsplitter 
(Scanlab camera adapter), which is transmittive for 1064 nm 
laser wavelength and reflective for the obervastion wavelength 
of 860 nm provided by four external high power output LED 
modules (Stemmer CCS HLDL2). The camera (IDS UI-5240CP-NIR) 
is especially designed for high quantum efficiency in the NIR 
range with a resolution of 1280 x 1024 pixels at a pixel size of 
5.3 µm/px. A galvanometer scanner (ScanLab IntelliScan 14se) 

moves the laser beam in x-and y-direction with high position 
repeatability (< 1 µm). The beam is focused by a F-Theta lens 
(163 mm). A Keyence laser triangulation system is used to 
measure the module’s distance to the working plane for laser 
focus adjustment while processing. 
 
2.2. Design of reference markers 

Reference markers are used as an achor point for the texture 
and as a means to determine the position of the module with 
regard to the respective segment. The feature detection 
algorithm (ref. Chapter 3.1) is based on corner identification. For 
the referencing, it is of utmost importance to detect as many 
features as possible in the reference- and actual images. 
Accordingly, the markers (ref. Figure 3) consist of a large number 
of 90 degree angles. A cross divides the marker into four 
quadrants with rectangular structures in each quadrant. 
Additionally, the cross provides orientation for subsequent 
measuring of possible texture displacement.  

 
Figure 3: Developed marker as CAD- and as a reference image 

3. Methodology 

3.1. Corner feature detection 
The compensation method is based on feature detection 

algorithms originating from the field of computer vision. An 
image is reduced to significant features, characerized by 
uniqueness and recognizability. For this purpose, properties 
such as position, direction or brightness are assigned to each 
feature [6]. Open source algorithms provided by the openCV 
library were used for feature identification in reference and 
actual image [7]. The openCV library offers different algorithms 
for feature detection. One is the FAST algorithm. It was 
especially developed to detect features in real time for video 
applications. It detects corners by iterating through each pixel 
and comparing the brightness levels with the surrounding 16 
pixels. If there are at least 12 pixels with a significant change in 
brightness, the position is saved as a corner feature [8]. Another 
algorithm used is the ORB algorithm. It combines the FAST 
algorithm functionality for feature determination with the BRIEF 
algorithm. The FAST detection algorithm within ORB is executed 
several times in the same image. For this purpose, the image is 
scaled for each execution using a Laplacian image pyramid. Thus, 
the feature detection is more stable against disturbances such 
as image noise [9]. Figure 4 shows the extracted features using 
the ORB algorithm from the CAD marker. Each corner and each 
end of the angular structures are detected reliably. 

 
Figure 4: ORB algorithm for feature detection on CAD marker 
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3.2. Calculation of displacement vector 
In the process step “Referencing,” the position error of the 

handling system is calculated. This calculation is based on 
comparing features in the reference- and actual image for each 
marker in each segment. Due to reflections to the camera 
originating from metallic surfaces, the exposure time of the 
camera system is automatically set so that each histogram is 
linearly distributed between 0 and 255. The ORB algorithm is 
used to detect features and to match corresponding feature 
pairs in the reference- and actual image. In the first step the 
most significant 200 corner features are identified in the 
reference image. Due to high image resolution, a Laplacian 
image pyramid technique is used to scale down the image to test 
the identified corner for validity. In contrast to the reference 
image, the maximum number of features in the actual image is 
not limited, which increases the chance of finding corresponding 
features. For each feature in the reference image, the actual 
image is scanned at the same position within a 50 pixel radius 
for features with similar feature properties. This limits the 
maximum detectable position deviation of the system to 
265 µm. Every potential pair within the radius is assigned a 
score. The pair with the highest score is defined as a feature pair. 
If the score does not reach a certain threshold, a pair will not be 
used for further calculations. For each feature pair found, the 
displacement vector dn is calculated. When the mean 

displacement vector 𝒅 is used, feature pairs are discarded if they 
deviate by more than half of the standard deviation. To improve 
the measured final position error even more, an optimization 
algorithm is implemented. The remaining distance dR between 

the mean displacement vector 𝒅 and the corresponding pair 
displacement vector dn is minimized using the iterative gradient 
descent algorithm [10]: 

�̅�𝑛+1 = �̅�𝑛 −  𝛾∇𝒅𝑅 
with 

𝛾 =
𝒅𝑅

‖∇𝒅𝑅‖2 

Figure 5 shows an illustration of the result after feature 
detection and pair matching. When a feature A in the reference 
image is detected in the actual image (A’) as well, the 
corresponding displacement vector d1 is calculated. A resulting 

mean displacement vector 𝒅 is calculated using dn. The 
remaining distance dR is minimized with  regard to each 

displacement vector dn and mean displacement vector 𝒅. The 
termination criterion of the optimization algorithm is either the 
100th iteration step or an increase of the remaining vector dR. In 
this case the step size is halved to a minimum of 1/128 if the 
remaining distance increases instead of decreasing. 

 
Figure 5: Principle of displacement vector calculation using 
optimization algorithm 

3.3. Evaluation of displacement vector by score 
In the robot-based laser-structuring process, several 

disturbance variables impair the image acquisition, e.g. 
reflections or oscillations of the laser module itself. If the actual 
image differs substantially from the reference image, either no 
feature pairs or incorrect feature pairs are detected. An 

evaluation system is implemented to handle these scenarios by 
evaluating the resulting displacement vector as a function of the 
number of detected feature pairs. The function  

𝑆(𝑑𝑛, 𝑛) = 𝑒−𝑑𝑛  (1 − 𝑒3−𝑛) 

can take values between 0 and 1, where 0 represents no pair 
feature detection and 1 ideal feature detection. 

4. Results 

4.1. Feature detection algorithms in real szenario 
Figure 6 shows the results of pair identifaction in the same real 

process image using FAST algorithm and ORB algorithm as 
described in Chapter 3.1. When the FAST algorithm is used, the 
steel texture or noise in the image is more relevant to the 
algorithm than the applied marking for feature detection. Due 
to different image acquisition scenarios in the process, noise 
cannot be used as reliable feature source. Using the ORB 
algorithm with the Laplacian image pyramid, the noise is 
detected less as a relevant feature pair in comparison to the 
FAST algorithm. Most feature pairs originate from the applied 
marking despite difficult background reflections. 

 
Figure 6: Feature detection algorithms applied to identical images. a) 
FAST Algorithm b) ORB Algorithm as implemented in Chapter 3.1. 

3.1. Statistical evaluation 
The feature detection algorithm implemented was statistically 
analyzed for achievable accuracy. For this purpose, three 
different scenarios were considered. Figure 7 shows the 
detected displacement in a stationary setup. 
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Figure 7: Detected displacement in a stationary setup 

The image acquisition occurred 10 000 times at the 0,0 position 
in the F-Theta image field. Since neither the laser module nor the 
scanner moved, a resulting displacement vector of 0 µm is 
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expected. The results show a mean value µ = -0.058 µm, close to 
zero, with a standard deviation of σ = 0.945 µm. Due to the 
camera pixel size of 5.3 µm, a shift of brightness by one pixel can 
have a strong impact on the displacement vector. The 
implemented algorithm reduces this influence significantly. 
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Figure 8: Detected displacement in a known displacement scenario of 
100 µm 

For validation of the achievable accuracy, the high precision 
galvanometer scanner is used to take images in several positions 
of the F-Theta image plane. Figure 8 shows the detected 
displacement when the galvonameter scanner is moved by 
100 µm in the x-direction; here an actual image is acquired for 
displacement detection with a sample size of n = 10 000. The 
achieved mean value is µ = - 99.80 µm with a standard deviation 
of σ = 1.32 µm. In comparison to the stationary setup, the 
standard deviation increased by 0.375 µm. This increase can be 
explained by the position accuracy of the galvanometer scanner 
(approx. 0.5 - 1 µm). Change of brightness in the actual image 
can lead to an increase of the standard deviation as well. The 
acquired data were filtered using the evaluation system 

𝑆(𝑑𝑛, 𝑛) (ref. Chapter 3.3). Every displacement vector with a 

score of 𝑆(𝑑𝑛, 𝑛) < 0.3 was discarded. This shifts the mean 

displacement to µ = - 99.88 µm and decreases the standard 
deviation to σ = 1.20 µm. Figure 9 shows the result when the 
developed algorithm is applied to a real robot-based structuring 
scenario. Due to the rather high position accuracy of the  robot 
used (70 µm), a random positioning program was implemented 
to simulate handling systems with a position inaccuracy of about 
200 µm radius around the desired position.

-15 -10 -5 0 5 10 15
0

100

200

300

400

500

 

 

C
o
u
n
t

Displacement/µm

µ =  0.43 µm

σ =  2.31 µm

Raw displacement

-15 -10 -5 0 5 10 15
0

100

200

 

 

C
o
u
n
t

Displacement/µm

µ =  0.37 µm

σ =  1.85 µm

Filtered displacement by score

 
Figure 9: Detected displacement in an unknown robot induced 
displacement scenario 

Due to the unknown position of the system with regard to the 
reference image, the displacement vector for each robot 
movement was applied to the galvanometer scanner. A third 
image is acquired and compared to the reference image. The 
mean displacement vector is expected to be around µ = 0 µm. 
The mean displacement vector after n = 1 000 robot movements 

is µ = 0.43 µm. The standard deviation σ = 2.31 µm is 
significantly higher compared to the tests without robot 
movement. One reason for this is that the compensation 
algorithm is executed two times to generate the result. When  
the evaluation system applied filters each displacement vector 
with a score < 0.4, the standard deviation can be decreased to 
σ = 1.85 µm. We assume that the standard deviation of each 
execution is independent of another. This leads to a standard 
deviation of σ = 1.85 µm. 

Summary and Outlook 

Within this research study, a low-cost industrial robot with novel 
technology is used for the first time to improve the accuracy of 
large-area laser structuring. The system-related inaccuracies of 
the robot are compensated for by using components native to 
standard laser structuring systems. We implemented an ORB 
algorithm for feature detection based on OpenCV library 
together with an optimization algorithm to further improve the 
result. The influence of disturbance variables on the algorithm 
could be reduced by an automated exposure time algorithm and 
an evaluation score system. The needed high positioning 
accuracy of < 5 µm can be met with the setup presented here. A 
cost-efficient large-area laser system has been developed 
avoiding additional cost intensive technology to increase the 
accuracy of the robot. 

Acknowledgements 

The research project was carried out in the framework of the 
Industrial Collective Research Programme (IGF no. 21046 N) of 
the Research Association for Programming Languages for 
Production Facilities (FVP). It was supported by the Federal 
Ministry for Economic Affairs and Climate Action (BMWK) 
through the AiF. Part of the work has as well been supported by 
the State NRW through the Ministry of Economic Affairs, 
Innovation, Digitalization and Energy within the “5G-COMET” 
Project (005-2008-0093). 

References 

[1] Bliedtner, J., Müller, H., Barz, A., 2013. 
Lasermaterialbearbeitung: Grundlagen - Verfahren - 
Anwendungen - Beispiele. Fachbuchverl. Leipzig im Carl-
Hanser-Verl., München. 

[2] Haight, R., Carr, A.V., 2018. Industrial Applications of 
Ultrafast Lasers. WORLD SCIENTIFIC. 

[3] Graaf, M. de, Aarts, R., 2013. Applications of robotics in 
laser welding, in Handbook of Laser Welding 
Technologies, Elsevier, p. 401. 

[4] ABB. Absolute Accuracy Industrial robot option: Robotics. 
https://library.e.abb.com/public/931fcb281dbe7fecc125
7b1300579a6a/AbsAccPR10072EN_R5.pdf. Accessed 15 
December 2021. 

[5] Fernandez, S.R., Olabi, A., Gibaru, O. On-line Accurate 3D 
Positioning Solution for Robotic Large-Scale Assembly 
Using a Vision System and a 6Dof Tracking Unit, in 2018 
IEEE 3rd Advanced Information Technology, Electronic 
and Automation Control Conference (IAEAC), p. 682. 

[6] Zitová, B., Flusser, J., 2003. Image registration methods: a 
survey 21, p. 977. 

[7] Bradski, G., 2000. The OpenCV Library. 
[8] Leonardis, A., Bischof, H., Pinz, A., 2006. Computer Vision 

– ECCV 2006. Springer Berlin Heidelberg, Berlin, 
Heidelberg. 

[9] Burt, P., Adelson, E., 1983. The Laplacian Pyramid as a 
Compact Image Code 31, p. 532. 

[10] Poljak, B.T., 1987. Introduction to optimization. 
Optimization Software, New York. 

334



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Session 5: Metrology 
 

335



 

336



 

          
 

 

euspen’s 22nd International Conference & 
Exhibition, Geneva, CH, May/June 2022 

www.euspen.eu  

Development of a high precision balance for measuring quantity of dispensed fluid 
as a new calibration reference for the becquerel 
 
Sven Schulze1,2, Kumar Arumugam1, René Theska2, Gordon Shaw1 
  
1National Institute of Standards and Technology, Gaithersburg 2Technische Universität Ilmenau 
 
sven.schulze@nist.gov, kumar.arumugam@nist.gov, rene.theska@tu-ilmenau.de, gordon.shaw@nist.gov  

  
Abstract 
The 2019 redefinition of the kilogram in the International System of Units (SI) connects the unit of mass with Planck’s constant (h) 
through electrical metrology by means of precision balances. This not only changes the way the mass is defined, but also broadens 
the horizon for a direct realization of other physical units. Since mass measurement is essentially a force measurement scaled by the 
local gravitational acceleration, any physical action providing a force can be measured using a precision balance as a primary standard, 
connecting it to Planck’s constant. 

A new electrostatic force balance is under construction at the National Institute of Standards and Technology (NIST) to determine 
massic radioactivity of radionuclide systems by measuring the weight of dispensed radionuclide solution. The balance measures the 
differential mass (m) of a liquid droplet used to transfer radioactive material for measurement on a superconducting transition edge 
sensor (TES). The TES measures the thermal energy of each radioactive decay process occurring over the measured period, resulting 
in an activity measurement in becquerel, Bq (disintegrations s-1). The combined results of these measurements determine the 
massic radioactivity of the radionuclide solution in Bq∙kg-1, thus creating a direct relation between the Planck constant and massic 
radioactivity.  
The balance is designed to measure approximately 5°mg (a volume of approximately 5°μL) with a relative uncertainty of less than 
0.1°% with a coverage factor, k = 2. 
The new system will be created as a compact tabletop version. A focus during the design is to create a highly automated system to 
speed up adjustment, balancing and capacitance gradient measurement processes. Another focus is to design the compliant guide 
mechanism in a modular fashion to allow the variation of its stiffness. Multiple means of stiffness reduction by preloading the guide 
mechanism are also being studied. A high degree of automation and the opportunity to adapt the flexural guiding mechanism of the 
system, to a specific use case, makes this electrostatic force balance attractive for scientific studies and industrial use. 
  

 

1. Standard Reference Material 

NIST offers a number of Standards for radioactivity 
measurement and, depending on the characteristics of the 
radioactive material, the standards can be in a gas, solid or liquid 
state. Due to the small amount of radioactive material in many 
radioactive standards and the need for highly homogeneous 
stock material for unit production, aqueous solutions are 
commonly used for radionuclide standards. In addition, liquids 
are easy for the user to handle and to portion during the 
production process of Standard Materials.  

 
Table 1 Comparison of the NIST and National Physical Laboratory (NPL) 

210Pb standards by five measurement methods [1]  

 
 
Extensive characterization of the Standard Reference Material 
4326a, also characterized by using the 4παβ liquid scintillation 
spectrometry (LS) method, makes it reasonable to use this 

standard for comparison with the method of this study to 
measure the massic alpha emission rate Eα in s-1 g-1. This 
standard has a 209Po massic alpha emission rate of (39.01 ± 0.18) 
s-1 g-1 for k = 2 [1]. Reaching this uncertainty requires multiple 
purification and characterization steps. The LS method uses a 
measurement principle based on photon counting [1]. There can 
be significant corrections necessary for LS counting data, the 
method does allow the identification of disintegrations by other 
radionuclides, and it takes roughly 2000 hours to produce one 
Standard Reference Material such as 4326a. Furthermore, this 
production process requires significant sample handling 
resulting in extra effort to safely dispose of radioactive waste. 

2. New measuring method 

To reduce uncertainties associated with corrections to 
counting data, minimize the influence of contaminating 
radionuclides, and reduce the production effort and radioactive 
waste, a new method is proposed. This method uses a transition 
edge sensor (TES) to measure radioactivity by measuring the 
heat signature caused by radioactive decay. Since the 
dimensions of the transition edge sensor limits the size of the 
radioactive sample, the volume of dispensed liquid is limited to 
5°mg. A volume of approximately 5°μL of radionuclide sample is 
dispensed onto a thin gold foil from a dispenser attached to the 
balance and placed on the TES. The change in mass of the 
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dispenser’s fluid reservoir is measured in-situ using the 
electrostatic force-based precision balance. The information 
from the TES and balance are used to determine the massic 
emission rate of the standard material in Bq∙kg-1. The primary 
goal for mass metrology is to measure a 5°mg mass of liquid with 
a relative expanded uncertainty of 0.1°%. 

To be able to achieve the metrology goal and to automate the 
preparation effort of the samples, a new electrostatic force 
balance will be designed. The new balance will be an absolute 
force balance, where the measured force is traceable to natural 
constants like the Planck constant via the redefinition of the 
kilogram. 

3. Working principle of the electrostatic force balance 

For the realization of the electrostatic force balance, multiple 
sub functionalities are required as illustrated in figure 1. The 

system requires a liquid dispensing system, which can store the 
radioactive liquid, L1 and dispense a defined amount of liquid L3 
on a gold foil sample. The dropping system is attached to the 
guide mechanism of the balance. A number of samples are 
placed on another system, which feeds the unprepared samples 
S1 and returns prepared samples S2 on which the liquid is 
dropped. Due to the dispensed liquid, the mass (m) of the 
dispenser decreases, in turn reducing the force applied to the 
guide mechanism.  
 

𝐹𝐿 = 𝑚𝐿�⃗� 
 

The guide mechanism transfers and carries all the forces in our 
system and allows transverse movement in the direction of the 

gravitational vector. To keep the balance at its equilibrium 
position (also referred to as ‘null position'), an electrostatic 
actuator applies a Fel using the displacement of the balance as 
the feedback measured using an interferometer. Due to the 
steady state displacement, Δx, of the guide mechanism, the 
stiffness, k, of the guide mechanism has an effect on the 
compensated force given by,  
 

𝐹𝐿 = 𝐹𝑒𝑙 + 𝑘Δx 
 

To reduce the impact of the balance stiffness, k must be 
reduced as much as possible by using different principles of 
stiffness reduction. In this case, and for a small displacement 
about a null position. 
 

𝐹𝐿 = 𝐹𝑒𝑙 
 

The applied electrostatic force Fel is given by the voltage, V 
applied to the electrodes of the actuator, and its capacitance 
gradient, dC/dx. 
 

𝐹𝐿 = 𝐹𝑒𝑙 =
1

2

𝑑𝐶

𝑑𝑥
(𝑉 − 𝑉𝑠)

2 

 
where Vs is a surface potential from patch effect that can be 
compensated by averaging the measurement of FL at positive 
and negative polarity for V.[3] 

Therefore, the mass of the dispensed liquid is given by, 
 

𝑚 =
1

2

𝑑𝐶

𝑑𝑥

(𝑉𝑏
2 − 𝑉𝑎

2)

𝑔
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where Vb is the measured voltage averaged over positive and 
negative polarity measurements before the droplet is 
dispensed, and Va is likewise after the droplet is dispensed. To 
measure the capacitance gradient dC/dx requires another 
subsystem that moves the capacitor to different locations along 
the x-axis while measuring the capacitance. 

To communicate between all the subsystems, a control system 
with several inputs and outputs is necessary. And to keep the 
steady state displacement, Δx of the guide mechanism as small 
as possible, a digital realtime control system is used.  

4. Subsystems of the experiment 

A flow chart depicting of all these functionalities is illustrated in 
Figure 2 and a description of the design and realization is 
presented in the subsections below. 

4.1. Guide mechanism  
A compliant four bar linkage guide mechanism provides 

repeatable motion in the direction of gravity. In order to design 
the balance in a tabletop form factor, the distance between the 
swivel joints (LGY) is limited to 100°mm. To reduce the hysteresis 
and difficuly in characterizes effects due to the clamping of 
intermediate links, both the links and joints of the mechanism 
are manufactured from a thin copper beryllium sheet. Flexible 
joints are produced by locally etching the thickness of the sheet 
(referred to as notches). Copper beryllium is chosen because of 
its small mechanical loss factor to reduce the hysteresis effects 
resulting from deformation of the notches. Realizing the four-
bar mechanism using two of these sheets reduces system mass, 
increasing the natural frequency and reducing the impact of low 

frequency disturbances from the environment. The modular 
design minimizes the effort in modification of the mechanism in 
case of damage. Because of the manufacturing method, the 
locations of the noches are well defined by the photomask, 
which increases the accuracy in translation motion and reduces 
the impact of the corner loading error [4]. In addition, the 
distance between the swivel joints in the upper and lower sheets 
(LGx) is equal to (LGY) which reduces the impact of manufacturing 
tolerances that can cause a corner loading error [4]. 

 
4.2. Counter balancing  

Before dispensing the liquid, to hold the balance in an 
equilibrium position, a lever arm is connected to the guide 
mechanism. For this, a copper beryllium sheet with a low 
bending stiffness in z-axis can be used. The rotation joint of this 
lever will also be realized using copper beryllium sheets. To 
increase the operation speed of the balance, the adjustment of 

the counterweight in the y-axis can be automated by using an 
inchworm-type piezo actuator. Under consideration of thermal 
expansion of the lever arm and the four bar linkage, the lever 
arm can be designed to have the same thermal expansion to 
minimize relative movement between the guide mechanism and 
the lever arm in y-direction. To increase the thermal stability of 
the system, the two swings of the lever arm will be designed with 
the same length. 

 
 
 
 
 
 

Figure 2. Technical principle of the electrostatic force

Electrostatic force balance as a new calibration standard for Becquerel 

Force measuring system

Mass 
crosscheck

Feeding system

Weighing mechanism

Guide mechanism

Balance system

Counter 
balancing

Stiffness reduction
Inverted pendulum

Stiffness reduction

Linear 
actuato
r y-axis

St
iff

n
es

s 
re

d
uc

ti
on

C
oi

l
Sp

ri
ng

Magnet

Mass

Sample Sample Water 
reservoirStorage / Clamping

D
ro

p
p

in
g

 s
ys

te
m

x

Displacement 
measurement

Interferometer

Moving XYZ stage

x
y

z

g

Linear 
actuato
r x-axis

Automated 
mass 

handling

Mass

M
ag

ne
t

D
et

er
m

in
e 

ac
tu

at
o

rs
 

tr
an

sm
is

si
on

 
fu

nc
ti

o
n

Linear 
actuator 
x-y-z-axis

A
ct

u
at

o
r 

&
 F

o
rc

e
m

ea
su

re
m

en
t

Dispen
ser

LGY

LGX

339



  

4.3. Stiffness reduction  
Two methods of stiffness reduction are being considered.  

 
(i) Another mass mounted on the lever arm can be adjusted 

automatically in the x-axis to act as an inverted pendulum 
[4].  

(ii) A spring or a voice coil can be mounted in the center of the 
guide mechanism. To vary the preload, the spring can be 
adjusted in x,y,z direction [5], or the coil voltage can be 
changed.  

 
4.4. Force measuring system  

The electrostatic actuator to hold the balance in the null 
position is realized using a capacitor, controlled by measuring 
the displacement using an interferometer. Three configurations 
of the actuator that are being considered are: 
 
(i) Both electrodes are made of flat surfaces. This 

configuration reduces the manufacturing effort, but is 
susceptible to the tilt alignment of the faces of the 
electrodes. 

(ii) One electrode is a sphere, and the other is a flat surface. 
This configuration reduces the effort of tilt alignment. 

(iii) Two concentric cylinder configurations, which results in an 
approximately linear capacitance gradient for a long travel 
range (millimeters). 

 
A goal is to design the capacitor in a modular fashion, to test the 
above mentioned configurations. Because of the fact that every 
liquid drop is unique with a specific mass, a pick and place robot 
will be used to handle reference masses to calibrate the force 
measurement of the balance, and to determine its repeatability. 
 
4.5. Dropping system 

The dropping system is realized by using an automated 
lightweight inkjet-type dispenser. To minimize shocks in forces, 
due to the actuator, and to be able to dose the amount of 
dispensed liquid, the spherical drops have a diameter of 20 to 
80°µm. To reduce the impact of drift during the measurement 
and to speed up the preparation, the dispenser operates at high 
frequency [6]. To reduce the corner loading error, the dropping 
system is aligned to the center of the capacitor along the x- and 
z-axis [4]. 
 
4.6. Feeding system 

To automate the whole process, a feeding system carries the 
small gold foil samples, with a size of round about 2°mm in wide 
and leght and a thickness of 15°µm, in a defined position to place 
the samples under the dropping system. The feeding system is 
moved by an automated XY stage. 
 
4.7. Measure capacitance gradient 

To measure the capacitance gradient, the capacitor is moved 
to different locations along the x-axis by using a voice coil 
actuator, which is applied to the balance system. In each 
location, the capacitance is measured by a capacitance bridge. 

5. Outlook 

NIST runs similar electrostatic force balance projects. One 
example is a balance that measures the photon pressure of a 
laser beam which is pointed to a mirror, mounted to the balance. 
The force can be measured with an uncertainty of lower than 
0.1°% for a mass of 35°mg [7]. This balance is also designed as a 
tabletop instrument, operating in air. Compared to this balance, 
the uncertainty in the new setup will be reduced by 
 

(i) Reducing the impact of hysteresis, by using copper 
beryllium instead of aluminum alloy 7075. 

(ii) Reducing ground vibration operating in a higher natural 
frequency by reducing the weight of the mechanism. 

(iii) Reducing the impact of airflow by not using a mirror. 
 
Therefore an uncertainty of 0.1°% for masses of 5°mg in the new 
setup is achievable in principle based on improvements to 
previous work. 
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Abstract 
Nano-thermography is essential for heat dissipation analysis, especially for nanoscale integrated circuits. However, development of 
widely applicable non-destructive nano-thermography is a challenging task due to the diffraction limit of the infrared waves. Recently, 
we have developed passive scattering-type scanning near-field optical microscopy (s-SNOM) that directly detects thermally excited 
evanescent waves with a spatial resolution of several tens of nanometers without using any external illuminations. The thermally 
excited evanescent waves are generated by local phenomena of materials including electron motions and lattice vibrations, and their 
energy density is determined by the electromagnetic local density of states and Bose-Einstein distribution. Since the signals obtained 
by the passive s-SNOM is determined by the local temperature, the passive s-SNOM has a great potential for nano-thermography. 
However, detailed thermal analyses including absolute temperature mapping and study of the local phenomena have not been 
realized due to the lack of a wavelength selection mechanism. To resolve this problem, we have developed a passive spectroscopic 
s-SNOM with grating-type spectroscopic mechanism. Here, we report the development of the passive spectroscopic s-SNOM and the 
near-field measurement of the thermally excited evanescent waves on metallic and dielectric materials. The passive THz 
spectroscopic s-SNOM was achieved using a blazed diffraction grating that was carefully designed to avoid mixing of light of different 
diffraction orders. It has more than 60 % and less than 8 % for the first and the second order diffraction efficiencies, respectively. We 
conducted a near-field detection of the thermally excite evanescent waves at several different wavelengths in the range of 14–15 
µm with a wavelength resolution of 200 nm. From the decay feature of the detected signals, we verified that the detected near-field 
signals were not influenced by the external environment. The experimentally obtained signals were consistent with the calculated 
energy density. 
 
Keywords: Measurement, Microscope, Optical, Scanning probe microscope (SPM), Nano-thermography   

1. Introduction 

Integrated circuits with nanosized structures are widely used 
in recent electronic devices. To reduce the energy consumption 
and improve the devise performance, it is important to study the 
heat transfer in nanoscale. Nanoscale thermography, including 
thermal atomic force microscopy (AFM) [1], fluorescent 
thermography [2], and quantum dot thermography [3], has been 
demonstrated for studying the local heat distribution. However, 
non-destructive and widely applicable nano-thermography is 
still a challenging task. Infrared thermography, which measures 
temperature using the spectrum of radiation waves from 
materials, has a high potential to be a widely used nano-
thermography; however, its large spatial resolution due to the 
diffraction limit of light is a serious problem. 

To resolve this problem, we have developed passive THz 
scattering-type scanning near-field optical microscopy (s-SNOM) 
[4]. It detects localized electromagnetic waves on a material 
surface, called thermally excited evanescent waves, with a 
spatial resolution of several tens of nanometers. The thermally 
excited evanescent waves are generated by uneven charge 
distributions due to local phenomena of materials including 
electron motions and lattice vibrations. The figure inset in Fig. 
1(a) shows a schematic representation of the thermally excited 
evanescent waves. Its energy density is high near the material 
surface and exponentially decreases with distance from the 
surface. The total energy of the thermally excited evanescent 

waves is determined mainly by the material temperature and 
the electromagnetic local density of states (LDOS)[5]. Therefore, 
the intensity of the thermally excited evanescent waves can be 
used as a probe of the local temperature. Figure 1(a) displays a 
schematic of the passive THz s-SNOM. It consists of a charge 
sensitive infrared phototransistor (CSIP) [6], confocal optics, and 
a home-made AFM. The passive THz s-SNOM does not utilize any 
incident lights and thus directly detects radiation waves from 
samples. Using the passive THz s-SNOM, we have achieved 
detecting the ultra-small thermally excited evanescent waves 
without external illuminations. We have demonstrated 
nanoscale measurements of hot-electron energy dissipation [7] 
and Joule heating [8]. 

The passive THz s-SNOM has been achieved as a powerful 
nanoscale passive measuring technique; however, the lack of a 
wavelength selection mechanism limits the spectral analysis of 
the thermally excited evanescent waves. To deepen the 
understanding of the thermally excited evanescent waves and 
extend the range of applications, we have developed a passive 
THz spectroscopic s-SNOM with a wavelength selection 
mechanism. With the passive THz spectroscopic s-SNOM, 
absolute temperature mapping, surface analysis of condensed 
matter, and development of the passive detection theory would 
be realized. The principal aim of this study is to develop the 
passive THz spectroscopic s-SNOM and perform near-field 
detection of the thermally excited evanescent waves. Here we 
report two types of optical configurations for the spectroscopic 
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The grating structure is shown in Fig. 2(a). It is a blazed grating 
with rectangular apexes. The grating pitch (𝑑𝑑) is 15.5 µm and the 
blazed angle (𝛽𝛽) is 17°. It was designed to have more than 60 % 
and less than 8 % of the 1st and 2nd diffraction efficiencies at a 
wavelength range of 8–16 µm, respectively. The diffraction 
wavelength and efficiency were calculated using the grating 
equation and the scalar theory of grating [9] shown in Eqs. (1) 
and (2). 

𝜆𝜆 = 𝑑𝑑/𝑚𝑚 (sin𝜃𝜃𝑖𝑖 + sin(𝜃𝜃𝑖𝑖 − 𝜙𝜙)) (1) 

𝐼𝐼 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐2 �
𝜋𝜋𝑑𝑑
𝜆𝜆

𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑖𝑖
cos(𝜃𝜃𝑖𝑖 − 𝛽𝛽) ∙

[sin(𝜃𝜃𝑖𝑖 − 𝛽𝛽) + sin(𝜃𝜃𝑖𝑖 − 𝜙𝜙 − 𝛽𝛽)]), (2) 

where 𝜆𝜆 , 𝑑𝑑 , 𝑚𝑚 , 𝜃𝜃𝑖𝑖 , 𝜙𝜙 ,and 𝛽𝛽  are the diffraction wavelength, 
grating pitch, diffraction order, incident angle to the normal of 
the grating, angle between the incident and diffraction waves 
(30 ° ), and blazed angle, respectively. Figure 2(b) is the 
microscopic image of the blazed grating (material: Al alloy). It 
was machined rather than prepared by the metal deposition on 
a structural substrate to avoid the delamination between the 
different materials at an ultra-low temperature. 

To experimentally verify whether the machined grating met 
the diffraction requirement, we measured the diffraction 
efficiency using Fourier Transform Infrared Spectroscopy (FTIR: 
Jasco, FT/IR-6600) [10]. The result is in Fig. 2(c). The solid and 
dashed lines are the 1st and 2nd order calculated diffraction 
efficiencies, respectively. The plots are the experimentally 
obtained diffraction efficiencies that are normalized to the 

maximum diffraction efficiency detected at a wavelength of 9.0 
µm. The experimentally obtained efficiencies were normalized 
because the measurement condition of the passive THz s-SNOM 
and the sample chamber of FTIR are completely different. As 
shown in Fig. 2(c), the measured diffraction efficiency was 
consistent with the calculated values. The measurement 
precision was within 5 %.  
 

2.2. Far-field spectroscopic performances with/without a 
mirror.    

As described in Chapter 2.1, we introduced the spectroscopic 
optics with the blazed grating. The spectroscopic optics was with 
an Al mirror as shown in Fig. 1(b). Here, we introduce another 
optics configuration without the mirror. Figures. 3(a) and (c) are 
pictures of two different types of the optical configurations. 
Comparing to the conventional optics with the Al mirror, 
another optical configuration without the mirror has a 30% 
shorter optical path between the diffraction grating and the 
detector CSIP. Therefore, the influence of the misalignment of 
the grating position is minimized. Furthermore, the signal 
intensity is increased by approximately 10–20 % due to the 
absence of the absorption by the mirror, in principle.     

To ascertain the optical response of these two optical 
configurations, we measured far-field spectra of a 500 K heat 
source. Here, we did not use the probe and detected the thermal 
radiation described by Planck’s radiation law. The detector used 
for the measurement was a single-color CSIP (wavelength range: 
14.5±0.8 µm). The final goal of this passive spectroscopy is with 
a wavelength range of 8-16 µm using a multi-color CSIP [11]; 
however, we have performed the spectroscopic analysis with 
the single-color CSIP due to its high sensitivity. Figures 3(b) and 
(d) represent the far-field spectra of a 500 K heat source using 
the optical configurations with and without the mirror, 
respectively. For both the optical configurations, a strong peak 
was observed at a wavelength of 0 µm. At this position, the 
incident angle to the normal of the grating was 15°; therefore, 
the 0th order diffraction light was obtained according to Eq. (1). 
Since light with all wavelengths are detected, we call this unique 
position as the broadband position. Furthermore, we can 
estimate the wavelength resolution from the FWHM of the peak 
at the broadband position. The wavelength resolutions 
calculated from Figs. 3(b) and (d) were approximately 200 nm 
and 150 nm, respectively.  

At a wavelength range of 13–16 µm, a wider peak was 
observed. At this position, the signal was due to the 1st order 
diffraction light and light with a single wavelength was detected. 
Comparing to the intensity at the broadband position, the 
maximum signal intensities around a wavelength of 14.5 µm 

Figure 1. Schematics of (a) passive THz s-SNOM and (b) passive THz 
spectroscopic s-SNOM. The figure inset in Fig. 1(a) is a schematic of 
the thermally excited evanescent waves. 

mechanism and their optical performances. Using the developed 
passive THz spectroscopic s-SNOM, we detected the near-field 
signals on Au and SiC at a wavelength range of 14–15 µm. The 
detected near-field features were qualitatively consistent with 
the calculated electromagnetic local density of states (LDOS).  

2. Development of the passive THz spectroscopic s-SNOM 

2.1. Spectroscopy with a blazed grating 
Figure 1(b) represents  a schematic of the passive THz 

spectroscopic s-SNOM. The thermally excited evanescent waves 
are scattered by a probe and then a specific wavelength is 
selected by rotating a diffraction grating. The rotation angle is 
measured by a capacitance encoder. We intentionally selected 
the grating-based spectroscopy because it has a high signal 
efficiency and a simple mechanical movement for the 
wavelength selection mechanism.  The simple mechanical 
movement is required because the spectroscopic system is 
operated at 4.2 K and thus makes the mechanical movement 
difficult due to an increase in friction and large energy losses. 

Figure 2. (a) Schematic of the blazed grating. (b) Microscopic 
image of the machiened grating. (c) Calculated and Experimental 
diffraction efficiencies. The solid line and the dashed lines 
represent the 1st and 2nd order calculated efficiencies and plots 
are the results of the FTIR measuremets.  
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detected using the optical configurations with and without 
mirror were approximately 12 % and 28 % of that at the 
broadband position, respectively. As we described above, the 
decrease in the signal efficiency due to the misalignment of the 
grating was minimized using the optical configuration without 
the mirror. The signal intensity detected using the optical 
configuration without the mirror was smaller than that with the 
mirror at the broadband position. It was because of the 
difference in the position of the heat source and the 
deterioration of the grating surface.  

3. Near-field measurements      

3.1. 1D Near-field measurement on a SiC/Au sample 
Then we performed near-field detection with the developed 

spectroscopic optics using a probe (material: tungsten). Using 
the probe, the electromagnetic waves just below the probe apex 
are propagated to the far field and detected. The spatial 
resolution is determined by the radius of the probe apex [12]. In 
our study, a probe with an apex radius of 20–100 nm was used. 
The probe was prepared by electrochemical etching. Figure 4(a) 
shows a schematic representation of the near-field scan. The 
probe is within 10 nm from the sample surface and vertically 
vibrated at a frequency of 11 Hz (𝛺𝛺). The vertical vibration was 
applied to extract the near-field component. The mechanism of 
the near-field extraction is as follows: the thermally excite 
evanescent waves exponentially decay with distance, whereas 
the background electromagnetic waves are constant. Therefore, 
the probe was vibrated and the amplitude of the varying CSIP 
signal was extracted using a lock-in amplifier with a reference 
frequency of 11 Hz. The time constant of the lock-in amplifier 
was 10 s. The vibration amplitude depends on the materials. 

Figure 4(b) is a microscopic image of the micro-patterned 
sample. A cross-patterned Au with a thickness of 100 nm is 
deposited on a SiC substrate. We performed 1D near-field scan 
along the arrow in Fig. 4(b). Figure 4 (c) shows the result of the 
1D scan at the broadband position and a wavelength of 14.5 µm.  
The sample structure is represented in Fig. 4(c) inset. At both the 
broadband position and a wavelength of 14.5 µm, the near-field 
signal on Au is higher than that on SiC. The signal intensity 
detected at a specific wavelength is reduced to 1/10–1/5 of that 
at the broadband position due to the limited number of incident 
phonons. The 1D profile indicates that the spatial resolution is 
approximately 200 nm. Although the improvement of the signal 
to noise ratio (SNR) is required to perform a thorough 
spectroscopic analysis, we have achieved detecting the near-
field signal of the thermally excited evanescent waves both at 
the broadband position and a specific wavelength. 

 
3.2. Measurement of near-field decay on Au 
The total energy of the electromagnetic waves above a 

material surface is described by [5] 

𝑢𝑢(𝑧𝑧,𝜔𝜔,𝑇𝑇) = 𝜌𝜌
ℏ𝜔𝜔

exp � ℏ𝜔𝜔𝑘𝑘𝐵𝐵𝑇𝑇
− 1�

, (3) 

where 𝑘𝑘𝐵𝐵, 𝑇𝑇 , and 𝜌𝜌 are the Boltzmann’s constant, temperature, 
and the electromagnetic local density of states (LDOS). The 
electromagnetic LDOS can be calculated using fluctuation–
dissipation theorem, which is described by; 
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𝑟𝑟12𝑠𝑠 , 𝑟𝑟12
𝑝𝑝 , and  𝑐𝑐 in Eq. (4) denote the Fresnel reflection factor for 

s and p polarization, and the speed of light in vacuum, 
respectively. 𝑘𝑘0  and 𝛾𝛾1 are given by 𝜔𝜔/𝑐𝑐  and 𝜀𝜀1𝜇𝜇1𝑘𝑘02 −
𝐾𝐾2where 𝜀𝜀1 and 𝜇𝜇1 are the dielectric constant and the magnetic 
constant of the material. We conducted the near-field detection 
at room temperature and assumed that the near-field signals 
detected at the CSIP is directly proportional to the 
electromagnetic LDOS. Figure 5(a) represents the calculated 
near-field decay feature of Au at a wavelength of 14.5 µm using 
Eq. (4). It indicates that the thermally excited evanescent waves 
are exponentially decreased, and the decay length is 
approximately 20 nm. 

In order to clarify whether the detected near-field signals does 
not include artifact components, we measured the near-field 
decay feature. We moved the probe away from the sample 
surface by 3 nm at every 10 s and observed the change in the 
CSIP signal. We applied the vertical vibration with an amplitude 
of 100 nm to the probe to extract the near-field component. The 
figure inset of Fig. 5(a) is the schematic representation of the 
decay detection.  

Many studies related to the active-type s-SNOM with external 
illumination indicated that the feature of the near-field decay 
detected at the fundamental frequency (𝛺𝛺 ) has a longer tail 
because of artifact components [13, 14]. Most of the artifact 
components are the background scattering at the probe shaft. 
Therefore, the second (2 𝛺𝛺) or third harmonics (3 𝛺𝛺) are used to 
extract the near-field components. On the other hand, the 
passive measurement, which does not used any external 
illumination, does not require using the higher harmonics 
because the thermally excited evanescent waves are localized   
very close to the surface (z<100 nm) and there is no interaction 
between the evanescent waves and the probe shaft. As a result, 
the near-field decay detected at the fundamental frequency has 
a similar decay feature to that of calculated [15].  

Figures 5(b)–(c) are the experimentally obtained near-field 
decay features (n=8) on Au at wavelengths of 14.2, 14.5, and 
14.8 µm, respectively. The SNR of the near-field decay curve at 

Figure 3. Pictures of the spectroscopic optics (a) with and (c) without the Al mirror for the passive THz spectroscopic s-SNOM. The far-field 
spectra of a 500 K heat source measured using the optics (b) with and (d) without the mirror. The strong peak at a wavelength of 0 µm is the 
0th order siffraction light. The spectral range (the 1st order diffraction light) is 13–16 µm. 
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a wavelength of 14.2 µm, shown in Fig. 5(b), is relatively low due 
to the low optical response at the edge of the spectral range of 
the passive THz spectroscopic s-SNOM. At all wavelengths in a 
range of 14.2–14.8 µm, we obtained the near-field decay curves 
that was similar to the calculated electromagnetic LDOS, shown 
in Fig. 5(a). The decay length of the near-field decay curve was 
about 25 nm at a wavelength of 14.8 µm, shown in Fig. 4(d), and 
that at wavelengths of 14.2 and 14.5 µm was approximately 50 
nm, shown in Figs. 5(b) and (c). The longer decay length at 
wavelengths of 14.2 and 14.5 µm was due to the attraction of 
the probe tip to the sample surface by the atomic force between 
them, and the distance between the probe tip and the sample 
changed during the measurements. The change in decay length 
was not observed if the probe was moved faster away from the 
surface; however, the SNR decreased. The experimentally 
obtained near-field decay curves, which have similar decay 
features to that of calculated, indicate that the near-field signals 
detected at the fundamental frequency (𝛺𝛺) does not include any 
artifact components induced by the external environment. The 
result clearly shows that the developed passive THz 
spectroscopic s-SNOM can directly detect the spectrum of the 
thermally excited evanescent waves. 

Although the SNR of the near-field signal and the tip-sample 
attraction during the near-field measurement are needed to be 
improved, it was the first time that the near-field decay curve at 
a specific wavelength was passively detected. The rapidly 
decreasing near-field decay feature indicates that the detected 
near-field signals are not influenced by any external 
environments. Since the intensity of the thermally excited 
evanescent waves are determined by the electromagnetic LDOS 
and temperature as shown in Eq. (3), the developed passive THz 
spectroscopic s-SNOM can be applied to nano-thermography or 
passive-type chemical microscopy with a high spatial resolution 
of 10–100 nm. 

4. Conclusion  

In this study, we have developed passive THz spectroscopic s-
SNOM and performed near-field measurements. The machined 
blazed grating with a pitch of 15.5 µm and a blazed angle of 17° 
achieved over 60 % of the 1 diffraction efficiency. We compared 
the far-field signal intensity in the spectral range (wavelength: 
13–16 µm) relative to that at the broadband position using 
different optical configurations with and without the Al mirror. 

The signal intensity in the spectral range detected using the 
optical configuration without the mirror showed 2.3-fold 
increase compared with that with the mirror. Using the 
developed spectroscopic mechanism, we performed 1D scan 
and decay-curve detection of the near-field signal at 
wavelengths of 14.2, 14.5, and 14.8 µm. From the 1D profile of 
the near-field signal, we have experimentally verified that the 
spatial resolution was approximately 200 nm. Moreover, the 
near-field decay features detected using a probe, which was 
vibrated at the fundamental frequency, indicated that the 
obtained near-field signals in the spectral range was not 
influenced by the external environment. The developed passive 
THz spectroscopic s-SNOM will be applied to a variety of passive 
spectroscopic measurements including nano-thermography and 
nano-chemical microscopy. 
 
References  

[1] Duvigneau J, Schönherr H, and Vancso G 2010 ACS Nano 4(11) 6932-
6940. 

[2] Gao H, Kam C, Chou T Y, Wu M-Y, Zhao X, and Chen S 2020 Nanoscale 
Horiz. 5(3) 488-494. 

[3] Yang J-M, Yang H, and Lin L 2011 ACS Nano 5(6) 5067-5071.  
[4] Kajihara Y, Kosaka K, and Komiyama S Rev. Scient. Instr. 81(3) 

033706. 
[5] Joulain K, Carminati R, Mulet J-P, and Greffet J-J 2003 Phys. Rev. B 

68(24) 245405. 
[6] Ueda T, An Z, Hirakawa K, and Komiyama 2008 S J Appl. Phys. 103(9) 

093109. 
[7] Weng Q, Komiyama S, Yang L, An Z, Chen P, Biehs S-A, Kajihara Y, 

and Lu W 2018 Science 360 775-778. 
[8] Weng Q, Lin K-T, Yoshida K, Nema H, Komiyama S, Kim S, Hirakawa 

K, and Kajihara Y 2018 Nano Lett. 18 4220-4225. 
[9] Casini R. and Nelson P G 2014 J. Opt. Soc. Am. A 31(10) 2179-2186. 
[10] Sakuma R, Lin K-T, Kim S, Kimura F, and Kajihara Y 2019 IEEE Photon. 

Tecgnol. Lett. 31(15) 12261-1264. 
[11] Kim S, Komiyama S, Ueda T, Satoh T, and Kajihara Y 2015 Appl. Phys. 

Lett. 107(18) 182106. 
[12] Lin K-T, Komiyama S, and Kajihara, Y 2016 Opt. Lett. 41(3) 484-487. 
[13] Hermann P, Hoerhl A, Patoka P, Huth F, Rühl E, and Ulm G 2013 Opt. 

Exp. 21(3) 2913-2919. 
[14] Knoll B, and Keilmann F 2000 Opt. Commun. 182 321-328. 
[15] Kajihara Y, Kosaka K, and Komiyama S 2011 Opt. Exp. 19(8) 7695-

7704. 
 

Figure 4. (a) A schematics representation of the scanning of the 
sample. (b) A microscopic image of the SiC/Au micro-patterned 
sample. (c) 1D scans of the near-field signals at the broadband 
position and a wavelength of 14.5 µm. The figure inset is a schematic 
of the sample structure. Figure 5. Decay profiles of the near-field signal. (a) The calculated 

decay profile of the near-field signal on Au at a wavelength of 14.5 
µm. The figure inset is a schematic representation of the decay 
detection. The experimentally obtained near-field signals on Au at 
wavelengths of (b) 14.2 µm, (c) 14.5 µm, and (d) 14.8 µm. 
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Abstract 
Optical coordinate measurement techniques are growing in popularity due to their high surface coverage and fast data acquisition 
time, and photogrammetry in particular has the further advantage of inexpensive component requirements. Although data 
acquisition is fast, data processing speeds can be relatively slow, particularly when high point cloud densities are required, such as 
for metrology applications. Reconstructed point clouds often also contain superfluous points due to feature matching in the 
background of images. In this paper, we present a method for exploiting the a-priori knowledge of a measurement system to 
efficiently and autonomously segment the object of interest from the background within a photogrammetric reconstruction pipeline. 
We show that using this technique leads to reduced reconstruction times and reduced background feature matching, while 
maintaining the quality and point density of the point cloud. We show a time reduction of up to 71% and a reduction in background 
points of up to 77%. The time required to segment the images is also shown to be lower than the time saved during feature matching 
leading to an overall more efficient measurement pipeline, with potential further gains with a more optimised implementation of the 
techniques presented. 
 
Coordinate metrology, form metrology, photogrammetry   

 

1. Introduction 

Close-range photogrammetry is a coordinate metrology 
technique that reconstructs an object from a series of 
overlapping photographic images of that object [1]. By 
extracting features which are invariant under affine 
transformations from each image, such as through the scale 
invariant feature transform (SIFT) algorithm [2], surface features 
can be matched between images and then triangulated to 
produce a sparse point cloud of an object’s surface. This sparse 
point cloud is refined through a process of bundle adjustment 
[3] which iteratively seeks to minimise the reprojection error of 
the camera network; optionally the sparse point cloud can then 
be ‘densified’ to create a dense point cloud using an algorithm 
such as semi-global matching [4]. The photogrammetric pipeline 
as described above has one major disadvantage over competing 
optical coordinate measuring techniques, mainly fringe 
projection, in that it can be relatively slow. Although exact times 
depend on quality settings and the number and resolution of the 
images used, typical sparse reconstructions can take on the 
order of minutes and dense reconstruction can take on the order 
of hours. 

 
1.1. Previous work 
There are two main approaches to reducing data processing 
time for photogrammetry. The first is to reduce the number of 
images required for the reconstruction. Zhang et al. [5] and 
Eastwood et al. [6] attempted to reduce the number of images 
needed to reconstruct an object while maintaining 
reconstruction accuracy. This is achieved by performing a global 
minimisation procedure on the computer aided design (CAD) 
data of the object to be measured. They show that using 
relatively few optimised imaging locations can produce  higher 

quality reconstruction results than using many more 
unoptimised images. 

The other approach  to reducing overall processing time is to 
improve the per-image processing time. Removing the 
background from an image, and as such reducing the number of 
points detected and matched, has been used as a method for 
speeding up reconstruction and reducing superfluous data. 
Most current approaches to background removal rely on manual 
masking of images by the user [7,8]. If the background is static 
relative to the camera, such as in measurement systems using a 
rotation stage, this can be exploited to remove the background 
in an automated way (see [9]). Furthermore, as static 
background feature matches can cause the reconstruction 
algorithms to fail, the removal of these features has the 
additional benefit of making reconstruction more stable. 
Because of these benefits, commercial photogrammetry 
software packages can accept masks as part of their 
reconstruction algorithms. OpenMVG [10], an open-source 
structure-from-motion library, can use binary masks to 
determine which features are included in the reconstruction. 
However, generating these masks is left entirely up to the user. 
Agisoft Metashape [11], a commercial photogrammetry 
package, can generate image masks but requires the user to 
manually outline the object in a sub-set of the images used for 
reconstruction. 

In this paper, we first present an algorithm for autonomously 
segmenting the object from the background of an image taken 
by a Taraz Metrology P2 photogrammetry system [12]. We show 
that when these segmented images are used for reconstruction, 
the overall processing time is significantly reduced. 
Furthermore, we show that removing the background has the 
added benefit of reducing unwanted background matches, while 
maintaining the point density on the object’s surface. We use 
the measurement system to acquire images of two artefacts, 
then sparse photogrammetric reconstruction is performed on 
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the data, both with and without background removal. The two 
sets of data are then compared. 

2. Methodology 

Figure 1(a) shows the measurement system used in this paper. 
The system has five degrees of freedom of motion with a pair of 
stereo machine vision cameras for data capture. In a typical scan 
sixty pairs of images will be taken in an equally spaced ring 
around the object that is to be measured. 

 

 
 

Figure 1. Taraz Metrology P2 photogrammetry system: (a) the 
measurement system, (b) an example image from a high angle, (c) an 

example image from a low angle. 

 
As can be seen in Figures 1(b) and 1(c), the background of the 

image contains no closed contours and the object to be 
measured is fully contained in the cameras’ field of view. Our 
method for background removal assumes that this will be the 
case for all objects and all imaging positions. Therefore, if we can 
detect the largest closed convex contour in the image, this 
contour will describe the outer bounds of the object within the 
image. The algorithm consists of five steps: bilateral filtering, 
Canny edge detection, Gaussian filtering, contour extraction and 
selection, and boundary dilation. 

First, a bilateral filter [13] is applied to the image. A bilateral 
filter is an edge-preserving smoothing filter and is used here to 
smooth high spatial frequency texture information from the 
image which improves the performance of edge detection in the 
next stage of the algorithm. A bilateral filter combines a spatial 
filter with an intensity filter, both are Gaussian kernels which are 
convolved over the image. The spatial filter acts as a normal 
Gaussian blur and the intensity filter (called the range filter) acts 
over the space of pixel values. The combined filter is formulated 
as, 

𝐼𝑓(𝑥) =  
1

𝑊𝑝
∑ [𝐼(𝑥𝑖) 𝐺𝑟(|𝐼(𝑥𝑖) − 𝐼(𝑥)|) 𝐺𝑠(|𝑥𝑖 − 𝑥|)]

𝑥𝑖∈𝐾

, (1) 

where 𝐼𝑓 is the filtered image, 𝐼 is the original image, 𝑥 is the 

current pixel coordinate, 𝐾 is the sliding kernel window centred 
at 𝑥 such that 𝑥𝑖 is another pixel, 𝐺𝑟 is the range kernel with 
standard deviation 𝜎𝑟, 𝐺𝑠 is the spatial kernel with standard 
deviation  𝜎𝑠 and 𝑊𝑝 is a normalisation term given by,  

𝑊𝑝 = ∑ [𝐺𝑟(|𝐼(𝑥𝑖) − 𝐼(𝑥)|) 𝐺𝑠(|𝑥𝑖 − 𝑥|)]

𝑥𝑖∈𝐾

.         (2) 

By combining the range and spatial filters, pixels which are 
close together but have very different values, such as across an 
edge in an image, are weighted much less than pixels on the 
same side of the edge which will be closer in value. Figure 2 
shows the performance of an edge detection algorithm on an 
example image with and without bilateral filtering. 

 

 
 

Figure 2. Canny edge detection with and without bilateral filtering: 
(a) original image, (b) edge detection on original image, (c) filtered 

image, (d) edge detection on filtered image. 

 
 As can be seen in Figure 2(d), the bilateral filter improves the 

edge selection, reducing the number of minor edges detected in 
the texture of the rotation stage and object, which can be seen 
in Figure 2(b). 

Next, edges are extracted using a Canny edge detection 
algorithm [14]. The Canny edge detection algorithm takes the 
filtered image as input and uses the Sobel operator [15] to 
detect the image gradients at each pixel, where areas of high 
gradient are considered edges. These edges are then thinned 
using non-maximum suppression, a process of selecting only the 
maximum gradient values in the direction of that gradient at 
each pixel. Finally, a process of hysteresis selection is used to 
further refine the edge selection.  The hysteresis selection takes 
two parameters which are thresholds used to determine 
whether a pixel lies on an edge. If a pixel is above the upper 
threshold, it is considered an edge, if it is above the lower 
threshold and neighbours other edge pixels, it is considered an 
edge, otherwise it is not considered an edge. Usually, these 
parameters are set manually on a per image basis; however, to 
ensure the process is autonomous these parameters are 
selected based on the current image by, 
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𝑡𝑙𝑜𝑤𝑒𝑟 = 𝑚𝑎𝑥([0, (1 − 0.33) ⋅ 𝐼(𝑥)̃ ]),             (3) 

𝑡𝑢𝑝𝑝𝑒𝑟 = 𝑚𝑖𝑛([255, (1 + 0.33) ⋅ 𝐼(𝑥)̃ ]),        (4) 

where 𝐼(𝑥)̃  is the median grayscale pixel intensity value over the 
image, and 𝑡𝑙𝑜𝑤𝑒𝑟  and 𝑡𝑢𝑝𝑝𝑒𝑟are the upper and lower thresholds 

for edge selection. Distributing the threshold values about the 
median pixel intensity, as in Equations 3 and 4, was evaluated 
through testing on a range of artefacts and was found to 
perform well. 

 Once the edges have been extracted, a smoothing kernel is 
convolved over the image to connect any discontinuities in the 
extracted edges. 

From the edges, continuous contours are extracted using a 
pixel following algorithm. These contours are sorted by area and 
the convex contour with the largest area is selected to be used 
in the background masking.  As a final step, the boundary of this 
contour is dilated; this ensures the entire object is included in 
the mask, as the shadow at the base of the object can sometimes 
lead to the contour being slightly misplaced. This dilated contour 
is then used to segment the object from the background. Figure 
3 shows the entire pipeline applied to an example artefact. 

 

 
 

Figure 3. Background removal pipeline stages applied to scan data of 
a 3D printed polymer artefact: (a) original image, (b) bilateral filter, (c) 

edge detection, (d) contour extraction, (e) contour selection, (f) dilation 
and masking . 

 

3. Results 

The proposed background removal pipeline was tested for two 
different artefacts, which are shown in Figure 4. 
 

 
 

Figure 4. Test artefacts: (a) artefact 1 manufactured by polymer 
powder bed fusion (PBF), (b) artefact 2 manufactured from Ti64 using 

metal PBF. 
 

 In both cases, 60 stereo pairs of images were captured on a 
ring of equally spaced points around each object leading to a 
total of 120 images. Each image was segmented using the 
proposed method which was implemented using the OpenCV 
library [16] for Python 3.7, this took 10 s per image. These 
images were then reconstructed with OpenMVG, using a 
sequential reconstruction method [10].   

Figure 5 shows the reconstruction results for artefact 1. 
 

 
 

Figure 5. Open MVG reconstruction results on 120  images of artefact 
1: (a) example scan image, (b) example masked image, (c) normal 

sparse reconstruction, (d) sparse reconstruction with masking.  

 
As can be seen in Figure 5, artefact 1 was reconstructed well 

in both cases with approximately 130,000 surface points being 
reconstructed using both techniques. However, the normal 
reconstruction shown in Figure 5(c) also reconstructed 110,198 
background points. In comparison, using the proposed method, 
the reconstruction shown in Figure 5(d) reconstructed only 5465 
background points. This led to a decrease in processing time 
from 2353 s to 1130 s, a reduction in time of 52%.  

 

  
 

Figure 6. Open MVG reconstruction results on 120 images of artefact 
2: (a) example scan image, (b) example masked image, (c) normal 

sparse reconstruction, (d) sparse reconstruction with masking.  
 

To provide further evidence of the effectiveness of the 
proposed approach, the same test was conducted on a second 
artefact as shown in Figure 6. Once again, the reconstruction of 
the object was similar in both methods, but the number of 
background matches was significantly decreased when masking 
was used. In this case, when using conventional reconstruction, 
there were 55,923 object points and 340,639 background points, 
compared to 54,041 object points and 3,085 background points 
when the proposed image masking method is utilised. This over 
100 times reduction in background points leads to a reduction in 
reconstruction time from 11,524 s to 3302 s, which is a reduction 
of 71%.  
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4. Discussion 

It is shown in Figures 5 and 6 that the quality of the sparse 
reconstruction is maintained when the background removal is 
utilised. In both cases the masked reconstructions are within 3% 
of the object points, as compared to using the un-masked 
images. 

When reconstructing smaller objects, such as artefact 2, it was 
found that the vast majority of the reconstructed points are 
background points, which are not useful to the measurement of 
the object. In the specific case of artefact 2 only 18% of the 
reconstructed points were related to the measured object. This 
explains the even greater time reduction when compared to 
artefact 1 in which 54% of the reconstructed points were on the 
object surface. 

When using the masked images, the reconstruction of artefact 
1 had 95.9% object points and the reconstruction of artefact 2 
had 94.6% object points. This result is clearly a significant 
improvement over the un-masked reconstructions. The reason 
that there are still some background points is because of the 
dilation of the contour used to mask the object. However, this 
leads to better reconstruction results than the cases when the 
un-dilated boundary would remove some of the object pixels 
along with the background. Furthermore, there are some 
erroneous ‘floating’ points both with and without the masking 
process. However, these points will be filtered out before 
densification by setting a maximum reprojection error threshold 
for a point to be included. 

There is potential to further reduce the number of background 
points carried forward to reconstruction by refining the 
background removal. For example, Figure 5(b) shows how, if a 
part has concave features, a large amount of background can fail 
to be masked out. However, during testing, it was found that 
attempts to increase the amount of background pixels removed 
lead to the algorithm becoming more unstable and frequently 
removing object pixels on more complex objects. Therefore, in 
this paper we chose to include more background pixels to ensure 
all object pixels were included for complex parts.  

The current Python implementation of the algorithm, when 
run on an Intel Xeon W-2723 CPU, takes around 10 s per image 
of processing time to complete the image segmentation. It is 
likely this time can be significantly reduced with a more efficient 
implementation using optimised code and more powerful and 
effective hardware, such as GPU acceleration. However, with 
the current implementation, the sum of the masking time and 
reconstruction time is still lower that the time taken for 
reconstruction using the un-masked images. 

5. Conclusions 

We have presented a method to robustly and autonomously 
remove the background from images. Our method exploits the 
knowledge that there are no large, closed contours in the 
background of images captured by the measurement system (in 
this case a Taraz Metrology P2). Therefore, the largest closed 
contour in the image will define the outline of the object which 
is being measured.  

We show that using these masked images in sparse 
photogrammetric reconstruction can lead to up to 71% time 
savings and the point density on the object surface is 
maintained. Furthermore, we show that the number of 
superfluous background matches is significantly reduced with 
around 95% of reconstructed points constituting the object 
surface in both case studies presented.  

6. Future work 

Immediate future work is to determine the impact of the 
proposed approach on dense reconstruction through 
comparison to CMM data. This is important to verify that 
masking the background does not lead to form or dimensional 
errors in the final measurement result. 
Further work has begun on a more optimised version of the 
algorithm implemented in efficient Rust code. Early results show 
this is likely to lead to significantly reduced processing time at 
the image masking stage, compared to the Python 
implementation used to generate the results shown in this 
paper. 
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Abstract 
After the 2019 redefinition of the International System of Units (SI), torque no longer needs to be traceable to a calibrated weight 
suspended from a known lever arm. Specifically, a modification of the Kibble principle used for realizing the kilogram allows for direct 
realization of torque via electrical measurements traceable to the revised SI. A recent National Institute of Standards and 
Technology/US Air Force collaborative effort to design, construct and characterize a self-calibrating electromechanical instrument 
mainly consisting of a tabletop-sized permanent magnet-electromagnet system aimed at generating 1 mN·m to 1 N·m with 0.1 % 
accuracy for directly calibrating torque tools is underway. This instrument, the Electronic NIST Torque Realizer, is intended to replace 
the current torque standards of mass and length, and put primary torque realization standards in the hands of calibration facilities.   
 
Keywords: metrology, torque, instrument design, Kibble principle     

1. Introduction 

After the 2019 redefinition of the International System of 
Units (SI), torque no longer needs to be traceable to a calibrated 
weight suspended from a known lever arm. Specifically, a 
modification of the Kibble principle used for realizing the 
kilogram allows for direct realization of torque via electrical 
measurements traceable to the revised SI [1]-[3]. 

Nishino et al. [2] demonstrated that SI-traceable torques on 
the scale of mN·m or less can be generated without the use of 
traditional torque generation methods utilizing gravity and 
lever-arms.  

For small torque lower than 1 cN·m, the process of balancing 
small mass artifacts required to calibrate fragile transducers is 
difficult, burdensome, and often irreproducible. A recent 
National Institute of Standards and Technology (NIST)/US Air 
Force collaborative effort to design, construct and characterize 
a self-calibrating electromechanical instrument mainly 
consisting of a tabletop sized rotating electromagnet aimed at 
generating 1 mN·m to 1 N·m with 0.1 % accuracy for directly 
calibrating torque tools is currently underway.  

This instrument, the Electronic NIST Torque Realizer (ENTR), is 
intended to re-route the SI standards dissemination chain from 
mechanical standards to electrical standards, empowering 
calibration facilities ranging from military to research and 
industry to directly realize torque for themselves. 

This paper seeks to analyze performance of the ENTR 
prototype as it stands in its current stage of development with 
regards to uncertainty in the value of torque produced via the 
modified Kibble principle.  

This paper will outline the current state of the ENTR project, 
beginning with a description of the modified Kibble principle at 
the core of operation. The mechanical construction is outlined, 
as are the electronic components. A brief outline of operational 
processes are also described. Finally, the current state of the 
ENTR project is discussed through analysis of prototype testing 

results, including the current uncertainty budget, followed by 
planned future work.  

2. Operational Theory 

The  realization  of  torque  is  achieved  via  a conversion   of   
the   traditionally   linear   Kibble principle  to  a  rotational  frame.  
In  the  linear version,  a  round  coil  is  translated  vertically 
through a fixed magnet system. In the rotational version, a set 
of permanent magnets spin with respect to a fixed D-shaped 
coil. The process of realizing torque requires two modes  of  
operation:  spin  mode  (eq.  1)  and torque mode (eq. 2) 

 

𝑉 = 𝐵(𝜑)𝐿𝑟 �̇�    (1) , 𝜏 = 𝐵(𝜑)𝐿𝑟𝐼    (2) 
 

where 𝑉 is the induced voltage in the coil caused by rotation of 
the permanent magnet system, 𝐵 is  the  magnetic  flux density  
of  the  magnet through the coil, 𝐿 is  the  total length of the 
radial wire segments of the coil, 𝑟 is  the  distance  between  the  
axis  of  rotation and  the  center  of  each  wire  segment, �̇� is 
the  angular  velocity, 𝜏 is  the  torque,  and 𝐼 is the  electrical  
current.  Strictly  speaking, 𝑉, 𝜏 and 𝐵 are  all  functions  of  the  
angle 𝜑 of  the magnet ranging from 0° to 360° and to simplify 
the  notation,  we  set: 

 

𝛽(𝜑) = 𝐵(𝜑)𝐿𝑟   (3) 
 

Thus,  a condensed way to depict eqs. 1 and 2 would be: 
 

𝑉(𝜑)  = 𝛽(𝜑) �̇�    (4) , 𝜏(𝜑)  = 𝛽(𝜑)𝐼    (5) 
 

In spin mode, 𝛽(𝜑) is calculated by measuring the induced 
voltage in the coil 𝑉(𝜑) while simultaneously sampling the 
instantaneous angular velocity of the permanent magnet 
𝜑 ̇ every time a voltage measurement is taken. A plot is then 
generated for 𝛽(φ) in the domain [0°,360°). 
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In torque mode, the magnet is servoed to a desired angle 𝜑1 
by injecting a current 𝐼 into the coil controlled by a Proportional-
Integral-Derivative (PID) feedback loop. The torque 𝜏(𝜑1) can 
then be calculated by multiplying the measured current with the 
𝛽(𝜑) imported from spin mode, explicitly: 

 

𝜏(𝜑
1
) = 𝐼

𝑉(𝜑
1
)

�̇�
    (6) 

 

Where 
𝑉(𝜑

1
)

�̇�
 is a unique but constant value for any given 𝜑, 

assuming constant temperature. 

3. Mechanical Design 

At the heart of ENTR is a set of two ring magnets capable of 
rotation. A pair of commercial NdFeB axially magnetized rings 
are each sliced in half using a waterjet cutter. Half the semi 
circular rings are flipped upside down, paired back with the 
original half, and placed onto mild steel yokes for guiding the 
magnetic flux. The yokes are fixed to a rigid shaft such that the 
two magnet sets are oriented in attraction and the slits between 
the top and bottom magnets were aligned, see Fig. 1. Two ZrO2 
radial ball bearings constrain the rotation of the shaft. A 
previous study was conducted comparing the internal friction of 
multiple commercial bearings and ZrO2 was chosen for its lowest 
friction properties within the study group. The lower bearing is 
set into a base plate for the rotary shaft to rest on, and the upper 
bearing is held in place by a bracket which attaches to the base 
plate, see Fig. 2.  

A precision machined tapered ring built into the bottom yoke 
provides a surface for mounting a Renishaw RESM1 optical rotary 
encoder.  

 

 
 

Figure 1. 3D CAD model of rotational components. Top magnetic yoke 
made transparent for easier visibility and magnet polarities shaded 
red/blue for clarity. A stainless steel stepped shaft is constrained by the 
inner racers of two ZrO2 ceramic bearings. Two mild steel yokes are 
mounted onto flanges on the shaft and four half ring magnets are 
attached to the yokes. Each pair has opposite polarity per yoke and the 

 
1 Certain commercial equipment, instruments, and materials are identified in this 
paper in order to specify the experimental procedure adequately. Such 
identification is not intended to imply recommendation or endorsement by the 
National Institute of Standards and Technology, nor is it intended to imply that 

two magnet assemblies are oriented in attraction. The bottom yoke is 
machined with a tapered ring for centering the encoder scale. 

4. Coil Design 

To generate a torque, the straight segments of a D-shaped coil 
interact with the magnetic field generated inside the gap 
between the two magnet pairs. Due to the irregular geometry, 
the coil is fabricated on a printed circuit board (PCB) as opposed 
to the traditional method of wire winding. This method of 
constructing coils has proven advantageous due to ease of 
manufacturing, low cost, and thus mass producible in the future. 

Every 0.8 mm thick PCB is double sided, each containing 33 
turns. The cross sectional dimensions of each trace are 0.36 mm 
by 0.71 mm and each trace is separated by 0.125 mm. A stack of 
8 PCBs results in a total of 528 turns and rests on plastic hex 
standoffs such that the stack sits vertically centered between 
the magnets. The total coil resistance measured is 
approximately 120 Ω, see Fig. 3 
 

 
 
Figure 2. CAD model of full ENTR assembly. 
 
 

 
 
Figure 3. CAD model of the top side of a single 0.8 mm thick PCB. A total 
of 33 turns are printed on each side. At the top of the PCB are two bare 
solder pads, allowing for stacking and soldering in series. A stack of 8 

PCBs with 528 turns has a total resistance of about 120 Ω.  
 

the materials or equipment identified are necessarily the best available for the 
purpose. 
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5. Operation 

In order to switch between spin mode and torque mode, a 
system of physical relays controlled through LabVIEW are used.  

Both voltage and current measurements are performed using 
a Keysight 34465A Digital Multimeter. Current is generated 
using a Keithley 2401 source measure unit. 
 
5.1. Spin Mode 

In spin mode, the LabVIEW program monitors angular 
position, angular velocity, and induced voltage within the coil. 
ENTR is driven to some chosen angular velocity by injecting a 
current defined by position through the D-shaped coil. Once the 
rotating magnet assembly reaches the desired maximum 
angular velocity, the system takes simultaneous measurements 
of the angular velocity and induced voltage until some defined 
minimum angular velocity is reached. A profile of 𝛽 vs 𝜑 is 
created using these voltage and velocity values as shown in fig. 
4.  The program then fits a 4th degree polynomial function to 
each of the domains of relative flatness, and records the 
maximum or minimum of the fit function within that domain. 
These values are taken and recorded as 𝛽𝑚𝑎𝑥  and 𝛽𝑚𝑖𝑛. 

Once these values of maximum and minimum are recorded, 
the system switches the relays back to the current source, and 
ENTR is again driven to the desired max velocity, and the process 
repeats.  

As the system runs, the recorded values of 𝛽𝑚𝑎𝑥  are averaged, 
as are the values of 𝛽𝑚𝑖𝑛 . The system will run in this way 
indefinitely until the user switches the system to torque mode. 

  
5.2 Torque Mode 

 
In the torque mode, the program switches the relays such that 

the current source is part of the coil circuit, and sends a 
command to the digital multimeter to measure current 
produced by the source unit and driven through the coil.  

While any angular position with a non-zero value of Beta could 
theoretically be used for torque mode application, the chosen 
position for torque mode operation is defined as the angular 
position 𝜑 + 90 degrees from where 𝛽(𝜑)  =  0 and 𝑑𝛽(𝜑)/
𝑑𝜑 > 0. This location corresponds to the averaged value of 
𝛽𝑚𝑎𝑥  found in spin mode. 

The program uses PID feedback control to rotate the magnet 
assembly of ENTR to the desired position. Once the system has 
reached the desired angular position, torque applied to the 
central shaft is opposed by a torque created by current driven 
through the coil controlled by the PID feedback loop. From 
equation (5), the torque applied to the system can be 
determined by using the averaged value of 𝛽𝑚𝑎𝑥  taken from spin 
mode.  

The torque applied to the system is calculated and displayed 
in real time for the user to observe. A user can attach a torque 
tool such as a dial-face torque watch to the shaft, and compare 
the torque reading on the dial to the torque produced by ENTR.  
 

 
Figure 5. ENTR in the lab with a dial-face torque watch attached to top 
of rotary shaft. The chuck of the torque watch is coupled to the 
rotational shaft with a custom made adapter. 

6. Experimental Methodology 

In order to evaluate the performance of the ENTR prototype, 
we use a hanging mass/lever arm system including a 2.54 cm 
(1.00 in) Mountz calibration wheel as shown in fig. 6. ENTR is 
oriented such that the rotational axis is perpendicular to the 
direction of gravity while a mass is placed on a hanger on one 
side of the calibration wheel, creating a net torque. A similar 
hanger is suspended from the other side of the calibration wheel 
to act as a counterweight. The theoretical value of the torque 
produced by this hanging mass/lever arm system is then 
compared to the reported torque produced by ENTR.  

Masses and hangers are weighed using an analytical balance 
and the masses used for testing are placed on one hanger. Mass 
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Figure 4. An example of a calibration factor profile created in spin mode over approximately three revolutions. 
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is added in 5 g increments from 0 g to 100 g, testing a range of 
torques from -2.49 cN·m to +2.49 cN·m (±3.53 in·ozf). 
Theoretical torque, 𝜏𝑎𝑝𝑝𝑙, is determined by the equation:  

 

𝜏𝑎𝑝𝑝𝑙 = 𝑚𝑔𝑟  (7) 
 

where 𝑚 is the net mass of one hanger/mass set minus the 
other, g is the local acceleration of gravity, and 𝑟 is the radius of 
the calibration wheel. We assume that the axial orientation of 
the rotary shaft is perpendicular to the direction of gravity.  

 

 
Figure 6. ENTR in its horizontal orientation with test masses suspended 
from a Mountz 2.54cm (1.00in) calibration wheel.  

7. Results and Discussion      

 
Figure 7. Plot of absolute difference of averaged torque values 
measured by ENTR vs torque values applied by the hanging masses. 
Error bars represent the statistical uncertainty of the measured torque 
values. 

 
Fig.7, depicting the difference between 𝜏𝑎𝑝𝑝𝑙 and 

𝜏𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  , indicate promising initial results with room for 

improvement. The Mountz calibration wheel has a length 
uncertainty of ± .025 mm (0.001 in) which may account for some 
of the percent difference in fig. 7. Standard deviation of the 
percent difference values is 0.24 % and the 11 points outside one 
standard deviation are omitted in the plot. Other sources of 
error may include friction of the bearings constraining the rotary 
shaft, and misalignment of the rotary shaft assembly in relation 
to gravity. 

Error bars are calculated as the standard deviation of 270 
torque measurements made in torque mode at 20 
samples/second. Sources of error include nature of the control 
loop, friction of the ceramic bearings holding the rotor, air 
currents disturbing the hanging masses, and uncertainty of the 
encoder system.  

8. Summary 

We show a working prototype of the self-calibrating ENTR 
system that can measure torques with 0.3 % or better 
agreement with conventional methods for the operational 
ranges tested. Further development is needed in order to 
improve accuracy and operational range. 

9. Conclusions and Future Work 

Our work has shown significant progress on the development 
of a new device for calibration of torque tools. Future work 
includes determining a full uncertainty budget as well as design 
and construction of a revised ENTR prototype. Alternate designs 
of several components of the mechanical construction are 
planned, including incorporation of aerostatic bearings to 
further lower operational ranges. These revisions of mechanical 
design will also aid in ease of prototype testing and 
(dis)assembly. An alternate encoder system is to be investigated 
with the dual goals of improving performance and reducing costs 
of production down the development line.  
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Abstract 
Accurate, fast, embedded and in-line three-dimensional (3D) measurement of specular structured surfaces is an ever-increasing 
demand in industry but also a great challenge for current metrology. Phase measuring deflectometry (PMD) is an important technique 
for form measurement of specular surfaces. However, there are problems that prevent PMD from achieving embedded and in-line 
measurement, such as large system volume and measurement shadows for measuring structured specular surfaces. For traditional 
PMD techniques, imaging sensor and fringe-displaying screen in a PMD system have to be separated on both sides of the normal of 
the measured surface in order to guarantee the imaging sensor can capture the reflected fringes through the reflection of the 
measured surface.  This configuration results in large system volume. Here, we present a plate beamsplitter based stereo phase 
measuring deflectometry (BSPMD) to solve these problems. With the function of plate beamsplitter, imaging sensors and screen in 
BSPMD can be located in the same direction, which makes the volume of BSPMD is much reduced compared with traditional PMD 
system. In addition, the imaging sensors in BSPMD can capture the measured surface perpendicularly, which can significantly 
decrease structure shadows and increase valid measurement data. A comparison study between traditional PMD and BSPMD is 
conducted by measuring a specular step to show BSPMD has similar measurement accuracy, but smaller system volume compared 
with traditional PMD.  
 
 
Keywords: Absolute measurement, specular surface measurement, structure surface measurement, stereo deflectometry   

 

1. Introduction   

It is important to measure the three-dimensional (3D) form of 
structured specular surfaces in several industrial arenas such as 
automotive manufacturing, precision manufacturing, 
aerospace, and intelligent lighting, because the 3D form 
accuracy of the structured surfaces has a direct influence on 
product quality and system performance [1]. It is a great 
challenge to make the measuring of structured specular surfaces 
to achieve accurate, fast, embedded and in-line 3D 
measurement [2]. Interferometry is a well-known measurement 
technique measuring surfaces based on optical interference 
principle, but it is difficult to be used in structured surfaces 
measurement due to the limitation of measurement principle 
[3]. Stylus profilometer [4] and Coordinate Measuring Machine 
(CMM) [5] have been widely used in industry for surface 
measurement. Stylus profilometer touches surface under test 
(SUT) by using a stylus tip and can achieves a few tens of 
nanometres measurement accuracy. CMM can be used to 
measure surfaces with complex geometric shape by using a 
probe moving along SUT. However, stylus profilometer and 
CMM are time-consuming. In addition, the stylus tip of these 
techniques can possibly damage the SUT. Moreover, stylus 
profilometer and CMM are difficult to be used in embedded 
measurement due to large volume.  

Phase measuring deflectometry (PMD) is a well-known 
technique for 3D form measurement of specular surfaces with 
the advantages of non-contact, fast and full-field measurement 
compared with the above traditional measurement techniques 
[2]. Traditional PMD techniques focus on continuous surface 

measurement and can achieve submicron measurement 
accuracy with the help of the high sensitivity of gradient 
measurement [2]. To measure structured specular surfaces, 
Zhang et. al proposed direct phase measuring deflectometry 
(DPMD) which obtain form data of the SUT from phase data 
directly [6]. However, DPMD have a relatively low surface 
measurement accuracy compared with traditional gradient 
based PMD techniques. In order to improve measurement 
accuracy of DPMD, Wang et al. proposed a method for DPMD 
based on stereo algorithm [7]. However, because two screens 
are required to be used in DPMD, this technique has larger 
system volume than PMD systems with single screen, which 
results in difficulty in embedded measurement. Compared with 
DPMD, segmentation phase measuring deflectometry (SPMD) is 
also proposed for structured specular surfaces measurement 
but has obvious advantages in measurement accuracy and small 
system volume [8]. SPMD has similar configuration with 
tradition stereo deflectometry [9]. There are still problems for 
the configuration to achieve embedded measurement. One is 
the volume of the configuration is required to be further 
reduced for being put into a manufacturing system. Another 
problem is because the cameras have to capture SUT with an 
obvious tilt to the surface normal of the SUT, measurement 
shadows are inevitable when measuring structures with big 
depth. 

To solve these problems of SPMD, we present a plate 
beamsplitter based stereo phase measuring deflectometry 
(BSPMD). Imaging sensors and screen in BSPMD can be located 
in the same direction with the function of plate beamsplitter, 
which significantly reduces the volume of BSPMD compared 
with traditional configuration. In addition, the imaging sensors 
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in BSPMD can capture SUT perpendicularly, which can 
significantly decrease structure shadows and increase valid 
measurement data. The paper is organized as following. The 
principle and method of the BSPMD is presented in Section 2. 
Section 3 verify the effectiveness of the method through 
experiments. A summary of the paper is addressed in Section 4. 

2. Principle and method        

2.1. Comparison of the configuration between tradition PMD 
and BSPMD  

 

  
 
Figure 1. Configuration of traditional PMD system. 
 

 
 
Figure 2. Illustration of problems of traditional PMD system. (a) A picture 
of PMD system with traditional configuration; (b) a captured picture of 
the structured specular surface with fringe information by traditional 
PMD system. 

 
A screen displaying fringe patterns and an imaging sensor are 

necessary elements of a PMD system. The imaging sensor 
captures the fringe patterns displayed on the screen through the 
reflection of SUT and then calculates phase data of the captured 
fringe patterns. Form information of SUT is obtained based on 
the calculated phase data and geometric relationship of optical 
elements in PMD system. Figure 1 shows the configuration of a 
traditional PMD system with stereo imaging sensors. In order to 
guarantee the imaging sensors can capture the reflected fringes 
through the reflection of SUT, imaging sensors and the fringe-
displaying screen in the PMD system have to be located 
separately on both sides of the normal of the SUT. Obviously, 
this configuration is not compact enough for embedded 
measurement. Another problem of traditional PMD 
configuration is illustrated in Fig. 2. Figure 2(a) shows the setup 
of a PMD system with traditional configuration. Figure 2(b) 
displays a captured picture of the structured specular surface 
with fringe information. Serious shadows can be observed in this 
picture because both screen light and camera ray illuminate 
obliquely on the SUT.  

By contrast, the configuration of the proposed BSPMD is 
shown in Fig. 3. A plate beamsplitter is located at an angle of 
approximately 45 degrees on the front of the SUT, so that the 
fringe patterns displayed on the screen can be vertically 
projected on the SUT through the reflection of the plate 
beamsplitter. At the same time, the cameras can capture the 

SUT directly from the front through the plate beamsplitter. 
There are two obvious advantages of BSPMD compared with 
traditional PMD configuration. One is the system volume is 
significantly reduced by a more compact configuration design 
which can be distinguished by a comparison between Fig. 1 and 
Fig. 3. Fig. 4(a) shows a picture of the BSPMD system, which is 
quite small compared with PMD system with traditional 
configuration. Another advantage of BSPMD is that the shadows 
is avoided to a great extent. A captured picture of the structured 
specular surface by BSPMD system shown in Fig. 4(b) can be 
compared with Fig. 2(b) to address this point clearly. The 
reduction of measurement shadow effectively reduces invalid 
data and increases measurement efficiency. 
 

 
 
Figure 3. Configuration of BSPMD system. 
 

  
 
Figure 4. Illustration of advantages of BSPMD system. (a) A picture of 
BSPMD system; (b) a captured picture of the structured specular surface 
with fringe information by BSPMD system. 

 
2.2. System calibration of BSPMD system   

 
System calibration is an important step before the 

measurement of PMD and the key influence of the 
measurement accuracy. Figure 5 illustrates the calibration 
method of BSPMD. 𝑚1 and 𝑚2 represent pixel point in term of 
imaging sensor 1 and imaging sensor 2, respectively. Their 
corresponding physical point on equivalent screen are 
expressed as 𝑀1 and 𝑀2, respectively.  {𝐿} denotes coordinate 
system of the equivalent screen. {𝐶1}  and {𝐶2}  represent 
camera coordinate system of imaging sensor 1 and imaging 
sensor 2, respectively. {𝑃1} and {𝑃2} denotes pixel coordinate 
system of the imaging sensors, respectively. The aim of the 
calibration is to obtain the relationship between {𝐿} and phase 
coordinate system, the relationship between camera coordinate 
system and pixel coordinate system, and the transformation 
matrix between {𝐿} , {𝐶1}  and {𝐶2} , respectively. The 
relationship between {𝐿} and phase coordinate system can be 
calculated by knowing pixel size and resolution of the applied 
screen. Based on pinhole model, the relationship between 
camera coordinate system and {𝐿} can be obtained according to 
Eq. (1) by putting a flat mirror at several arbitrary mirror 
positions.  
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𝑠 ∙ 𝒎 =A∙ [𝑹′ 𝒕′]𝑴′                  (1) 
 
where 𝑠 is scale factor. 𝒎 represents camera pixels. 𝑴′ denotes 
corresponding physical points of 𝒎 on virtual equivalent screen 
after the reflection of the flat mirror. 𝑹′ and 𝒕′ are the rotation 
matrix and translation matrix of the relationship, respectively. 
The rotation matrix 𝑹  and translation matrix 𝒕  of the 
relationship between camera coordinate system and {𝐿} can be 
calculated based on Eq. (2). 
 

{
𝑹 = (1/(𝑰 − 2𝒏𝒏𝑇))𝑹′

𝒕 = (1/(𝑰 − 2𝒏𝒏𝑇))(𝒕′ − 2𝑑𝒏)
                (2) 

 

where 𝒏  is the normal vector of the flat mirror and 𝑑  is the 
distance from the flat mirror to the centre of imaging sensor. 

 
 
Figure 5. Illustration of the calibration of BSPMD. 

3. Experiments     

An experiment is conducted to test the performance of the 
proposed BSPMD system. A flat mirror with fringe information is 
used as phase target to calibrate the system parameters based 
on the method described in section 2.2. Figure 6 shows the 
phase target in a calibration position of the calibration process. 
Reprojection error of most calibration points are within 0.5 
pixels as shown in Fig. 7. A specular step gauge is measured by 
the BSPMD system and measurement result is compared with 
that obtained with traditional stereo camera PMD system. 
Figure 8 shows the calculated phase value of the step gauge in 
tradition PMD system. Figure 9 shows the calculated phase value 
in BSPMD system. Comparison of measurement result of 
tradition PMD system and BSPMD system is shown in Fig. 10. It 
is obvious that there are a great many of missing data in the 
measurement result of tradition PMD system due to structure 
shadow. By contrast, the measurement quality of the BSPMD 
system is much better. Table 1 shows measurement difference 
of structure height between PMD and BSPMD. Measurement 
result of CMM is used as a benchmark to evaluate the 
measurement accuracy of PMD and BSPMD. It is clear that 
BSPMD has similar measurement accuracy with traditional PMD 
system.  

 

Figure 6. Phase target in one calibration position of the calibration 
process. (a) Phase target along horizontal direction of camera 1; (b) 
phase target along vertical direction of camera 1; (c) phase target along 
horizontal direction of camera 2; (d) phase target along vertical direction 
of camera 2. 
 

  
 
Figure 7. Calibration result.  
 

 
 

Figure 8. The calculated phase value of the specular circle mirror in 
tradition PMD system. (a) Phase value along horizontal direction of 
camera 1; (b) phase value along vertical direction of camera 1; (c) phase 
value along horizontal direction of camera 2; (d) phase value along 
vertical direction of camera 2. 
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Figure 9. The calculated phase value of the specular circle mirror in 
BSPMD system. (a) Phase value along horizontal direction of camera 1; 
(b) phase value along vertical direction of camera 1; (c) phase value along 
horizontal direction of camera 2; (d) phase value along vertical direction 
of camera 2. 
 

 

 
 
Figure 10. Comparison of measurement result of tradition PMD system 
and BSPMD system. (a) 3D form of the specular circle mirror measured 
by traditional PMD system; (a) 3D form of the specular circle mirror 
measured by BSPMD system. 
 
Table 1 Comparison of the specular circle mirror measured based on 
traditional PMD and BSPMD 
 

 Structure 
height 1 
(mm) 

Structure 
height 2 

(mm) 

Structure 
height 3 

(mm) 

CMM 5.617  3.676  4.672  

PMD 5.626 3.682 4.661 

BSPMD 5.580 3.710 4.610 

4. Conclusions     

A new configuration of PMD system is proposed in this paper. 
There are two advantages of the proposed configuration 
compared with traditional PMD configuration. Firstly, the 
proposed configuration can significantly decrease the system 
volume of PMD system, which shows a usefulness when PMD is 
used for embedded measurement. Secondly, both screen and 
imaging sensors in the proposed configuration can vertically 
capture SUT, which can dramatically reduce the measurement 
shadow caused by the measured structures and increase the 
valid measurement data. Experimental results verified the 
effectiveness of the proposed configuration. With the benefit of 
the applied beamsplitter, the presented technique has 
considerable advantages of compact configuration, light weight, 
and reducing insignificant measurement error caused by 
structure shadows, compared with the exciting PMD techniques 
based on the conventional configuration. These advantages 
make the proposed technique show great performance in 

portable, embedded measurement for discontinuous specular 
surfaces. Next step, a portable system will be built based on the 
proposed configuration for embedded measurement. 
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Abstract 
The production of metallic sheet metal parts (e.g. for the automotive industry or for microscopic components in medical technology) 
represents a significant branch of the European industry. One of the main production difficulties lies in maintaining the specified 
surface roughness in the highly formed areas of the sheet metal. Due to the high production cycle rates, only optical methods can be 
used to continuously inspect the surface quality of all manufactured components. One promising roughness measurement method 
is based on polychromatic laser speckles, which is able to measure roughness values Sa of up to several micrometers. However, if the 
surface is tilted compared to the calibration situation of the measurement system, significant measurement deviations occur or no 
measurement is possible. 
Therefore, a robot-assisted speckle roughness measurement procedure is presented, which consists of two steps. In the first step, 
the inclination of the surface is estimated from the acquired speckle image by evaluating the longitudinal speckle elongation 
directions. Then the sensor head, which is mounted on a 6-axis robot, is iteratively reoriented according to the estimated inclination. 
In the second step, the remaining inclination of less than ±1.25° is compensated with a model-based speckle evaluation of a newly 
acquired speckle image. As a result of our validation experiments, the roughness measurement is enabled with a remaining 
uncertainty of < 0.1 µm for surface inclinations up to 15°. 
 
Measurement, roughness, optical, robot, inclination compensation 

 

1. Introduction 

Formed sheet metal parts are subject to increasing demands 
in terms of surface quality. This leads to a growing need for fast, 
reliable and in-process or near-process surface inspection 
systems that can identify and quantify potential manufacturing 
problems at the earliest possible stage. They must be insensitive 
to the adverse environmental conditions and thus, for example, 
tolerate an inclination of the local surface normals of moulded 
components regarding the observation direction. 

One of the most commonly used parameters for surface 
quality assessment is the surface roughness Sa, which is 
measured post-process mainly with tactile sensors. Tactile 
measurements offer a high precision and a sufficiently large 
measurement range, but the measurement velocity for large 
areas is too slow for process-internal measurements due to the 
pointwise scanning operation [1] . 

Optical methods measure contactless and much faster, but are 
often sensitive to vibrations like, e.g., the imaging methods 
confocal microscopy, chromatic confocal microscopy or white- 
light interferometry, and the measurements can also be 
influenced by a surface inclination. As an example, an additional 
measurement uncertainty of 0.2 µm per degree of inclination 
could be observed for a process-internal roughness 
measurement with white-light interferometry [2]. 

An alternative to imaging methods are instantaneous profile 
and areal roughness measurements with scattered light 
approaches. The method total integrated scattering measures 
the intensity ratio between an incoherent, incident beam and 
the scattered light [3]. However, its application in production 
chains is obstructed because of the complex measurement 
setup. Other, commercially available measuring devices, using 

incoherent illumination, are based on angle resolved scattering 
analysis. They can determine the roughness and additionally the 
shape of parts in production environments using a measuring 
distance of 5 mm and a spot size of 0.9 mm. They achieve a 
roughness measuring range of 0.01 µm < Sa < 2 µm at 
measurement frequencies of 2 kHz and accept inclination angles 
within ± 5.7° [4]. Since they acquire the roughness information 
only along a measurement line, the direction of interest on the 
surface must be known and thoroughly aligned to the device. 

Further scattered light approaches are based on coherent 
illumination, which results in a speckle pattern in the image of 
the measured surface. This pattern contains surface roughness 
information [5], which can be extracted by means of speckle 
correlation techniques. For monochromatic speckles, the 
autocorrelation function is evaluated [6]. The usable 
measurement range of 10 nm < Sa < λ/8 [7] impedes its 
application on sheet metal parts as their surfaces are mostly 
rougher. Angular speckle correlation uses the correlation of 
speckle patterns obtained from two different angles of 
illumination [8]. This technique requires a knowledge of the 
illumination angles and thus also the surface inclination [9].  

Polychromatic speckle correlation is based on a polychromatic 
surface illumination with closely spaced wavelengths and 
identical illumination angles, resulting in an image with speckles 
elongated radially with respect to the optical centre of the image 
[10]. It has been shown that the elongation effect depends on 
the surface roughness [11,12] and that it can be evaluated via 
the autocorrelation function of  different image parts. The 
method enables roughness measurements with a measuring 
spot size of  1 mm in a range of 0.05 µm < Sa < 5 µm, which is 
suitable for sheet metal formed parts [13]. But, theoretical 
studies show that the method is also susceptible to surface 
inclinations [14]. The resulting roughness measurement 
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deviations can, however, be compensated for by an enhanced 
speckle image evaluation for small inclination angles in the 
± 1.25° range [15]. An approach that enables reliable roughness 
measurements at higher arbitrary surface inclinations of up to 
± 15° is pending.  

Therefore, the aim of the presented research is to enhance the 
existing polychromatic speckle correlation approach to 
compensate large surface inclination angles by an automated, 
robot-based sensor reoriention. For this purpose, it is 
investigated whether the compensation algorithm used in [15] 
is able to also extrapolate large inclination angles with sufficient 
accuracy from the captured speckle images for the reorientation 
of the sensor by a 6-axis-robot. 

Section 2 explains the polychromatic speckle correlation 
measurement principle. The used experimental sensor setup 
and the robot are described in section 3 and the achieved angle 
determinations and roughness measurement results are 
presented in section 4. Finally, section 5 concludes the findings 
and gives an outlook on further research questions.   

2. Measurement principle  

The measurement principle of polychromatic speckle 
correlation makes use of the effect of polychromatic speckle 
elongation. The effect and its use for roughness measurements 
is explained in section 2.1. It is followed by a description of the 
algorithm for the determination of the optical centre of the 
speckle image in section 2.2, which is the base for the 
mechanical and the algorithmic inclination compensation 
procedures presented in section 2.3. 
   
2.1. Roughness measurement with polychromatic speckle 
elongation 

 
By illuminating the measuring zone with polychromatic light, 

the speckle images from each wavelength overlap on the 
monochrome camera chip. The used polychromatic light 
illumination usually consists of two or more light wavelengths 
separated by a few nanometres each. The slightly varied 
wavelength results in a similar but not identical speckle pattern 
that is stretched in radial direction from the optical centre of the 
speckle image. Hence, for polychromatic illumination with close 
wavelengths but identical angles of illumination, the overlapping 
speckles form radially symmetrical, linear structures, i.e. so-
called elongated speckles, with respect to the optical centre 
[10], see Figure 1. The local speckle elongation is evaluated by 
calculating the autocorrelation function of local evaluation 
windows.  

 
 

Figure 1. Trichromatic speckle pattern captured with a monochrome 
camera showing the elongation effect in each of eight evaluation 
windows located on a circle around the optical centre. The optical centre 
of the speckle pattern is shifted to the left of the geometrical centre of 
the captured image due to an inclination of the measured surface of 0.7°. 

 

 
 

Figure 2. Determination of the optical axis position in the speckle image 
by the longitudinal speckle elongation orientation intersection method 
for a small inclination angle of 0.75° (depicted exemplarily for 10 
evaluation windows). 
 

To reduce the influence of photon shot noise and speckle noise 
on the autocorrelation result [16], an average over 4 to 16 
evaluation windows (depending on the situation) is calculated, 
which all have the same distance to the optical centre of the 
speckle image, see Figure 1 . For each window, the widths of the 
autocorrelation function parallel and perpendicular to the radial 
direction are determined at the function’s 1/e-decrease. The 
ratio between both widths is a measure for the local speckle 
elongation and its relation to the roughness value Sa is obtained 
via a calibration function determined in advance with the help 
of surface standards [15].  

 
2.2. Optical centre determination 
 

A surface inclination causes a displacement of the optical 
centre from the geometrical image centre. If using fixed 
evaluation window positions with respect to the geometrical 
image centre, the speckle elongations for the individual 
evaluation windows are calculated at different radial distances 
from the optical centre. This leads to a corruption of the 
calculated average speckle elongation and the surface 
roughness derived from it. In order to be able to position the 
evaluation windows at a constant distance from the optical 
centre, the displacement of the optical centre caused by the 
surface inclination must be determined.  

For this purpose, 48 evaluation windows (50 x 50 pixels) are 
distributed equally over the entire image and the orientation of 
the longitudinal axis of the elongated speckles is calculated via a 
two-dimensional Gaussian approximation of the upper part of 
the autocorrelation function [15]. Since the elongated speckles 
result from the radial elongation of the speckle images of the 
individual wavelengths, the optical centre lies at the intersection 
of all calculated longitudinal axes, see Figure 2.  The intersection 
point is calculated using the least square method for the 
perpendicular distances between the optimal position of the 
optical centre and the individual longitudinal axes. From the 
displacement of the optical centre with respect to the centre of 
the speckle image, the surface inclination angle can be 
determined via the parameters of the optical components. 

 
2.3. Algorithmic and robot-assisted inclination compensation 

 
 If the position of the optical centre in the speckle image is 

known, the positions of the evaluation windows for the 
autocorrelation functions can be adjusted so that they all have 
the same radial distance to the optical centre (algorithmic 
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compensation), see Figure 1. With this method, the deviations of 
surface roughness measurements could be reduced from up to 
20 % to less than 5 % [15]. However, algorithmic compensation 
only works as long as the optical centre or at least a quarter of 
the positioning circle of the evaluation windows is still in the 
speckle image. For the used setup (see section 3), this is the case 
for surface inclinations up to approximately ± 1.25°.  

With larger surface inclinations, the optical centre lies far 
outside the speckle image so that a positioning of evaluation 
windows is no longer possible. Therefore, the new approach 
presented here iteratively adapts the sensor orientation to the 
surface inclination until the optical centre is in the speckle image 
(mechanical compensation). For the adjustment of the sensor 
orientation, the sensor is mounted to a 6-axis robot. With the 
optical centre position algorithm, the optical centre’s 
approximate distance to the image centre is extrapolated via the 
intersection of the longitudinal axes of the elongated speckles 
(similar to the position determination in section 2.2) and 
converted into a rotation angle for the robot using the optical 
parameters of the measurement setup. In this case, the 
evaluation windows for the position determination of the optical 
centre are all far away on one side of the centre, leading to an 
inaccurate determination of the centre position. The robot 
therefore rotates the sensor by only 70% of the determined 
angle in order to avoid overshooting and oscillation around the 
zero inclination point. When the optical centre reached the 
speckle image, a final rotation (< 1.25°) is carried out to align the 
sensor observation direction as parallel as possible to the 
surface normal. This is finally followed by the algorithmic 
compensation of the remaining inclination.  

3. Experimental setup      

The used setup of a trichromatic speckle elongation roughness 
sensor ist depicted in Figure 3. It consists of three single-mode 
pigtailed laser diodes with the wavelengths λ1 = 633 nm, 
λ2 = 637 nm, λ3 = 642 nm and output powers P1 = 50 mW, 
P2 = 50 mW, P3 = 20 mW, which are used to illuminate the 
surface to be measured. A combination of the wavelengths with 
nearly equal intensities is achieved with beam combiners with a 
coupling ratio of 25:25:50. The resulting trichromatic laser beam 
is directed through a polarizing beam splitter onto the 
measuring surface, resulting in a measuring spot size of 1 mm in 
diameter after passing through a retardation plate. The light 
scattered from the surface of the measurement object passes 
back through the retardation plate and the beam splitter and is 
afterwards focused with a f = 60 mm biconvex lens onto a 
monochrome CCD camera (The Imaging Source, DMM 22BUC03-
ML) with 744×480 pixel and a pixel size of 6 μm. The biconvex 
lens has a distance of d = 100 mm from the measured surface. 
The polarizer and the retardation plate are inserted into the 
setup to maximize the light intensity on the camera chip.  

 
Figure 3. Principle arrangement for roughness measurements using  
speckle patterns resulting from trichromatic illumination. 

 
 
Figure 4. Optical roughness sensor positioned with the 6-axis-robot 
above a workpiece region with inclined surface. The red dot on the 
workpiece marks the measurement zone of the sensor. 

 
A roughness standard Microsurf 331 with surface roughnesses 

of Sa = 0.8 μm, 1.6 μm and 3.2 μm produced by spark erosion is 
used as the measurement object. Its inclination to the 
observation direction is adjusted with two goniometer stages. 

To automatically orient the sensor’s observation direction 
parallel to the surface normal of the measurement object 
(mechanical compensation), the sensor setup is mounted to the 
tool adapter of a small industrial 6-axis-robot (fruitcore robotics 
GmbH, HORST 600), see Figure 4. The tool-centre-point of the 
robot is defined in advance equal to the measuring spot of the 
sensor by means of calibration measurements. With this 
preparation, the transfer of the inclination angle determined by 
the sensor is sufficient to reorient the sensor without altering 
the position of the measuring point. 

The complete measurement process is controlled by a Python 
script, which toggles the image capture, evaluates the optical 
centre position, calculates the roughness value and controls the 
sensor orientation by communication via XML-RPC with the 
robot. 

4. Results 

To verify the new mechanical compensation approach for 
inclination angles above 1.25°, a test series was carried out with 
varying surface inclination angles > 1.25° around both axial 
directions of the camera chip with only the mechanical 
compensation activated. In the angle range between 1.25° and 
approx. 15°, the mechanical compensation is able to align the 
sensor in every tested case, so that the optical centre is finally 
located in the speckle image. Thus, it is ensured that the 
algorithmic compensation is applicable in the second 
compensation step. The uncertainty of the determined external 
position of the optical centre increases with increasing radial 
distance between the optical centre and the image centre. For 
larger distances, the relative uncertainty reaches expected 
values of up to 30 %. Note that this value prohibits the use of 
more than the chosen 70 % of the calculated rotation angle in 
the mechanical compensation method, since one of the 
method’s goals is the prevention of overshooting of the sensor’s 
rotational position.  

With inclination angles > 15°, cases occur where the 
compensation algorithm determines a movement opposite to 
the actually required compensation direction. This leads to 
alternating movement directions in the following positioning 
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steps without the average sensor position approaching the 
centre of the speckle image. The compensation therefore fails in 
these cases. This effect is due to the longitudinal axes of the 
elongated speckles in the different evaluation windows 
becoming more and more parallel to each other as the distance 
between the optical centre and the centre of the image 
increases. This leads to large position uncertainties of the optical 
centre, see Figure 5. In this case, additional sources of 
uncertainty, such as shot noise and speckle noise, can cause the 
directions of the longitudinal axis to be tilted to such an extent 
that the algorithm positions the optical centre on the wrong side 
of the speckle image. As a consequence, the safe use of the 
mechanical compensation is restricted to an inclination range of 
± 15°. 

 
Figure 5. Determination of the optical axis position from a speckle image 
by the longitudinal speckle elongation orientation intersection method 
for an inclination angle of ~12°. The red circle marks the theoretical 
intersection position of the longitudinal speckle elongation directions, 
which are represented by the blue lines.  

 
To ensure that the mechanical compensation does not 

influence the algorithmic compensation, a test series with ten 
measurements each on three surfaces of the surface standard 
was carried out. The surface inclinations were changed to an 
arbitrary value < 15° for each measurement. In this test series, 
too, the system was able to position the optical centre in the 
speckle image in every case, so that the algorithmic 
compensation could be performed. Figure 6 shows the average 
roughness measurement results and the standard deviations at 
the end of the iterative compensation cycle (mechanical and 
algorithmic). Since the achieved surface roughness values are in 
good agreement with the reference values of the standard and 
show only small uncertainties up to 0.1 µm, no deviating 
influence of the mechanical compensation procedure can be 
observed. This result validates the enhanced compensation 
approach for a surface inclination range of ± 15°. 

 
Figure 6. Roughness measurement results for 3 different surface 
roughnesses with 10 arbitrarily chosen surface inclinations between 2° 
and 15° each. The dashed line represents equity between measured and 
reference roughness values. 

5. Conclusions      

To overcome the surface inclination restriction of the 
polychromatic speckle correlation roughness measurement 
method, the evaluation algorithm is enhanced regarding the 
extrapolation of the optical centre position and the 

measurement system is extended by a 6-axis-robot to enable an 
inclination-compensating reorientation of the sensor.  

Test measurements show that although the uncertainty of the 
optical centre position determination increases with larger 
inclination angles, the new iterative mechanical compensation 
approach is always able to compensate for the inclination by an 
iterative repositioning of the sensor with the robot. In 
conjunction with the already existing algorithmic compensation 
approach for small inclination angles, roughness measurement 
results for surfaces with any inclination of up to 15° are 
achieved, which are in good agreement with reference 
measurements. Higher inclination angles, which are 
approximately known, can also be taken into account by a pre-
positioning of the sensor before the measurement within a 
tolerance of ± 15°. As a result of our work, the application range 
of the polychromatic speckle sensor regarding tolerable 
unknown surface inclinations has been increased by more than 
one order of magnitude to an industrially suitable range of ± 15°.  

Future work will focus on investigating improved algorithms 
for determining the optical centre position and for the 
mechanical compensation to shorten the reorientation cycles 
and to possibly widen the acceptable range of surface 
inclinations further by reducing the positioning uncertainty. 
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Abstract 
Instrumented Indentation Test (IIT) is largely exploited in industry and academia to achieve multi-scale mechanical characterisation, 
i.e. ranging from nano- and micro-structure to bulk, of several properties, e.g. Young’s modulus, stress-strain curve, creep, and 
relaxation. IIT is particularly suited to cope with the challenges of the current industrial framework to achieve multi-objective 
characterisation and requirements of zero-defect manufacturing and zero waste. In fact, IIT requires limited sample preparation and 
is a non-destructive technique with high throughput. IIT consists of applying a loading-unloading force cycle on the specimen. The 
capability of continuously measuring the indenter displacement in the material, i.e. being a depth-sensing technique, is the essential 
feature of IIT. This allows the mechanical characterisation by knowing the shape of the indenter and hence the relationship between 
the indentation depth and the projected area of the surface in contact between the indenter and the specimen. The relationship is 
described by the area shape function, whose parameters require calibration according to ISO 14577-2:2015. For a given indenter 
geometry, several alternative models are available in the literature. These describe both the geometry and the possible presence of 
errors, e.g. blunt tip and wear effect. However, a comparison of the choice of the different alternatives, when they are equally 
nominally applicable, is lacking in the literature, although it prescribes some applicability ranges. This work exploits a simulative 
approach based on bootstrap sampling to estimate the uncertainty of the calibration of area shape function parameters in the nano-
range, where the effect is critical. The uncertainty is then propagated to compare performances of different area shape function 
models on the mechanical characterisation, i.e. indentation hardness and Young’s modulus estimate, within a rigorous metrological 
framework. Results are shown for standard reference materials, i.e. SiO2 and W, to ensure proper composition homogeneity and 
neglect edge effects, i.e. pile-up and sink-in. 

 
Keywords: Instrumented Indentation Test, Area shape function, Measurement Uncertainty, Bootstrap    

 

1. Introduction 

Instrumented Indentation Test (IIT) is a depth-sensing 
mechanical characterisation technique [1,2]. It is considered a 
non-conventional indentation testing technique, that provides a 
quick and non-destructive method to characterise materials’ 
mechanical properties thoroughly. It consists in applying a 
loading-holding-unloading force, F, cycle to a test material. The 
force transducer present in the indentation platform, typically a 
piezoelectric or a three-plate capacitive transducer [3], 
measures the penetration depth h, i.e. the displacement of the 
indenter’s tip in the material, throughout the whole indentation 
cycle. This results in the indentation curve (IC), F(h); an example 
is shown in Figure 1. 

 
Figure 1. Example of IC showing relevant parameters. 

 
The IC coupled with the knowledge of the area shape function 

Ap=f(h; a), i.e. the mathematical relationship between h and the 
area of the projected contact surface between the indenter and 
sample Ap, allows overcoming limits inherent with optical 

systems, due to their resolution, and achieving multi-scale 
characterisation from bulk to nano scales [1,2]. In fact, IIT thanks 
to the IC and the Ap=f(h) does not resolve the dimension of the 
indentation optically, differently from conventional hardness 
testing procedures, e.g. Vickers hardness. The functional form of 
Ap=f(h; a) depends on the indenter geometry and the 
parameters a requires calibration [4,5]. Moreover, the analysis 
of the IC enables the characterisation of several mechanical 
properties in addition to the indentation hardness HIT. Some 
examples are: the indentation moduls EIT, i.e. an estimate of the 
Young’s modulus, creep and relaxation properties [1,2,6], 
estimates of the plastic stress-strain curve [7], residual stresses 
[8]. Thus, IIT finds application in characterising mechanical 
properties [9,10] and characteristic dimensions [11] of the 
microstructure and thin and multi-layer coatings [12,13]. The 
related standard ISO 14577-1:2015 describes the 
characterisation procedure of more conventional quantities, i.e. 
HIT and EIT. This requires, first, to correct the measured 
displacement h from measurement errors that include: zero 
error, h0, the elastic deformation of the machine, Cf∙F, and of the 
sample, 𝜀∙F/S, which depends on the geometry of the indenter 
by the factor 𝜀: 

ℎ𝑐 = ℎ − ℎ0 − 𝜀
𝐹

𝑆
− 𝐶𝑓𝐹 (1). 

Then, the analysis of the IC requires to evaluate the residual 
indentation hp and the contact stiffness Sm, from which, knowing 
from calibration the frame compliance Cf the sample stiffness, S, 
results: 
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𝑆
 (2.1) 
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𝜕𝐹

𝜕ℎ𝑐
|

ℎ𝑐,𝑚𝑎𝑥

 (2.2), 

with Ctot being the total system compliance. Sm evaluation is 
critical [14] and can be performed according to several 
methodologies [15]. The standard [6] power-law method (PL) 
fits the unloading curve to the model  

𝐹 = 𝐵(ℎ − ℎ𝑝)
𝑚

 [16]. B depends on the tested material, m on 

indenter geometry, hp is the residual indentation depth, and 
they are all obtained by non-linear regression. Sm is computed 
by differentiating the model and computing the derivative in the 
point corresponding to the onset of unloading. 

Finally, the mechanical characterisation can be achieved as: 

𝐻𝐼𝑇 =
𝐹𝑚𝑎𝑥

𝐴𝑝(ℎ𝑐,𝑚𝑎𝑥)
 (3.1) 

𝐸𝐼𝑇 =  
1 − 𝜈𝑠

2

2√𝐴𝑝(ℎ𝑐,𝑚𝑎𝑥)

𝑆√𝜋
−

1 − 𝜈𝑖
2

𝐸𝑖

 
(3.2), 

catering for 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. 

The literature [17] showed that major factors influencing the 
uncertainty are the stiffness of the platform and the parameters 
of Ap, i.e. Cf and a, which need calibration. This is performed 
according to ISO 14577-2:2015, which presents some criticalities 
[18]. Amongst the others, the effect of the functional form of Ap 
on the metrological performances of the characterisation are 
unreported. Although the literature suggests some practical 
guidelines to choose the adequate model [4,6], thorough 
metrological assessment is lacking. This work performs a 
comparison within a metrological framework of the alternative 
area shape function functional forms. In detail, Section 2 
presents the applied methodology, Section 3 discusses the 
results and Section 4 concludes on the findings. 

2. Methodology       

This work compares the effect of different area shape function 
models on the characterisation of standard reference material, 
i.e. SiO2 and W. Calibration of the parameters will be performed 
considering a particular functional model, which will also be 
applied for the characterisation. 

2.1. Available area shape function models 
Defining the Ap=f(hc; a) requires setting the functional form 

and the parameters a. The functional form depends on the 
indenter geometry. This work focuses only on modified 
Berkovich indenter geometry. This is a tetrahedron with a 
dihedral angle of 130.55°, see Figure 2, and it is the most largely 
adopted in nanoindentation. 

 

 
Figure 2. Berkovich indenter geometry scheme (θ is the half-dihedral 
angle) and a SEM image. 

 
For an ideal indenter, it is Ap(hc) = 24.5∙ hc

 2 and 𝜀 = 0.75; the 
modified Berkovick geometry allows having this relationship 
equal to the Vickers indenter. However, blunt tips and 
geometrical errors induce deviation from nominal geometry. 

These are negligible in macroscale but introduce significant 
errors at micro- and nano-scale. These errors must be catered 
for in the area shape function and they can be described by 
considering a more generic quadratic function. In that, several 
alternatives are available according to literature [4], which are 
reported in Table 1. Model #1 and #4 are the most complete. 
Although they should allow better fitting flexibility, they are 
scarcely adopted in literature due to their complexity. Model #2 
and #5 are truncated versions of the former to improve their 
usability, and they are often preferred. Last, Model #3 and #6 
are alternatives to the truncated versions and cater for possible 
small flat regions at the tip. Models #4 to #6 differ from the first 
three, for they hold fixed the parameter of the quadratic term 
to the ideal value of 24.5. This parameter is linked to the dihedral 
angle, and holding it fixed nominally allows extending the 
calibration validity range [4]. Additionally, the standard allows 
the adoption of a spline function, which may improve calibration 
performances. However, it does not allow simple management 
of uncertainty evaluation, which is why spline models will not be 
considered in the present work [6]. 

 
Table 1. Functional form of the models describing the projected area 

for a Berkovich indenter considered in the comparison. 

# Model Equation 

1 𝐴𝑝(ℎ) = 𝑎8ℎ2 + 𝑎7ℎ + 𝑎6ℎ1/2 + 𝑎5ℎ1/4 + ⋯ + 𝑎0ℎ1/128 

2 𝐴𝑝(ℎ) = 𝑎2ℎ2 + 𝑎1ℎ + 𝑎0ℎ1/2 

3 𝐴𝑝(ℎ) = 𝑎2ℎ2 + 𝑎1ℎ + 𝑎0 

4 𝐴𝑝(ℎ) = 24.5ℎ2 + 𝑎7ℎ + 𝑎6ℎ1/2 + 𝑎5ℎ1/4 + ⋯ + 𝑎0ℎ1/128 

5 𝐴𝑝(ℎ) = 24.5ℎ2 + 𝑎1ℎ + 𝑎0ℎ1/2 

6 𝐴𝑝(ℎ) = 24.5ℎ2 + 𝑎1ℎ + 𝑎0 

2.2. Calibration of the area shape function parameters  
Calibration methods of area shape function parameters is 

described in ISO 14577-2:2015 [5]. Although the literature 
showed that available standard procedures feature criticalities 
[3,18], and other more promising approaches have been 
proposed [19], this work considers the standard calibration 
approach to perform the comparison at the conventional state-
of-the-art. In particular, standard method number 4 is applied, 
which proved to be the most robust, efficient, and economic 
[3,18]. It relies on an iterative procedure, shown in Figure 3 and 
detailed elsewhere [5,18–20], that calibrates both a and Cf and 
requires performing replicated indentations at different loads 
on two standard materials, e.g. SiO2 and W. 

 
Figure 3. Calibration iterative procedure workflow. 

2.3. Experimental set-up  
Tests performed during the last CIRP interlaboratory 

comparison [21] at Oklahoma State University were considered 
to exploit a robust dataset. It features ten replicated 
indentations at four different loads, i.e. {0.5, 1, 5, 10} mN, 
performed on calibrated SiO2 and W samples, whose properties 
are reported in Table 2. Tests were performed on a Hysitron 
TriboScope (resolution and noise floor of the force-displacement 
transducer of 1 nN and 75 nN and 0.006 nm and 0.2 nm) 
equipped with diamond modified Berkovich indenter (Ei = 1140 
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GPa, νi = 0.07).  Results will be provided in terms EIT of both 
materials. Characterisation in terms of HIT is disregarded as it is 
highly dependent on area shape function and independent 
techniques to calibrate samples are not available. Therefore, the 
comparison with a calibrated value might present systematic 
error induced by different area shape function functional form 
choices in the sample calibration and the characterisation, which 
might overshadow the comparison at hand. This issue is not 
present in the case of Young’s modulus as samples are typically 
calibrated by pulse-echo ultrasonic method [15]. 

 
Table 2. Calibrated materials characteristics with expanded uncertainty 

at 95% confidence level. 

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 

2.4. Uncertainty evaluation 
The effect of the functional form of the Ap is assessed on the 

indentation modulus EIT, within a metrological framework, i.e. 
considering accuracy with respect to calibrated value and 
precision. Both require evaluating the measurement uncertainty 
to provide a metrologically consistent comparison. Law of 
uncertainty propagation according to GUM framework is 
applied: 

𝑈(𝑦) = 𝑘 ∙ 𝑢(𝑦(𝒙)) = 𝑘√∑ (
𝜕𝑦(𝒙)

𝜕𝑥𝑖
)

2

𝑢(𝑥𝑖)2

𝑖
 (4), 

where k is the coverage factor, here taken equal to 2 
approximating a 95% confidence interval and y(x) the generic 
function of Eq. 3 [22]. The standard uncertainty of the input, 
u(xi), are, for the force-displacement transducer, type A 
contribution for the repeatability and type B for the resolution 
(uniform distribution is considered). Indenter material 
mechanical properties variability is propagated as a type B 
contribution associated with a uniform distribution. As far as the 
other inputs are concerned, u(Ap) and u(S) are type A 
contributions, and their standard uncertainty is estimated 
including the effect of calibration. Measurement uncertainty of 
calibrated a and Cf includes several influence factors, reported 
in Figure 4 [18,19]. 

 
Figure 4. Ishikawa diagram of influencing factors of standard calibration 
methods. 

 
However, because of the iterative nature of the calibration 

procedure, their evaluation from closed-form uncertainty 
propagation according to Eq. 4 is not possible [18,19], and 
simulative approaches must be resorted to. Literature has 
applied Monte Carlo simulation [18,19]. However, this approach 
disregards the effect of correlation between the force and the 
displacement, inherent with the IC (F(h)). This work proposes a 
bootstrap approach [23]. This, being non-parametric, does not 
require performing non-trivial hypotheses on the distribution of 
influence factors and can include effect of correlation. The 
empirical dataset consists of J=10 replicated indentation curves 
at I=4 loads; each IC contains B=8000 points. Therefore, the 
inputs result in pairs of F and h, both in ℝ𝐵,𝐽,𝐼 . The Bootstrap 

samples will be sets of I∙J resampled curves. Each of them, to 
cater for the input correlation, i.e. F(h), at the b-th point, b ∈ 
{1,…,B}, at the i-th load, will resample the b-th point of the IC 
from the sample of the J observations of this point: 𝐹(ℎ) ∈

ℝ𝑏,∙,𝑖 . In so doing, per each load, a maximum of JB replicated 
curves may results. This number is the upper boundary of 
possible independent bootstrap samples that can be extracted, 
i.e. the number of possible calibrations and hence of evaluation 
of calibrated parameters that can be performed; here 11,000 
datasets, i.e. bootstrap samples, are generated [23,24]. Each of 
those is exploited to perform a calibration, where other required 
quantities needed but not empirically measured, e.g. E and ν, are 
extracted from associated distribution, as formerly discussed. 
With statistical modelling of the simulative method according to 
the ANOVA approach [3], the resulting calibrated parameters’ 
standard deviations are considered the related standard 
uncertainties, which can be propagated according to Eq. 4 to 
obtain the measurement uncertainty of the mechanical 
characterisation. 

3. Results and Discussion      

Results are shown in terms of indentation modulus, EIT. 
Mechanical properties will be evaluated based on average 
values of the maximum force and displacement at the four 
considered loads. The results will be compared with the values 
from the calibration certificate, reported in Table 2. 

Figure 5(a) shows the results of the propagation of uncertainty 
of calibrated parameters estimated by bootstrap sampling on 
the characterised quantity. As it can be noticed, models #2 and 
#3 (shown in Table 1) are more accurate and precise (the relative 
expanded uncertainty is 20% and 10%, respectively) with respect 
to their counterpart models #5 and #6. This is inherent in the 
mathematical model. In fact, by constraining one parameter, i.e. 
the coefficient of the h2 term, the model is less flexible, and the 
gain of 1 degree of freedom to estimate the errors cannot 
compensate for this. Moreover, considering different 
mathematical models with the same number of parameters to 
be estimated, the model with the constant term appears to be 
the most accurate and precise, i.e. model #3 with respect to #2, 
and similarly #6 with respect to #5, see Figure 5(b). This suggests 
that even in the case of a tip without macroscopic errors the 
simplified model is suitable. The magnified views in Figure 5(b) 
and Figure 6(b) allow more insights on accuracy. Models #5 and 
#6 show sever bias at low loads (up to 50%), which is negligible, 
i.e. smaller than 4% and 1% respectively, for models #2 and #3. 
Moreover, the poorer metrological performances of models #5 
and #6 pose some questions on the actual applicability of the 
models outside the calibration range, which is the nominal scope 
of their introduction [4]. In fact, within the calibration range, 
they result in a relative expanded uncertainty greater than 200% 
and in excess of 100%, respectively for model #5 and #6. Models 
#1 and #4 result in poor parameters estimation, i.e. often with 
p-values greater than 5%, and a significant systematic error in 
the mechanical characterisation as high as hundreds of 
gigapascals. Consequently, the associated uncertainty is very 
high and hinders effective graphical comparisons of the results, 
for which they are not shown. This suggests that although 
models #1 and #4 are potentially very detailed, the complexity 
in their usage may not be efficient, and spline functions might 
be preferred instead. Similar results are obtained considering 
the characterisation of tungsten. Figure 6 shows results related 
to models #2 and #3. Consistently with results obtained in the 
SiO2 case, models #1 and #4 introduce systematic differences, 
and models #5 and #6 are too dispersed. The greater variability 
of the results typical of tungsten [19,21] worsens the results of 
models #5 and #6, leading to an expanded uncertainty that 
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hinders graphical comparison; thus, related results are not 
shown in Figure 6. Similar to the SiO2 case, models #2 and #3 are 
the most accurate and precise, with a relative expanded 
uncertainty of 50% and 20%, respectively. In terms of accuracy, 
the models #2 and #3 present a relative bias of 6% and 3%. 

 
Figure 5. Comparison of characterisation of fused silica (SiO2) 
indentation modulus EIT; models #1 and #4 (shown in Table 1) are 
unreported for they introduce a significant systematic difference. (b) is 
a magnified view. 

 
Figure 6. Comparison of characterisation of tungsten (W) indentation 
modulus EIT; only models #2 and #3 (shown in Table 1) are reported, for 
the others introduce a significant systematic difference or are too 
dispersed. (b) is a magnified view. 

4. Conclusions      

This work addressed the non-trivial choice of area shape 
function functional form for nanoindentation. Although the 
literature presented some practical suggestions, a metrological 
comparison was missing and is proposed by this work. The work 
proposes a simulative non-parametric method to propagate 
measurement uncertainty in calibrating relevant parameters 
and achieve the results. The results show that models that are 
scarcely adopted in literature because of their greater 
complexity, i.e. models #1 and #4 (shown in Table 1), also 
present significant accuracy errors. Truncated and simplified 
models, i.e. model #2 and #3, feature the best accuracy and 
precision. Last, models that are introduced to allow extension of 

the calibration validity outside the range of forces actually 
calibrated, i.e. models #5 and #6, feature poor precision even 
within the calibration range. 

Estimating accurately and precisely the projected area of 
contact is essential in nanoindentation. The present work results 
add valuable information to practical guidelines available in 
literature to choose the area shape function model while 
ensuring metrological performances. 

Future work will consider the introduction of traceability in the 
calibration by comparing the area shape function obtained with 
independent and directly traceable methods, i.e. indentation tip 
measurement by AFM. Although unpractical, this will add 
further robustness to the analysis. Moreover, the proposed 
bootstrap method to evaluate measurement uncertainty, may 
be exploited to allow propagating the uncertainty in difficult-to-
handle models, e.g. spline. Last, obtained results on different 
materials suggest that further research on reference materials 
for calibration and indirect verification is necessary in the future 
to reduce measurement uncertainty. 
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Abstract 

Several material measure data files (softgauges) have been designed with specific structures and periodical patterns. The softgauges, 
available as a triangle mesh, were exported and used to manufacture physical material measured in metal using 3D printers. The 
whole project aims at scanning samples with an XCT scanner, then reconstructing the surface, characterizing the patterns and 
comparing them to the initial design. In order to separate deviations due to the additive manufacturing from those due to CT scans 
and reconstruction, the same samples were also measured using optical profilers. This paper focuses on the design of the softgauges 
and the constraints imposed by 3D printers or XCT scanners resolution and ranges. 

Keywords: additive manufacturing, surface quality, triangle mesh, X-ray computerized tomography, surface texture, softgauges 

  

1. Introduction 

Many industrial products now contain mechanical 
components produced by additive manufacturing (AM), using 
metallic powder (SLM – Selective Laser Melting). If AM 
techniques offer many advantages over traditional 
subtractive techniques (design flexibility, weight gain, 
complex internal parts, …), several drawbacks need to be 
addressed. One of the main problems is the low surface finish 
quality, which has a direct influence on the surface function. 
AM components exhibit very rough surfaces, with all sorts of 
marks (welding tracts, particles, cracks, cavities, etc.) that are 
difficult to characterize, due to the surface complexity. 
Moreover, internal surfaces and undercuts cannot be 
measured by classical surface profilers, and this is the reason 
why the use of X-ray computerized tomography (XCT) is 
becoming more frequent. 

Within the scope of the RAPID FreeVox project, Digital Surf 
and Digisens have developed a consistent chain for the 
measurement and analysis of AM sample using CT scans (see 
Figure 1). The surface extracted from the voxel cube, using 
DigiXCT® [1], is sent to MountainsMap® 9.1 [2] as a triangle 
mesh (called a Shell), where it is analysed with specific tools, 
in particular surface texture parameters calculated directly on 
the shell. These parameters have been developed in 
collaboration with the Center of Precision Technologies of the 
University of Hudderfield [3, 4].  

 

Figure 1. manufacture and verification chain 

As this chain is aimed at providing tools for additive 
manufacturing applications, test samples have been designed 
in order to be manufactured and then measured and 
analysed. 

2. Design constraints 

Surfaces made by metal AM processes have a very rough 
texture. Due to the size of the laser spot and the resolution of 
the scanner, most 3D printers are not able to reproduce 
correctly patterns below 50 to 100 µm in lateral and 10 to 30 
µm in height. However, surface texture is usually 
characterized by lateral wavelengths of less than 100 
micrometres and amplitudes of 20 micrometres or less. A 
compromise had to be found in terms of scales, and also in 
order to avoid too big files with too many points. The size of 
these samples cannot be too large, to be compatible with high 
resolution XCT instruments. Patterns on the samples must be 
big enough to ensure that they are printed correctly, but fine 
enough to be compatible with surface texture. 
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3. Softgauge design 

Two categories of softgauges have been designed: a square 
plate of 30 mm of size and 3 mm thickness, with patterns on 
the top surface, and a cube of 30 mm of size, with patterns on 
three faces (top, left and front), the three remaining faces 
being flat. 

Three different designs of textured surface were generated 
to provide a wide variety of test structures. A software 
generator was developed and each model of patterns can be 
generated either as a plate or a cube, and sent directly to 
MountainsMap® 9 for visualization and analysis. These 
softgauges are generated as triangle meshes and can be 
saved as STL, OBJ or PLY file formats. In addition, the patterns 
can also be generated as normal surfaces, i.e. the classical 
2.5D surfaces that can be saved in SUR or SDF file formats. 
They are used to assess the deviations due to the conversion 
as shells. 

3.1. First softgauge 

The first softgauge design contains several geometric 
patterns, similar to those found on material measures defined 
in ISO 25178-70 [5]. Several patterns are designed as profiles 
replicated on a two-millimetre band, and reproduced once 
along the X-axis and once along the Y-axis. These patterns 
include: a triangle profile (type PPT) with a period of 6 mm 
and an amplitude of +/- 300 µm; a profile made by the 
superposition of four sine waves of various periods and 
amplitudes in order to create a complex profile on which 
parameters can be verified; a set of rectangular grooves (type 
PGR) with varying width to test the lateral fidelity of the 3D 
printing; and another set of rectangular grooves with varying 
depth for the vertical fidelity. At the centre of the plate, a 
circular sine wave (type ARS) with a period of 3 mm and an 
amplitude of +/- 200 µm (see Figure 2). 

 

 

Figure 2. First sample reproduced on the top face of a plate (left) 
and on three faces of a cube (middle) and extruded inside (right) 

The geometrical patterns can be used to calculate the true 
value of some parameters using mathematical integration. 
The true value can then be compared to the value calculated 
on the generated and sampled file or the measured file, and 
assess the effect of sampling or other factors. This method, 
based on mathematical softgauges is the only method that is 
independent from any implementation, contrary to reference 
software or algorithms [6].  

3.2. Second softgauge 

The second sample is a simple skin surface (see Figure 3 left) 
reproduced from a real measurement but amplified ten times 
in heights. This pattern will be used to check areal surface 
texture parameters on the extracted surface and assess their 
dispersion depending on the face orientation. 

3.3. Third softgauge 

The third softgauges design contains two bidirectional chirp 
patterns, one sinusoidal and one rectangular, and two 

spherical caps (type APS), one convex and one concave (see 
Figure 3 right). The two chirps can be used to evaluate the 
spacing fidelity. The two spherical caps will be used to check 
form deviations in function of the face orientation. 

 

 

Figure 3. Second softgauges (left) with a skin surface. Third 
softgauge (right) with chirp patterns 

4. Experiment 

Once printed, the samples are then measured with an XCT 
instrument that produces a set of images around the sample. 
These images are then used to reconstruct a voxel volume, 
using DigiXCT® from Digisens. This software also extracts the 
iso-surface separating the material from the surrounding 
medium, leading to a triangle mesh. It is then sent to 
MountainsMap® where verifications are carried-out.  
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Abstract 
In this investigation, we propose an imaging sensor to monitor the rotational motions of several objects at once. This imaging sensor 
can interpret the polarized images by a polarization pixelated CMOS camera, and calculate the rotation angles. Based on the simple 
optical configuration using a polarization pixelated CMOS, the proposed sensor has the unique feature to monitor the rotational 
motions of several objects at once. In order to verify the performances, the rotation angles were measured and, the nonlinear errors 
were estimated less than ±0.02° with the compensation of the periodic errors. In addition, the proposed sensor was used for 
monitoring the clocking motions of several objects or segmented mirrors at once. 
 
Keywords: Imaging rotational motion sensor, polarization pixelated camera, clocking motion   

 

1. Introduction 

The rotational motion metrology is very important to find out 
the rotational positions of the objects such as mechanically 
assembled components [1] and robotics [2]. Also, for the 
extremely large next-generation space telescope missions, off-
axis segmented optical mirrors must maintain their clocking 
motion including translational motions [3]. 

Optical sensors are very useful to be applied for dynamic and 
static applications because they can precisely measure the 
rotational motions via non-contact approaches. Moreover, they 
are not sensitive to electromagnetic noise caused by the unit 
under test itself. As multiple measurement objects are added, 
however, the number of the sensor system should increase.  

On the other hand, the polarization of the light is a very useful 
feature to divide, recognize and measure the light in optical 
system. One of the interesting phenomena is that the intensity 
of the light can be reduced by a polarizer. 

In this investigation, we propose an instantaneous imaging 
sensor to monitor the rotational motions of several objects at 
once. This imaging sensor can obtain the polarized images by a 
polarization pixelated CMOS camera, and determine the 
clocking angles. 

2. Principle      

Figure 1 shows the optical layout of an imaging rotational 
motion sensor proposed in this investigation. A randomly 
polarized light from a LED is reflected off by a beam splitter (BS) 
after passing through a collimating lens (CL). The reflected light 
goes toward a linear polarizer (P) attached to a rotating object 
and reflected off by the P. In this case, the polarization status of 
the light is orthogonal to the transmission axis of the P and the 
light is captured by a polarization pixelated CMOS camera 
(PCMOS). In PCMOS, four kinds of polarizers with of the 
transmission axes of 0°, 45°, 90° and 135°, respectively, as an 
array format are located in front of an imaging sensor [4] as 
shown in the inset of Fig. 1.  

The whole images obtained by the PCMOS can be divided into 
four images, and they are mathematically described as [5] 

 
𝐼0 = 𝐼𝑖𝑐𝑜𝑠

2(𝜑) = (𝐼𝑖/2)[1 + 𝑐𝑜𝑠(2𝜑)]  
𝐼45 = 𝐼𝑖𝑐𝑜𝑠

2(45° − 𝜑) = (𝐼𝑖/2)[1 + 𝑠𝑖𝑛(2𝜑)]  
𝐼90 = 𝐼𝑖𝑐𝑜𝑠

2(90° − 𝜑) = (𝐼𝑖/2)[1 − 𝑐𝑜𝑠(2𝜑)]            (1) 
𝐼135 = 𝐼𝑖𝑐𝑜𝑠

2(45° + 𝜑) = (𝐼𝑖/2)[1 − 𝑠𝑖𝑛(2𝜑)]  
 

where Ii and φ are the irradiance and the polarization angle of 
the light incident to the PCMOS, respectively. The polarization 
angle φ means the rotation of the P. I0, I45, I90, and I135 are the 
irradiances of the light transmitted through four kinds of 
polarizers. From Eq. (1), φ can be calculated as 

 
𝜑 = 𝑡𝑎𝑛−1[(𝐼45 − 𝐼135)/(𝐼0 − 𝐼90)]/2.             (2) 
 

In the imaging rotational motion sensor, the polarization angle 
of the P can be directly obtained by using Eq. (2) and is not 
affected by the optical power fluctuations of the optical source. 

 

 
Figure 1. Optical layout of an imaging rotational motion sensor; CL, 
collimating lens; BS, beam splitter; P, linear polarizer; PCMOS, 
polarization pixelated CMOS camera. The inset describes an inner 
polarizer array of the PCMOS, and its transmission functionality. 

 

3. Experimental results      

To verify the performances of the sensor, feasibility tests were 
implemented. A white LED was used as an optical source, and a 
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commercial PCMOS (PHX050S-PC, Lucid) with (2448 x 2048) 
pixels captured the whole image and divided it into four images. 
A linear polarizer was attached to stepping motorized rotary 
stage (K401-60M@Suruga Seiki) and rotated for 720° with 1° 
step. As shown in Fig. 2(a), the mean intensity variations of four 
polarized images are phase-shifted with π/2 as predicted in Eq. 
(1), and the rotation angles were calculated as shown in Fig. 2(b) 
by Eq. (2). 

 

 
(a) 

 
(b) 

Figure 2. (a) Mean intensity variations of four polarized images along the 
rotation of the polarizer and (b) wrapped angle (φ). 

 
As shown in Fig. 2(b), the wrapped angle had the period of 

180°, which means the measurement resolution is twice better 
than the real rotation angle of the P as expected in Eq. (2).  With 
the aid of phase-unwrapping, the measured rotation angles well 
agreed with those of the P, clockwisely rotated, as the linear 
slope of -1.00003. However, the measurement results contained 
a periodic errors caused by the unexpected reflections of light 
from the surfaces of optical components such as the BS and the 
P, which were not represent the rotational polarization of the 
light. This systematic errors were measured preliminary as 
shown in Fig. 3, and used for the compensation of the 
measurement result [5]. AS the result, the errors were less than 
±0.02°, and their standard deviation was 0.006°. 

 

 
Figure 3. Periodic error versus measured rotation angle (φ) with zero 
crossing points. 

 
The proposed sensor was used to confirm the rotational 

alignment status of several objects as an example of the 
segmented mirror alinment as shown in Fig. 4. The rotations of 
these several segments are not easy to be practically inspected 
or measured with the conventional techniques. However, our 
imaging rotational motion sensor has the capability to monitor 
the rotation of the segmented mirrors. A small piece of 
polarizing film was attached on the edge portion of each 
segmented mirror, and the PCMOS obtained the whole image of 
the mirrors, where the rotational angle of each mirror was 
caluculated. As the result, the mirrors were relatively rotated, 

and their relative rotation angles were also calculated as -11.4°, 
-21.1°, 17.8° and -12.3°, respectively. After adjustment of the 
rotations, the mirrors were able to be properly aligned within 
0.1° as shown in Fig. 4(b). 

 

 
Figure 4. Four segmented mirrors with (a) the rotational misalignments 
and (b) the proper alignments. 

 
As another application example, an arbitrary flow motion was 

monitored by the proposed sensor with small pieces of 
polarizing films on the water. In the typical image as shown in 
Fig. 5(a), the rotational motions of the film pieces were not easy 
to be monitored, but they were conveniently imaged by the 
proposed sensor, where the color indicated the rotation angles 
as shown in Fig. 5(b). 

 

 
Figure 5. (a) Image and (b) rotational angle of polarizing film pieces by 
random water flow. 

4. Conclusion      

In conclusion, we proposed and experimentally verified an 
imaging rotation sensor. Based on the simple optical 
configuration using a polarization pixelated CMOS, the proposed 
sensor has the unique feature to monitor the rotational motions 
of several objects at once although small pieces of polarizer 
should be attached on the specimens. In order to verify the, the 
rotation angles were measured and, the application example 
were provided. With the aid of other 3D imaging techniques, it 
can be used for 3D rotational motion sensors because the 
proposed sensor is based on 2D polarized images. It will be 
further investigated as a combined measurement technique. 
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Abstract 
 
Recently, fibre sensors have been widely used for monitoring large structures (e.g., bridges, aircrafts, and accelerators) and 
monitoring in hard environment such as high temperature. In these fields, both accuracy and simplicity of measurement system are 
required. In this research, a new method to measure etalon absolute length is proposed, which harmonically synchronizes etalon 
multi-reflection and optical comb pulsed interference. Repetition frequency scanning comb is adopted for light source and 
interference between etalon multi-reflected pulses is detected while scanning repetition frequency. When frequency of etalon is 
integer multiple of repetition frequency of comb, interference fringe appears. From repetition frequency of comb at this point, etalon 
frequency and absolute length is calculated. Using this method, several nm accuracy for 200 mm etalon is expected. Advantages of 
this method are accuracy improvement by multiple reflection of etalon, high sensitivity with relatively long etalon length, simple 
measurement system, easy multiple etalon setups. In this paper, measurement system including repetition frequency scanning comb 
and length adjusted fibre etalon was made. The etalon is constituted of two kinds of fibre, anomalous dispersion and normal 
dispersion fibre, for dispersion compensation. With scanning repetition frequency of comb, interference fringe was obtained, and 
etalon absolute length is calculated from repetition frequency. 217 mm optical length fibre etalon was measured by proposed method 
and repeatability was 4.5 nm. If it is used for temperature measurement, sensitivity is 5.8x10-6 /K  and resolution is 0.003 K. It is better 
than conventional fibre sensors.  
 
optical comb, pulsed interference, etalon, sensor     

 

1. Introduction 

Recently, fibre sensors have been widely used for monitoring 
large structures (e.g., bridges, aircrafts, and accelerators) and 
monitoring in hard environment such as high temperature. Fiber 
Brag Grating (FBG) sensor [1] and extrinsic Fabry-Perot 
interferometric (EFPI) sensor [2] are mainly used for 
conventional measurement. Both methods measure fibre length 
stretched by external environment. However, measurement 
length is relatively short; in FBG sensor measurement length is 

wavelength order and in EFPI sensor it is several-hundreds m.  
Therefore, measurement sensitivity and resolution are limited.  

In these fields, both measurement accuracy and simplicity of 
measurement system are required.  In this research, a new 
method to measure etalon absolute length is proposed, which 
harmonically synchronizes etalon multi-reflection and optical 
comb pulsed interference. In this method, measurement length 
is several-hundreds mm leading to high sensitivity and 
measurement resolution is enhanced by multiple reflection of 
etalon. In this paper, we experimentally show the characteristics 
of this measurement method and evaluate it by repeatability of 
measurement.  

2. Principle of measurement 

   The principles of measurement are divided into two parts; 
optical comb pulsed interference and pulsed interference with 
etalon multiple reflection. Both are described below. 
 
2.1. Pulsed interference using comb 

Optical comb is ultra-short pulse laser with its repetition 
frequency is traceable and it is used for standard of length. Fig.1 
shows optical comb pulsed interferometer based on Michelson 
interferometer. Optical pulse is emitted from optical comb with 
pulse interval which is inverse proportion to repetition 
frequency of optical comb. In pulsed interferometer, 
interference fringes are generated when optical path difference 
of two arms is equal to integer multiple of half pulse interval [3] 
as Eq. (1),  

𝑂𝑃𝐷 =
𝑚𝑙𝑐
2

=
𝑚𝑐

2𝑓𝑟𝑒𝑝
(1) 

where 𝑂𝑃𝐷 is optical path difference between two arms,  𝑚 is 
integer, 𝑙𝑐  is pulse interval of optical comb, 𝑐 is speed of light 
and 𝑓𝑟𝑒𝑝  is repetition frequency of optical comb. Each 

interference fringe is localized to several-tens m and generated 
by one arm scanning or repetition frequency scanning. Utilizing 
equally spaced localized interference fringes, pulsed 
interference is used for length measurement.  

Fig.1 Principle of optical comb pulsed interference 
2.2. Pulsed interference with etalon multiple reflection      

Etalon is composed of two reflectors and medium sandwiched 
by them. In this research, fibre etalon which is constituted of 
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fibre medium and two reflection coated end-face is used.  When 
beam is introduced to etalon, beam is multiple-reflected and 
have multiple delays equal to etalon length. Fig.2 shows the case 
optical comb is introduced to etalon. Optical pulse is multiplied 
by etalon reflection. In this case, interference fringes are 
generated as Eq. (2), 

𝑙𝑐
2
= 𝑚𝑙𝑒 (2) 

𝑙𝑒 =
𝑙𝑐
2𝑚

=
𝑐

2𝑚𝑓𝑟𝑒𝑝
(3) 

where 𝑙𝑒 is etalon length. Because of 𝑚, measurement accuracy 
of 𝑙𝑒  is improved. Since peak decision repeatability of pulsed 
interference is approximately 100 nm, 𝑙𝑒 repeatability leads to 5 
nm with m=20. Moreover, measurement length is only limited 
by pulse interval of optical comb and reflectivity of etalon so that 
measurement length of >100 mm is allowed. This leads to high 
sensitivity. These characteristics are realized by simple system as 
Fig. 2. This system is easy to implement with multiple etalon 
sensors whose length is a little different. 

Fig.2 Principle of Pulsed interference with etalon multiple 
reflection 

3. Measurement experiment 

To evaluate the characteristics of proposed system, 
measurement system including optical comb and etalon is 
constructed in stable environment and is evaluated through 
repeatability of measurement.  

Measurement system diagram is shown in Fig.3. Optical comb 
is developed in the lab, whose repetition frequency is 
approximately 34.5 MHz and scanned by PZT stage. The light 
from comb is split into two paths by a fibre coupler. On one path, 
the light is detected by PD1 and its repetition frequency is 
measured by frequency counter (Iwatsu, sc-7215a). On the other 
path, the light is introduced to fibre etalon. Fiber etalon as 
shown in Fig.4 is constituted of two kinds of fused fibre; normal 
dispersion one and anomalous dispersion one. With adjusting 
the length of two fibers, its dispersion is designed to be zero 
dispersion for sharp fringe and better accuracy. Two end-face of 
fibre etalon are contacted to high reflectivity coating fibre (99%) 
in fibre connector. Length of etalon is made to be specified 
fraction of comb length. Its optical length is approximately 217 
mm and 1/40 of comb length. The output of etalon is amplified 
by Erbium Doped Fiber Amplifier (EDFA) and detected by PD2. 
The signal from two PDs is digitized by DAQ.  

With scanning PZT of comb, interference fringe is detected on 
PD2 and repetition frequency on interference fringe peak is 
measured. Scanning frequency is 1 Hz and repetition frequency 
scanning range is approximately 3 kHz around 34.5 MHz. Fiber 
etalon is located in ice water so that its temperature is stable to 
evaluate its original characteristics. From repetition frequency at 
the peak of fringe, etalon length is calculated by Eq. (3), and its 
repeatability is evaluated.  

Firstly, etalon is cooled from 20 ℃  to 0 ℃ . Difference 
between repetition frequency of fringe peak at each 
temperature is approximately 80 kHz. Calculated temperature 
coefficient is 5.8x10-6 /K and it follows the theoretical value.  

Measurement result is shown in Fig. 5. The Result is obtained 
every one second. Ten data do not show temperature drifting. 

Repeatability of measurement is 4.5 nm, and it is reasonable 
when compared to discussion in section 2.2.  

The sensitivity of sensor is calculated from the fibre 
characteristics. If fibre etalon is used for temperature sensor, it 

is 5.8x10-6 /K and the sensitivity is approximately 1.3 m/K with 
217 mm etalon. The resolution is calculated from the sensitivity 
and repeatability of measurement and is 0.003 K. From these 
results, this system shows better characteristics than 
conventional FBG sensor that has several pm/K sensitivity and 
0.1 K resolution.  

Fig.3 System of measurement experiment 

Fig. 4 Picture of fibre etalon in this experiment 

Fig. 5 Measurement result of etalon length 

4. Conclusions 

In this research, a new method to measure etalon absolute 
length with repetition frequency scanning comb is proposed. 
Optical comb and zero-dispersion fibre etalon is developed in 
the lab and etalon length is measured and evaluated. From 
experiments, measurement repeatability of 217 mm etalon is 
4.5 nm and it has 5.8x10-6 /K sensitivity and 0.003 K resolution 
for temperature measurement. It exceeds the conventional 
method like FBG or EFPI. This method can be applied for other 
sensors such as distortion, pressure, etc. In the future, we will 
improve the measurement performance with longer optical 
comb and new etalon structure. And other characteristics such 
as linearity to external environment will be evaluated.  
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Abstract 
In  recent  years,  there  has  been  a  growing  interest  in  periodic  structures  with  multiple  periodicities,  such  as  metasurfaces  and 
subwavelength structures. Therefore, a need to develop a high-precision measurement method for grating structures with multiple 
structural  frequencies.  Although  conventional  grating  period  measurement  techniques  such  as  CD-AFM  and  diffractometry  are 
already well  studied for single-period gratings, few studies have applied these techniques for multi-pitched gratings. This paper 
proposes a grating period measurement technique for multi-period gratings using a Littrow configuration external cavity diode laser 
(ECDL). We demonstrated the proposed measurement method of dual-period gratings fabricated by interference lithography. As a 
result, we succeeded in measuring the grating period within 1% error with only 180 seconds rotation of the grating. In the future, 
more accurate measurement is expected by precisely measuring the resonance wavelength and investigating the effect of the grating 
orientation error. 
 

Keywords: Diffraction grating, External cavity diode laser, Interference lithography 

 

1. Introduction 

Nano- and micro-order periodic structures play an essential 
role in science and industry along with the progress of 
microfabrication technologies. In particular, single-period lattice 
structures, such as diffraction gratings, have become a 
fundamental technology for spectrographs, linear encoders, etc. 
Moreover, they are also indispensable for micro measurement 
technology as calibration samples for length measuring SEM 
(CD-SEM) and atomic force microscopy (AFM)[1,2]. For this 
reason, precise measurement methods for single-period lattice 
structures have been actively reported[3]. 

However, in recent years, diffraction devices with multiple 
spatial frequencies, such as metasurfaces and multi-period 
diffraction devices, have been actively studied[4]. In the case of 
multi-period structures, it is difficult to measure the grating 
period using the conventional grating measurement method 
assuming a single periodicity. 

In this study, we propose a new method for measuring the 
grating period of multi-periodic structures using an external 
cavity laser diode(ECLD). Since the grating periods can be 
measured with a slight angular rotation, the measurement 
device can be downsized compared with the conventional X-ray 
diffraction or AFM measurement. 

2. Measurement principle  

In this study, we adopted the Littrow configuration of an ECLD, 
as shown in the measurement system in Figure 1. In the Littrow 
configuration, the laser diode (LD) emitted light incidents to the 
diffraction grating. The first-order diffracted light returns in the 
same direction as the incident light, resulting in resonance. In 
this study, we assume an n-fold periodic grating to be 
incorporated into the external resonator. In this case, the 

resonant wavelength λn that appears according to each grating 
period is expressed by the following equation using the incident 
angle (Littrow angle) θL and the nth period Λn, 

 

𝜆𝑛 = 2𝛬𝑛 sin 𝜃L . (1) 
 

Furthermore, in the proposed method, the grating period can 
be measured by precisely measured resonance wavelengths and 
their shift when a slight angle of ~200″ rotates the grating. 
Therefore, the wavelength shift of the nth resonant wavelength 
dλn, when a slight angle dθ rotates the multi-period grating, can 
be approximated as follows 

 

 
𝜆𝑛 = 2𝛬𝑛[sin(𝜃L + 𝑑𝜃) − sin 𝜃L]

≈ 2𝛬𝑛 cos 𝜃L 𝑑𝜃.                  
(2)  

 

Then, using Eqs. (1) and (2), the nth lattice period Λn and the 
Littrow angle θL can be expressed from the rotational angle dθ, 
resonant wavelength λn and shift amount dλn as follows 
 

𝛬𝑛 = 1 2⁄ √𝜆𝑛
2 + (𝑑𝜆𝑛 𝑑𝜃⁄ )2 . (3) 

𝜃𝐿 = arctan(𝜆𝑛 𝑑𝜃 𝑑𝜆𝑛 ⁄ ) , (4) 
 

From the above results, we can expect to measure the grating 
period of the multi-period grating at once by measuring both the 
slight rotation angle and the resonant wavelength. 

3. Experimental method 

The experimental setup is shown in Figure 1. First, an anti-
reflection coated LD (Wavelength: 1520-1565 nm) was 
collimated by a collimator to a beam diameter of ~1 mm and 
incident on the diffraction grating. Next, the grating was placed 
on a rotating stage and measured with an autocollimator 
(measurement range: 200″, resolution: 0.05″). Finally, the 
resonant beam was obtained as the zeroth-order light, and the 
resonant wavelength was measured with an optical spectrum 
analyzer (OSA, 20 pm resolution). 
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Next, we used a double-periodic grating to demonstrate the 
measurement principle of multi-periodic gratings as a 
measurement target. Figure 2 shows a double-periodic grating 
fabricated by multiple-exposure interference lithography using 
a rotational Lloyd's mirror setup [5]. The reflectance at near-
infrared wavelengths was improved by coating the surface of the 
lattice with 100 nm of Au. The details of the fabrication process 
are omitted in this paper. 

Due to the undulation of the interference fringes, the lattice 
period of the two overlapping fringes is several hundred 
micrometers, making it difficult to measure the grating period 
using AFM. Therefore, the two superposed periods Λ1 and Λ2 
were estimated from the average lattice period Λave and the 
undulation period Λbeat observed by the microscope using the 
following equations. 

 

𝛬1,2 = (𝛬ave
−1 ∓ 𝛬beat

−1 )−1. (5) 
 

As a result, two lattice periods were computed, as shown in 
Table 1. 

Figure 1 Measurement setups for multi-period grating. 

 
Figure 2 Microscopic image of the fabricated dual-period grating. 

 
Table 1 Calculated grating periods. 

Measurement result Calculated result 

Λbeat [μm] Λave [nm] Λ1 [nm] Λ2 [nm] 

628 1206 1208 1204 

4. Experimental results 

As a measurement procedure, the double-periodic grating was 
first aligned to resonate at an appropriate Littrow angle θL. Then, 
the two resonance wavelengths and the grating angle were 
measured by every ~10″ rotation. 

Figure 3 shows the variation of the two resonance 
wavelengths together with the first-order functions fitted by the 
least-squares method. The resonant wavelength at a whole 
rotation angle of ~180″ was shifted by ~2 nm, enough to be 
measured with an optical spectrum analyzer. Furthermore, the 
grating period Λ1,2 and the Littrow angle θL calculated from the 
slope of the linear plot in Fig. 3 and Eqs. (3) and (4) are shown in 
Table 2. As a result, we succeeded in measuring the two grating 
periods Λ1,2 and the Littrow angle θL within a measurement error 
of 2-3 nm and ~0.1°, respectively. The measurement error may 

be caused by the misalignment of the grating, LD, and 
autocollimator. The angular measurement resolution of the 
autocollimator is 0.05″, and the wavelength measurement 
resolution of the optical spectrum analyzer is 20 pm. Therefore, 
it is expected that the measurement accuracy can be improved 
by the precise alignment of the experimental apparatus. These 
results demonstrate the grating period measurement method 
proposed in this study for multi-period gratings. 

 

Figure 3 Measured wavelength shift of dual-period grating. 

 
Table 2 Measured two grating periods.  

Grating 
period 

Resonant  
wavelength λ1,2 [nm] 

Calculated 
period [nm] 

Measurement 
result [nm] 

Measurement 
error [%] 

Λ1 1527 1208 1210 0.12 

Λ2 1521 1204 1207 0.31 

 
Table 3 Measured Littorow angle.  

Grating 
Period 

Littrow angle 
 [deg.] 

Measurement 
Result [deg.] 

Measurement 
error [%] 

Λ1 39.2 39.1 −0.28 

Λ2 39.2 39.0 −0.40 

5. Conclusions      

In this study, we proposed and demonstrated measurement of 
the grating period of a multi-period grating using a Littrow 
configuration ECLD. By simultaneously measuring the rotation 
angle, the resonance wavelength, multiple grating periods, and 
Littrow angles can be measured simultaneously. In the 
experimental demonstration of the measurement principle, we 
succeeded in measuring the lattice period with a measurement 
error of ~0.3% for a double-period diffraction grating fabricated 
by interference lithography. Accurate measurement of grating 
periods of the dual-periodic grating can be expected to 
contribute to new optical measurements, such as the 
development of multi-scale encoders. 
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1.	Introduction 

Mobile  robots  that  run  autonomously  in  unknown 
environments  are  required  to  estimate  their  own  position, 
recognize obstacles, and plan  their actions  to  reach a desired 
destination.  In many  studies,  image  measurement  has  been 
used  for  the  target  extraction process necessary  to  complete 
such activities. However, this requires the processing of a huge 
amount  of  information  (e.g.,  feature  quantities)  in which  the 
computations are complicated, making it difficult to improve the 
speed  of  the  image  processing.  Furthermore,  measurement 
becomes  difficult  when  training  data  cannot  be  prepared  in 
advance, such as in an unknown environment. Gibson proposed 
the visual affordance  theory, which  states  that,  regarding  the 
relationship between the movement, form, and function of the 
organism,  “the  environment  gives  a  certain  meaning  to  the 
organism,”  [1–3]  and  pointed  out  the  importance  of  the 
structure of  light  incident on  the eyes of  the organism, called 
“ambient  light.”  For  example, when moving  through  a  space 
surrounded  by  walls,  the  use  of  ambient  light  allows  us  to 
recognize the walls as a surface structure without using complex 
image processing.  

2. 3‐D Structure Estimation Methods     

The authors have previously proposed a method  for 
estimating  environmental  structure  using  ambient  light,  as 
shown in Figure 1 [4]. From the array of luminance captured as 

ambient  light from the captured  image, we estimate the angle 
that  is  the  boundary  (structural  turning  point)  of  the  surface 
structure  of  the  surrounding  environment.  The  region 
sandwiched  between  the  structural  boundary  points  is 
presumed  to  be  one  continuous  surface.  Next,  because  the 
gradation of luminance becomes surface and depth information, 
the orientation of each surface is estimated from the change in 
luminance. Finally, we estimate the surrounding environmental 
structure  by  combining  the  surfaces  whose  orientations  are 
estimated with the presence or absence of space at the turning 
points of the structure. 
 

 
Figure 1. Process of structure estimation method [4]. 
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Abstract  
Ambient light is a concept proposed by visual affordance theory that refers to the distribution of light a single viewpoint receives  
from its surroundings. By observing the changes in the luminance distribution of light produced by the structure of the environment 
from a  single viewpoint, we can estimate  the surrounding  structure. When we apply  this natural mechanism of  recognizing  the 
outside world to  image measurement technology,  it  is possible to obtain the  information necessary to recognize the surrounding 
environment by observing the ambient light without necessarily detecting or recognizing the object. For example, this methods can 
be used to estimate the 3‐D structure in an image using only simple algorithms, without the need for complex image processing or 
prior data for machine learning. In a previous study, we proposed a structure estimation method to understand the structure of the 
surrounding environment by capturing ambient light as luminance, thus providing a viewpoint in an indoor environment. The layout 
of the surface of the surrounding environment structure is estimated by assuming that a horizontal wall is a vertical wall and a vertical 
wall is a horizontal wall, and that the indoor structure is composed of vertical walls, horizontal walls, and space. However, this method 
sometimes  failed  to  estimate  the  structure  correctly  because  changes  in  the  position  of  the  lighting  in  the  room  affected  the 
estimation results. In addition, it sometimes misrecognized the boundary of the surface when estimating the structure. In contrast, 
by using the dynamic thresholding method proposed in the current study, we were able to obtain results that were robust to changes 
in illumination position. In addition, by focusing on the presence or absence of luminance continuity in an image, we were able to 
accurately detect the boundary of the surface.  In this paper, we describe these results of  improving the 3‐D structure estimation 
method.   
  
Keywords: Image, Estimating, Structure, Improvement  
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We can roughly estimate the structure when the light 
source  is positioned  inside  the  structure, and  it  is possible  to 
estimate the structure when the light source is positioned within 
π/8  rad  of  a  circle with  respect  to  the  camera's  optical  axis. 
However,  depending  on  the  lighting  arrangement  and  the 
positional  relationship  between  the  lighting  and  the  target 
structure,  the  target  structure  might  not  be  estimated 
accurately  in  some  cases.  For  the practical application of  this 
system, it is necessary to improve the method so that it is less 
sensitive to the lighting arrangement. 
 
3. Improvement by Dynamic Thresholding  
In  our  previous  method,  depending  on  the  lighting 

arrangement,  the  structural  boundary  points  might  not  be 
detected, as shown in Fig. 2. To solve this problem, we applied 
dynamic  thresholding  to  the  captured  images  to  obtain  the 
structural boundary points by edge processing. Figure 3 shows a 
comparison  of  the  proposed  method  and  the  conventional 
method. By using dynamic thresholding, we were able to detect 
structural boundary points even in lighting arrangements where 
structural boundary points  could not be detected  in  the past. 
However, in some cases, more points than the actual number of 
structural boundary points were falsely detected. 
 

 
Figure 2. Light source position. 
 

  
(a)  Without dynamic thresholding  (b)  With dynamic thresholding  
Figure 3. Detection of structural boundary points. 
 
4. Improvement using Change in Surface Luminance 
To  reduce  the over‐detection  of  structural  boundary  points 

when using dynamic thresholding, we investigated a method for 
correctly determining the structural boundary points by focusing 
on  the  continuity  of  the  luminance  gradient  in  the  area 
sandwiched  by  the  structural  boundary  points. The  region 
sandwiched by the correct structural boundary points should be 
a wall‐like surface or an open space such as a doorway. In this 
case, the correct structural boundary points are determined by 
estimating  the  surface  or  space  according  to  whether  the 

gradient of  luminance  is continuous or discontinuous. Figure 4 
shows  a  comparison  of  the  proposed  method  and  the 
conventional method,  where  we  can  see  that  the  proposed 
method was not affected by the lighting arrangement and could 
correctly determine  the structural boundary points. Using  the 
new method, we were  able  to  correctly  estimate  complex  T‐
junctions,  as  shown  in  Figure 5. As  a  result, we were able  to 
extend the range of illuminations that yielded correct structure 
estimation results. 
 

 
(a)  With dynamic thresholding  (b)  Using luminance continuity 

and dynamic thresholding 
Figure 4. Comparison of new and conventional methods 
 

 
Figure 5. Detection results of structural boundary points (T‐junction). 

5. Conclusion      

In  the  previously  proposed  method  of  estimating  the 
surrounding structure using ambient  light, the target structure 
was not always estimated accurately depending on the lighting 
arrangement  and  the  positional  relationship  between  the 
lighting and the target structure. Therefore, we investigated the 
use of dynamic thresholding combined with the continuity of the 
luminance  gradient  in  the  previous  method.  Our  findings 
showed that the proposed method is not affected by the lighting 
arrangement  and  can  correctly  determine  the  structural 
boundary points. As a result, the range of illuminance at which 
correct  structure  estimation  results  were  obtained  was 
expanded, and the structure estimation method using ambient 
light was improved. 
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Abstract 
Industrial product’s shapes have become increasingly complex with the development of multi-axis machining and additive 
manufacturing technology. A 3D form measurement is used to verify how different the manufactured form is from its designed 
form. To assess the manufacturing error of the product accurately, 3D measurement uncertainty evaluation is necessary. In one 
method, the measurement uncertainty is evaluated by measuring a calibrated gauge and evaluating the measurement bias and 
variation (ISO 15530-3). We developed a gauge used for bias evaluation of complex form measurements, and its calibration method. 
We report on the practical application of the proposed gauge, as well as the results of bias evaluation for complex forms measured 
with several tactile CMMs. 
 
 
Three-dimensional measurement, Calibration, Measurement uncertainty, Freeform      

 

1. Introduction 

The planned shapes of industrial product parts are becoming 
increasingly complex in order to meet the demands for 
lightening, downsizing, high functionality and integral moulding. 
These freeform shapes are processed using a variety of 
techniques, including multi-axis machining, sinter moulding, 
and additive manufacturing. The difference between the actual 
and designed shapes must be verified for manufacturing 
process management and product quality assurance. For 
verification, it is necessary to measure the freeform shapes 
with small uncertainty. 

To ensure the quality of geometric shaped parts such as 
circles, cylinders and spheres, the size, position and angle of 
the product feature must be measured with a caliper, dial 
gauge and protractor. The radius and centre positions of a 
geometric shape with a dimension from tens to hundreds of 
mm can be measured with sub µm–µm uncertainty. 

Contrarily, to ensure the quality of complex-shaped parts, 
complicated form deviations, such as profiles, must be 
measured using three-dimensional (3D) measuring systems, e.g. 
coordinate measuring machines (CMMs). However, freeform 
measurement with sub µm–µm uncertainty is under 
development.  

One of the primary reasons is the error in probe radius 
correction. Because the probe centre positions are recorded 
and not the contact positions between a probe and an object, it 
is necessary to estimate the contact positions using some 
method. By conventional methods, the measurement error 
caused by the error in the direction of probe radius correction 
vectors is estimated to be several µm. 

In this research, we develop a freeform measurement 
method that does not cause the error of the probe radius 
correction vectors. 

 

2. Development of accurate freeform measurement method  

For a conventional 3D freeform shape measurement, two 
cross sections within a target cross section are measured, and 
the target cross section profile is estimated using CMM 
software. Surface meshes are generated using the probe centre 
positions on the two cross sections, and the direction of the 
normal vector to each mesh is determined to be the probe 
radius correction vector. The contact positions of the probe 
and the object are then estimated [1].  

In case of an object with a curvature surface normal to a 
target cross section, the target cross section is calculated by 
linearly interpolating the probe centre positions on only two 
cross sections, resulting in a considerable measurement error. 

We can now generate surface meshes from point cloud data 
of probe centre positions obtained by measuring the multiple 
cross section area covering the target cross section (Figure 1), 
determining the direction of the normal vector to each mesh to 
be the probe radius correction vector and estimating the target 
cross section profile.  

However, when measuring a shape with a significant 
curvature and high sampling density, the error in the probe 
centre positions may cause an error in the direction of the 
probe radius correction vectors. As a result, the corrected 
positions may be calculated inside the probe or object surface 
(Figure 2). 

In the paper [2], the method without determining normal 
vectors to be the probe radius correction vectors has been 
developed. However, the issue of contact positions being 
calculated inside the probe surface remains unsolved, and 
recalculation is carried out to eliminate incoherent positions. 
Furthermore, the method has been validated for 
measurements of a single target cross section, but not for 
measurements of more than two cross sections on 3D objects.  

In this research, we developed a freeform measuring method 
with small uncertainty. The main steps are as follows. 
⚫ Multiple cross sections are measured. 
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⚫ The trajectory that the probe surface passes is 
calculated instead of estimating the probe correction 
vectors (Figure 3).  

Because the contour of the probe trajectory is the surface 
that the probe is most likely to contact, the region inside the 
probe trajectory is determined to be a contactless region; 
therefore, the conventional issue shown in Figure 2 does not 
occur. 

Several methods are suggested for analysing the probe 
trajectory using point cloud data of probe centre positions. A 
dilation operation, offset by probe radius from the probe 
centre positions, can be applied to one of them. The method is 
theoretically proposed. However, experimental reports are 
inadequate [3]. Another method is to calculate the distance 
field from the probe centre position and an isodistance surface 
with a probe radius distance can be used. Furthermore, 
convolution of sphere features whose radii are the measured 
probe radii and whose centres are the measured probe centre 
positions can be applied.  

 

 
Figure 1. Measurement of multiple cross sections of a  

freeform shape 
 

 
Figure 2. Probe radius correction by estimating probe radius 

correction vectors 

 

 
Figure 3. Probe radius correction by calculating the probe trajectory 

 

3. Practical application of the proposed measuring method 

We developed a gauge for evaluating the bias of freeform 
measurement [4,5]. The gauge is designed by dividing the 
freeform features of actual product shape into geometric 
features, such as arcs. Figure 4 shows a developed gauge 
designed for turbine blade inspection. The gauge has an 
inclined side surface and the cross section is devided into four 
sections of different curvatures. 

We measured 21 cross sections within a target height ± 1.5 
mm of the developed gauge with a 5-mm diameter probe. 
The sampling density was 25 points/mm. The curvature radius 

of measured surface was 3 mm corresponding to the area 
indicated by the blue hatch in Figure 4. As shown in Figure 5, 
the probe radius is corrected corresponding to Figure 3. As 
shown in Table 1, the measurement uncertainty of profile is 
estimated to be 1.1 µm. At this conference, we will report the 
results of bias evaluation for each probe radius correction 
method. 

 

 
Figure 4. Devepoled gauge for evaluating the bias of  

freeform measurement 

 

 
Figure 5. Measurement data of the gauge corresponding to the area 

indicated by the blue hatch in Figure 4 
 

Table 1. Estimated measurement uncertainty of profile 

Uncertainty factor of profile Uncertainty [µm] 

Error of probe center position 0.08  
Probe size error 0.20 

Probe form error 0.49 
Thermal expansion compensation error 0.01 

Extended uncertainty ( k = 2 ) 1.1 

 

4. Summary 

The shapes of industrial product parts are becoming 
increasingly complex, and measuring such freeform shapes 
with CMMs with small uncertainty is in high demand. Therefore, 
Accurate probe radius correction is necessary. In this study, we 
developed a method for measuring 3D freeform shapes with 
small uncertainty by measuring multiple cross sections and 
analysing the probe trajectory instead of estimating the probe 
radius correction vectors. We will report the bias evaluation 
results for each of the probe radius correction methods. 
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Abstract       
 
In emerging technologies such as aerospace and aeronautics the joining of multi-material parts is a growing need for the development 
of components with improved properties. Among efficient joining technologies, adhesive bonding is considered an optimal method 
for joining multi-material structures, however, its use is limited due to inadequate evaluation of bond quality by non-destructive 
testing (NDT) methods. Recently, computed tomography (CT) is becoming more and more accepted in the non-destructive testing 
(NDT) community, thanks to the equipment and software development. This technology is capable of performing quantitative 
dimensional and geometric analysis, for example of adhesive bonds. Nevertheless, quantitative results obtained by CT are strongly 
influenced by a large number of error sources and thus the accuracy of CT-based measurements remains yet largely uncertain. In 
most cases a consistent methodology is needed, so that CT could be considered a reliable technology. This paper aims to evaluate 
the adhesive bonding quality in metal bonded structures by means of CT. To do so, a structural adhesives with four different 
Aluminum specimens are analyzed. The adhesives used are MERBENIT SF50® and  BETAMATE 2810® and the substrates of Al7075-T6 
of 3mm thickness. For each bonding configuration, a novel ML–based method for the detection of the contact area between adhesive 
and substrate is provided. Each adhesive interface area measurement is associated with its corresponding task-specific uncertainty 
estimation. Results are promising and useful for adhesive bond quality evaluations in CT equipment. 
 
Adhesive, Computed tomography, Non-destructive testing, Uncertainty       

1. Introduction   

The use of lightweight aluminium (Al) alloys and composites 
has increased dramatically both to meet environmental 
requirements and to improve the performance of emerging 
technology vehicles [1]. Efficient joining technologies for these 
materials are, however, a challenge due to their different 
natures.  

Budhe et al. [2] indicate that adhesive bonding is considered 
an optimal method for joining multi-material structures. 
Adhesively bonded structures not only create a high strength-to-
weight ratio, but also allow for homogeneous load distribution.  

In spite of its potential advantages, the use of adhesives in 
safety product structures is limited due to inadequate 
evaluation of bonding quality by non-destructive testing 
methods [3]. Ideally, the adhesive volume should be uniform 
and free of voids. Unfortunately, as the liquid adhesive contains 
water that evaporates during the curing phase (along with other 
physical effects), the defects shown in figure 1 can occur in the 
cured adhesive layer. 

 
Figure 1. Adhesive bond cross section with common defects. 

 
Despite numerous studies on qualitative inspection methods 

for such joints, the limitation of accurately assessing the joint 
interface area is a challenge that only a few of them have 
addressed [3]. 
1.1 Adhesive joint inspection 

There are numerous inspection technologies to evaluate the 
adhesive joints quality. This inspection techniques can be 
classified as destructive (DT) and non-desctructive testing 
methods (NDT). Destructive inspection methods require to 
manufacture test parts which become in an indirect data about 
the internal integrity of the actual joined components. To 
overcome the inspection limitations and to meet safety 
requirements, reliable non-destructive testing methods are 
essential to first detect and then accurately measure defects 
associated with the bonding process.  

A number of studies have discussed the evaluation of bonding 
quality with various non-destructive testing (NDT) methods, 
being ultrasound and thermography techniques the most used 
ones. However, recently, computed tomography (CT) is 
becoming more and more accepted in the non-destructive 
testing (NDT) community, thanks to the equipment and software 
development. In comparison with other NDT techniques, CT 
imaging techniques can provide increased spatial resolution and 
can inspect the full thickness of the adhesive quantitatively [4]. 
Nonetheless, CT measurements values are strongly influenced 
by a high number of error sources and thus the accuracy and 
reproducibility of CT-based measurements remains yet largely 
uncertain. Despite the current challenges, CT measurements 
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uncertainty estimates are esential for different measurement 
technology comparisons and acceptance of the results[5]. Over 
the last two decades, the substitution method has been 
generally applied for the estimation of CT based measurements 
uncertainties. This empirical approach is based on repeated 
measurements carried out on a calibrated standard similar in 
thickness and material to the component under study [6]. 

 
1.2. CT image segmentation and CT measurement uncertainty     

CT imaging technology involves numerous applications such as 
metrological tasks, reverse engineering and 3D image-based 
simulations. In all these applications, the first step is image 
segmentation, which usually consists of identifying the 
boundaries of the surface of each present class (or only between 
a material and the background) of both external and internal 
features [7]. 

For this process, traditional image segmentation approaches 
involve manual segmentation, where a technician applies 
different procedures for determining the surface location, 
typically by global or local thresholding. However, manual 
segmentation is fraught with irreproducibility and variability 
from person to person. Although the existing tools themselves 
(e.g. VGSTudio advanced surface determination , Valley or Otsu 
thresholding algorithms) are consistent, chances are that even 
two qualified technician performing segmentation on the same 
CT data will result in different segmentations leading to different 
measurement results. As a rule of thumb, the goal of the 
technician performing the segmentation is to adjust the result 
to what the human eye can see, so it is a completely subjective 
method, which never end as the most correct segmentation [8]. 

The range of possible segmentations, considering all the 
variables influencing the process, represents the uncertainty of 
the segmentation process. The correct segmentation, however, 
may or may not lie within this zone, and the systematic error 
between the calibrated reference value and the segmentation 
result is considered as the bias. Therefore, the bias itseld needs 
to be considered separately from uncertainty but together with 
the result. Standard uncertainty due to the reference values 
measurement (𝑢𝑐𝑎𝑙), Standard uncertainty of CT measurement 
process (𝑢𝑟𝑒𝑝) (once the voxel size has been calibrated), 

segmentation uncertainty (𝑢𝑠𝑒𝑔) and bias (b) are considered in 

this work as the total expanded uncertainty contributors, 
equation 1. The standard uncertainty due to the drift (𝑢𝑑𝑟𝑖𝑓𝑡) 

and the standard uncertainty due to the variations in material 
(𝑢𝑤) are considered as negligible. 

𝑈𝑀𝑃 = 𝑘 ·  √𝑢𝑐𝑎𝑙
2 + 𝑢𝑝

2 + 𝑢𝑠𝑒𝑔
2 +  𝑏2                    (1) 

Fortunately, the main disadvantages of manual segmentation 
can be overcome by machine learning (ML) techniques, which 
generate highly reproducible values, spare technicians labour-
intensive tasks and can achieve values with high accuracy. In this 
study a novel ML procedure using a Random Forest (RF) classifier 
is applied. 

This paper presents a methodology to automatically and 
accurately detect the adhesive/adhesive surface by CT . On the 
whole, it comes that the novelty of the present work is twofold: 
first, to investigate the adhesive surface interfacial contact by 
means of CT and applying ML–based RF algorithm. The proposed 
test configuration allows to reproduce at the macro-scale the 
adhesive surface integrity and same methology holds promise 
for application in micro-scale resolution CT systems. Second, a 
novel uncertainty assessment of the proposed method is 
provided, thus, the methodology is consistent for a faithful 
comparison, reproducibility and reliability of CT measurement 
results. 

2. Materials and methods      

The dimensions and details of the inspected specimens, with 
single lap geometry, are shown in figure 2. The substrates 
material is Aluminium 7075-T6, and two different adhesives 
were used, a flexible adhesive MERBENIT SF50® and a rigid 
adhesive ARALDITE 2012®. 

 
Figure 2. Inspected specimens dimensions 

 
For both cases, the surface treatment applied consisted of the 

following steps: cleaning surface with acetone, sanding (paper 
grit 80) and cleaning with acetone. 

In order to be able to obtain the interface area reference 
values, it is necessary to have access to the interface area, e.g. 
by means of an optical system. Thus, to expose the interfaces, 
an adhesive failure mode is usually triggered at the bonding 
joints (a peel-off where no adhesive residue remains on the 
substrate). For that purpose, in this work a release agent 
(LOCTITE FREKOTE 55-NC) was applied on the Aluminium plates. 
Moreover, Teflon tabs were placed on one of the substrates, 
fixing with low thickness double-sided tape, in order to delimit 
the bonding area and act as a thickness controller of the 
adhesive layer which are applied on both substrates (for flexible 
adhesive 2mm, and for rigid one 1mm) and then the other 
substrate was placed. After removing the excess adhesive, a 
slight pressure was applied to ensure good contact. The 
adhesive curing was carried out in the laboratory, at a controlled 
conditions of temperature and humidity (25ºC-50%RH) for 24 
hours, according to TDS.  

All the specimens were imaged via X-ray computed 
tomography at a 89 µm resolution (voxel size). The research was 
done on a set of CT slices images sized 1063 × 1056 pixels coming 
from General Electric X-Cube Compact machine. The source 
voltage was selected to avoid the extinction of the X-ray beam 
in the most unfavourable position. Under this criteria, the 
voltage was adjusted to 150kV and then the tube current value 
was chosen to be high enough as it leads to a reduced exposure 
time, allowing the least scanning time without decreasing the 
image contrast/brightness. This resulted in 4mA and 100ms of 
exposure time. The combination of 1mm copper and 0.5mm tin 
filters achieved a homogenization effect of photons energy that 
reached to the workpiece, minimizing the beam hardening 
effect. 

For adhesive segmentation, the figure 3 (ML)-based method 
was implemented. 

 
Figure 3. ML segmentation workflow 

 
The setup phase for the training and prediction consisted of 

the following choices: 
1) Class labelling: First, the learning process starts by 

manually labelling a particular CT image slice 
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(supervised learning) near the apparent interface. 
The labelling was carried out by APEER, a free cloud-
based platform focused on image processing tasks 
[9]. Only the pixels that can be reliably identified as 
pores, adhesive or Teflon were labelled (unlabelling 
the uncertain contours), as shown in the figure 4. 

 
Figure 4. CT image labelling 

 

2) Features: In image data, the features are the pixel 
values of digitally filtered images.  In this study, 100 
Contrast Limited Adaptive Histogram Equalization 
(CLAHE),  50 Fourier transforms mask , 2 Gaussian 
(sigma 3 and 7) and median image processing filters 
were applied for each pixel value features 
extraction, apart from the natural value of the 
original pixels. Each feature and the labels were used 
to train the RF model in order to predict the new 
input image labels. 

3) Random Forest (RF) algorithm: RF classification 
algorithm implemented in python Scikit-learn 
library, version 1.0.2, was used for classification 
porpoises [10]. The RF algorithm combines 
classification results from several decision trees. 
First, some trees are constructed and fitted to the 
pixel values during the training , using a random 
subset of features to train each tree. Then the 
results of classification from each tree for each pixel 
are named as a class vote and the derived 
classification is determined by majority of class 
votes. 
In all decision trees, the first node corresponds to 
the original pixel value, the intermediate nodes to 
the features and the label value to the prediction. 
 The number of stimators used were 100. More 
information about the algorithm can be found in 
[10]. 

4) Predicition: Once the RF model is created, the new 
images are predicted extracting the same features  
as in the previous ones. 
 

To assure the traceability of the interface area measurement, 
the expanded uncertainty of the CT measurement process (𝑈𝑀𝑃) 
was determined. The presented task-specific uncertainty 
estimation was based on repeated area measurements carried 
out on each scanned metal/metal adhesive interfaces. 

First, 𝑢𝑐𝑎𝑙 was estimated following [11]. For this purpose 
Alicona G4 InfiniteFocus® microscope was used under high 
repeatability conditions and with a vertical resolution of 10 nm 
and  therefore, 𝑢𝑐𝑎𝑙 was considered as the standard uncertainty 
due to the Alicona measurement process. The uncertainty 𝑢𝑐𝑎𝑙  
is given by the standard uncertainty associated with the 
calibration of the equipment used (𝑢𝐸) and by the standard 
uncertainty associated with the repeatability of the reference 
values measurements (𝑢𝑟𝑒𝑝), equation 2: 

𝑢𝑐𝑎𝑙 =   𝑢𝐸  + 𝑢𝑟𝑒𝑝                                   (2) 

The uncertainty component 𝑢𝐸  was estimated by the 
extended standard uncertainty 𝑈𝑐𝑎𝑙 and the coverage factor 
(𝑘𝑐𝑎𝑙) stated in the calibration certificate of the calibrating 
equipment using equation (3): 

𝑢𝐸 =
𝑈𝑐𝑎𝑙

𝑘𝑐𝑎𝑙
                                          (3) 

The standard uncertainty associated with the repeatability of 
the reference values measurements (𝑢𝑟𝑒𝑝) was determined by 

by the standard deviation of 3 Alicona measurements (σ) and by 
the number of measurements (N): 

𝑢𝑟𝑒𝑝 = √
𝜎

𝑁
                                         (4) 

Then, to consider the repeatability of CT measurement results, 
4 CT scans were replicated with identical set-up, following the 
procedure described in [12]. Thus 𝑢𝑝 is considered as: 

𝑢𝑝 = √[
1

𝑁−1
· ∑ (𝑦𝑖 − �̅�)2𝑁

𝑖=1 ]                           (5) 

The systematic errors (b) between the mean values of CT 
measurements (y) and the reference values (𝑦𝑐𝑎𝑙) is defined as: 

b = �̅� - 𝑦𝑐𝑎𝑙                          (6) 
Then the image segmentation uncertainty (𝑢𝑠𝑒𝑔) was 

estimated by the above mentioned 4 CT scans adhesive interface 
area segmentations. It is worth noting the novelty and necessity 
of assessing 𝑢𝑠𝑒𝑔 separately from b, as not all the reference 

values are included in the 𝑢𝑠𝑒𝑔 range. 

Once the RF algorithm was trained, a prediction was made for 
all 4 CT image interfaces of each specimen described in the 
figure 3. As the precise interface is difficult to quantify, in each 
of the 4 repetitions a slightly different CT slice was defined as 
interface. This range was ±10 µm. Owing these slight differences, 
combined with the inherent lack of repeatability of the CT 
scanning process, the results of each segmentation differ slightly 
from each other repetitions. Therefore, in each segmentation of 
every repetition, certain pixels were considered as adhesive and 
other times not. According to this variability, all pixels that 
switched class in any of the 4 segmentations were marked within 
a new class, considered as a region of uncertainty.  In the 
following figure 5 is shown one of the results as an example. 

 
Figure 5. Specimen A segmentation uncertainty map example. 

3. Results      

Table 1 summarizes the results of the expanded uncertainties 
𝑈𝑀𝑃 associated to the CT interface area measurement of each 
specimen. 

 
Table 1 CT interface área measurements results. 
 

 Specimens interface area according to figure 3 

A B C D 

CT Interface 

area(𝒎𝒎𝟐) 

1 348.660 991.525 1 270.403 1 315.662 

𝑼𝑴𝑷(𝒎𝒎𝟐) 158.729 99.667 172.861 122.711 

𝑼𝑴𝑷(%) 11.76% 10.05% 13.61% 9.33% 

 
The figure 6 shows the uncertainty budget of the CT 

measurement process uncertainty assessment, strongly 
influenced by 𝒖𝒔𝒆𝒈  and b. 
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Figure 6. 𝑈𝑀𝑃 and uncertainty contributors values 

 
From the results it can be concluded that CT measurements 

results were affected by high deviations due to the difference in 
resolution between the validation and CT equipment used. As a 
consequence of the relatively low resolution of the X-ray 
equipment, the unshaprness generated in CT images was such 
that defects of area less than 10 times the effective pixel area 
(0.89 µ𝑚2) were highly overestimated by RF algorithm. 
Unfortunately, the studied adhesives contained a large amount 
of porosity and cracks of these dimensions, causing 𝑼𝑴𝑷 values 
up to 13.61% in CT interface area measurements. Larger area 
defects were less affected by equipment unsharpness, as shown 
in the segmentation uncertainty map in figure 5.  

𝑈𝑀𝑃 considered 2 differents effects, the irregular selection of 
different CT images as interfaces and the measurement of the 
adhesive area itself. In the case of MERBENIT SF50® flexible 
adhesives, the determination of the interface was much more 
problematic (due to its composition and structure), increasing 
the 𝒖𝒓𝒆𝒑  and b values, resulting in the highest 𝑼𝑴𝑷 values. 

Considering the accuracy of the applied ML-based RF model, 
the results show a high correlation between the predicted values 
and the actual values. According to equation 7, the model 
accuracy was up to 0.99: 

𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦(𝑦, ŷ) =  
1

𝑛𝑝𝑖𝑥𝑒𝑙
 ∑ 1(ŷ𝑖 =  𝑦𝑖

𝑛𝑝𝑖𝑥𝑒𝑙−1

𝑖=0
)              (7) 

Where ŷ𝑖 is the predicted value of the 𝑖-th sample and 𝑦𝑖 is the 
corresponding true value. These methods are relatively more 
straightforward and accurate than the traditional laborious and 
time consuming manual segmentations. The main challenge to 
accurately segment these type of images is the wide range of 
grey numbers that are included in the same class, especially 
when feature sizes are variable, e.g. porosity. 

5. Conclusions      

From the research carried out the following conclusions can be 
drawn: 

- A novel methodology to quantify image segmentation 
uncertainty using advanced ML-based algorithm was proposed. 
Segmentation uncertainty is needed, for example, for 
propagating uncertainty through image-based simulations. 
When 𝑢𝑠𝑒𝑔 is considered, realistic predicted physics quantities 

together with the respective uncertainty distributions can be 
provided and to date, this term stimation has received very little 
attention in the literature [8]. 

- Although the uncertainty values provided in the study are 
relatively high given the scanning resolution used, the CT 
measurement method has been shown to be repeatable. Even 
though it has not been demonstrated, applying this method to 
higher resolution CT images would be relatively straigthforward, 
which would greatly improve the 𝑼𝑴𝑷 values. 

- The large amount of porosity with dimensions below 10 times 
the pixel size used, in the case of MERBENIT SF50® adhesives, 
leads to poorer accuracy in the measurements provided. In 
addition, due to the large grey diversity of each pore, the class 
segmentation is much more sensitive to labelling than in the 
case of ARALDITE 2012® adhesives. 
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Abstract 
 
Precise interferometric distance measurements play a crucial role in length measuring and positioning systems that provide resolving 
capabilities down to the sub-nm-range. Especially for applications in nanotechnology, length metrology has to face additional 
challenges due to increasing measurement ranges and traverse speed. Nanopositioning and measuring machines (NPMM) meet the 
demands on positioning with nm-accuracy over long measurement distances. Currently, the next generation of NPMMs (NPMM-200) 
provide a measuring range of 200 mm × 200 mm × 25 mm with a measuring repeatability up to 20 pm. This also sets new demands 
on the frequency stability of the laser sources used for interferometry. In this study we present two new approaches to create 
traceable, ultrastable optical frequencies at 633 nm that provide frequency stability below the electronic resolution limit of the 
interferometers (Δs = 25∙10-12) thus allowing to practically eliminate the influence of frequency distortions in the NPMM-200. Both 
approaches utilize an optical frequency comb to ensure traceability and long-term frequency stability. The first approach permanently 
couples the metrology lasers of the NPMM-200 to a comb line. The second approach is based on a diode laser stabilized to an 
ultrastable cavity. This allows to set up a frequency reference with enhanced-short-term frequency stability and high output power. 
Thus, in combination with the optical frequency comb a frequency stability better than 10-12 independent on integration time is 
prospectively accessible. 
 
Keywords: Nanopositioning- and nanomeasuring machines, He-Ne-laser, frequency comb, cavity stabilized diode laser, frequency stability 
  

 

1. Introduction 

The implementation of “traceable 2D and 3D metrology at 
(sub)nm accuracy over several 100 mm range” has been 
expressed as one of the central targets for nanometrology up to 
the year 2025 within the iMERA roadmap “Dimensional 
metrology for micro- and nano-technologies” [1].  

Nanopositioning and nanomeasuring machines (NPMM) that 
combine three dimensional positioning and measuring 
capabilities on a macroscopic scale of several ten to hundred 
millimeters with an accuracy of nanometers can contribute to 
the implementation of new measurement and fabrication 
approaches for nanometrology.  

Since the turn of the millennium the TU Ilmenau has put 
extensive research effort in the development of NPMMs. As a 
result the NPMM-1 with a measurement volume of 25 mm × 
25 mm × 5 mm became commercially available [2]. A 
multisensor approach for different optical and tactile systems 
was added [3] and lately the integration of  tip- and laser based 
nanofabrication approaches for a three-dimensional design of 
nanostructures was demonstrated [4]. Currently the next 
generation of NPMMs (NPMM-200) provide a measuring range 
of 200 mm × 200 mm × 25 mm. Recently a one-point positioning 
stability and repeatability of less than 2 nm for lateral 
measurements over the whole measurement area has been 
experimentally demonstrated [5] and vertical repeatability 
measurements of a 5 mm step height standard revealed a 
standard deviation of 20 pm [6]. 

The demand for increasing measurement ranges and scanning 
speeds to fulfill more complex measurement tasks steadily 
increases the requirements for the underlying positioning and 
length measurement systems of those machines. Length 
measurements within NPMMs rely on high-precision 
interferometers. These interferometers do not only determine 
the position in x-, y- and z-direction but also measure angular 
deviations of the guidance system with an interferometric angle 
measurement [5,6].  
Therefore, the reduction of uncertainty contributions of the 
existing interferometric measurement systems play an 
important role in the overall research activity on NPMMs. 

One fundamental uncertainty contribution in displacement 
interferometry is the accuracy and stability of the vacuum 
wavelength of the laser source serving as measuring standard 
[7]. In NPMMs usually polarization-stabilized HeNe-lasers that 
provide narrow linewidths in the kHz-range are deployed [5]. 
Nevertheless, their-long-term frequency stability is limited. 
Typically these lasers exhibit relative maximum frequency 
deviations of Δf = (2.5-5.7)∙10-9 over a 24h-measurement series 
resulting in a length measurement error of 0.5-1.1 nm for a 
maximum positioning range of 200 mm [8]. Furthermore, their 
lifetime frequency stability is limited to ± 1 - 2∙10-8 [9,10]. Thus, 
the HeNe lasers have to be periodically measured against a BIPM 
compliant frequency standard to determine changes of their 
absolute frequency and guarantee traceability of the 
interferometric length measurements to the SI meter definition. 

To practically eliminate the influence of frequency distortions 
on the interferometric length measurements in NPMMs with 
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extended measurement areas of several hundred millimeters, 
the respective length measurement errors have to fall below the 
digital resolution limit of the interferometers which can 
currently be set to 2.5∙10-11 (5 pm at 200 mm measurement 
range with 16-bit A/D-converter [7]). A possible further 
extension of measurement ranges up to 1 m and resolution 
enhancement in A/D conversion will prospectively make even a 
frequency stability of ≤ 10-12 desirable. Since high positioning 
dynamics benefit from wavelength standards with enhanced 
short-term frequency stability, a frequency stability of 10-12 
independent on integration time is preferable. To additionally 
control the absolute frequency, the laser source should ideally 
provide a permanent link to a primary frequency standard [11]. 
Finally the laser source should possess enough output power to 
be suitable for fiber coupling.  

This requirements all together cannot be fulfilled with the 
currently used polarization-stabilized HeNe-lasers. In fact, they 
are not even feasible within one single laser system. 
Nevertheless, decades of research and development in precision 
spectroscopy, pulsed laser systems and ultrastable laser sources 
have paved the way for a commercial availability of traceable, 
ultrastable optical frequencies that have for a long time only 
been accessible to national metrology institutes.  

In this study we present two new approaches to implement 
traceable, ultrastable optical frequencies at 633 nm for 
displacement interferometry in NPMMs with a measurement 
range of several hundred millimeters.  

2. Ultrastable, traceable frequencies at 633 nm  

The approaches for an experimental implementation of a laser 
source with the aforementioned features and a wavelength of 
633 nm are presented in Fig. 1. The core element is a GPS-
referenced frequency comb to ensure traceability and a long-
term frequency stability of better than 10-12. The optical 
frequency comb (OFC) is a commercial system (Model:FC1500-
250-WG, Menlo Systems) that contains an additional unit for 
frequency conversion down to 633 nm.  

The repetition rate fRep and the carrier envelope offset 
frequency fCEO of the comb are phaselocked to a 10 MHz-output 
from a GPS disciplined oscillator (GPSDO) [12]. The accuracy and 
long-term stability of this RF-reference is obtained from the GPS 
signals that are used to steer the frequency output of the local 
oscillator [13]. Since the GPS signals are directly traceable to 
UTC(USNO) a direct and permanent link of the local oscillator to 
an atomic clock as a primary standard for the realization of the 
SI unit time is realized and transferred into the optical domain. 
The overall uncertainty of the GPS-referenced frequency comb 
is determined by the frequency stability and accuracy of the 
GPSDO (see e.g.[14]). Based on a comb-comb-comparison of two 
GPS-referenced frequency combs the manufacturer guarantees 
a relative frequency stability (relative Allan-Deviation) of 4∙10-12 
at τ = 1 s and a relative accuracy better than 8∙10-12 at 
τ = 1 s [12]. The relative accuracy at τ = 1 s is limited by the 
maximum Allan deviation of the GPSDO. It drops down to 
approximately 10-12 for an integration time of one hour. For 
integration times (τ > 104 s) the accuracy is limited to 3∙10-13. 

The relative Allan deviation of the GPS-referenced frequency 
comb in comparison to a polarization stabilized HeNe-laser is 
depicted in Fig. 2c). The Allan deviation of the comb shows a 
maximum of 3.6∙10-12 at 64 s and monotonically drops down to 
5∙10-13 at τ = 10000 s due to the synchronization with the GPS 
signal (see e.g. [15]). On the other hand the limited long-term 
stability of the stabilized HeNe-laser can be clearly deduced from 
the increasing Allan-deviation reaching a value of 4∙10-10 at 
τ = 10000 s. Currently the NPMM-200 is powered by one single-
frequency polarization-stabilized HeNe-laser for each 

interferometer axis with a maximum output power of 1.2 mW 
prior to fiber coupling. These lasers operate independently from 
each other and show a slightly different frequency stability 
behavior [8].  

On the contrary, the 7 mW-output power of the OFC at 633 nm 
is spread over several thousand comb modes. Thus each comb 
line possesses only a low optical power of about 800 nW and 
cannot be used directly as wavelength standard for 
interferometry in the NPMM-200.  

Therefore, the comb has to be combined with a metrology 
laser of higher output power to provide a traceable, ultrastable 
frequency standard with enough power to feed all of the 
interferometers within the NPMM-200 at the same time.

Figure 1. : Approaches for the implementation of ultrastable, traceable 
frequencies for interferometry in the NPMM-200. The abbreviations 
denominate: GPSDO -  GPS-disciplined oscillator, ULE – Ultra-low-
expansion, APD – Avalanche photodiode, SSL – Secondary standard 
laser, ML – Metrology laser.  

 
The first approach we implemented and comprehensively 

described in [8,16] is based on a fiber-coupled HeNe-heterodyne 
source directly and permanently stabilized to a single comb line. 
The first laser of the HeNe-source is used to create a beat note 
with one of the comb modes. The generated beat signal serves 
as the input of a control system stabilizing the laser to the comb 
mode (“Servo 1” in Fig. 1). This laser serves as the “Secondary 
standard laser” (SSL). Some µW optical power of the SSL and the 
second laser of the heterodyne source are afterwards used to 
create a beat note signal between these two lasers. This beat 
signal is the input of a second control loop (“Servo 2” in Fig.1) 
that is used to lock the second laser with an adjustable 
frequency offset between 0.1 – 20 MHz to the SSL. This laser 
serves as the actual metrology laser (ML). Once the laser is 
locked to a respective comb line no adjustment of the vacuum 
wavelength for the interferometric measurements of the 
NPMM-200 within daily operation is necessary [8].  

We recently demonstrated that the applied control system 
allows the SSL to follow the comb line with a maximum 
frequency deviation of 2.3 kHz (4.8∙10-12) over a time window of 
1h (Fig. 2a) and b)). The relative Allan deviation of the locked SSL 
and ML fall below the Allan deviations of the comb line for 
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integration times τ ≥ 1 s [8] (Fig. 2c). Thus it could be shown that 
the SSL and ML are able to follow the comb line properly. With 
the designed control system an increase in long-term stability of 
three orders of magnitude in comparison to the Allan deviation 
of the polarization-stabilized HeNe-laser can be achieved for 
t = 10000 s (see Fig. 2c). Furthermore, the tunable frequency 
output of the metrology laser allowed us for the first time to 
directly observe the influence of frequency distortions on the 
interferometric length measurements within the NPMM-
200 [8].  

Figure 2: Frequency stability of the comb-referenced HeNe-lasers. a) 
Deviation of the beat frequency from the mean value between the SSL 
and a comb line prior and after lockig the SSL onto the comb line, b) 
Deviation of the beat frequency between the SSL and a comb line as well 
as the ML and the SSL when locked to the comb line, c) Respective 
relative Allan deviations. The interferometer resolution of the NPMM-
200 is indicated as a green line. 

 
With the applied locking scheme a direct and permanent link 

of an interferometric measurement to an atomic clock was 
created. Nevertheless, a frequency stability of ≤ 10-12 is only 
achievable for integration times higher than 1000 s. The short-
term stability and frequency noise are still limited by the 
properties of the GPSDO and the HeNe-lasers.  

In addition, the HeNe-lasers provide only limited power 
output. In the current configuration the comb-referenced 
metrology laser provides an output power of 500-700 µW after 
fiber coupling. This power can be used to feed up to two 
interferometer axis (x- and y-axis) of the NPMM-200. To feed 
each of the interferometer axis the current comb-referenced 
heterodyne source would have to be complemented by a third 
laser. Although the current control design is easily scalable to 
control several metrology lasers it is questionable if the build up 
of a laser array is desirable, especially in terms of possible 
different frequency noise properties of the respective laser 
sources. 

Nevertheless, these deficiencies can be overcome by the 
additional implementation of a diode laser stabilized to an 
ultrastable reference cavity. These systems rely on a cavity as 
reference and possess an excellent short-term stability [17]. 
Furthermore, they provide a higher optical power in comparison 
to a HeNe-laser. On the other hand their long-term stability is 
usually limited by frequency drifts due to aging and temperature 
fluctuations of the high-finesse cavity [17,18].  

At the TU Ilmenau a commercial Optical Reference System 
(ORS) from Menlo Systems is used [19]. It consists of an ECDL-

laser (MOGLabs Littrow external cavity diode laser; wavelength: 
632.8 nm) that is locked to a high-finesse cavity made of Ultra-
Low Expansion glass via the Pound-Drever-Hall locking scheme. 
The ULE glass exhibits a linear shrinking drift rate of 
approximately 0.15 Hz/s [20]. The optical cavity is temperature 
stabilized, embedded in an ultra-high vacuum (UHV) system and 
mounted on an additional vibration isolation platform. The 
cavity-stabilized diode laser provides an output power of 10 mW 
that can be accessed via a fiber coupled, polarization-
maintaining output port [20]. The CW-laser, ULE-cavity, optics 
for the PDH-lock and control electronics are integrated into a 
compact 19” rack.  

Figure 3: Frequency stability of the optical reference system in 
comparison to the GPS-referenced frequency comb. a) 24h-
measurement series of the beat frequency between the ORS and a comb 
line; b) Time dependent beat frequency between two optical reference 
systems of comparable frequency stability with the linear drift removed, 
c) corresponding relative Allan deviations. The red dashed line indicates 
the expected frequency stability of the ORS with linear drift for τ ≤ 4000 s 
and the overall stability prospectively achievable by a combination of 
both systems. The abbreviation “M.d.” stands for manufacturer data.  
 

In Fig. 3 frequency stability data of the ORS in comparison to 
the OFC is presented. Fig. 3a) displays a 24h-measurement of the 
beat frequency between the OFC and the ORS. The bright blue 
line shows the measurement data for an integration time of 1 s. 
Fig. 3b) presents a measurement of the ORS against another 
optical reference system of comparable frequency stability [21]. 
This dataset was provided by the manufacturer and is already 
corrected for the drift rate of the cavity [21]. The respective 
Allan-deviations are depicted in Fig. 3c). Due to the outstanding 
short-term stability of the ORS with ADev ≤ 5∙10-13 for τ ≤ 1000 s 
the observable short-term frequency changes of the beat 
frequency with a maximum frequency deviation of 12.6 kHz 
within a timeframe of 1h in Fig. 3a) reflect the fluctuations of the 
respective comb line. The differences in the Allan deviation of 
the OFC between the manufacturer data (grey line in Fig. 3c) and 
the measured data (blue line) for integration times below 30 s 
are currently under investigation. Nevertheless, within the 24h-
measurement time the drift of the ORS-system is clearly visible. 
For illustration purposes the black data points additionally 
present the measured data averaged in 1000 s samples. In 
accordance to [18] a linear fit is applied, resulting in a drift rate 
of 104 mHz/s and a frequency change of 9 kHz within the 24h-
measurement window.  

Thus a permanent monitoring and periodic correction of the 
absolute frequency of the ORS is necessary to keep the influence 
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of this frequency changes below the current resolution limit of 
the interferometers of 2.5∙10-11. For this purpose some power of 
the ORS has to be branched off for a parallel measurement of 
the beat frequency with the frequency comb (Fig.1). 

Future research will concentrate on the practical integration 
of the ORS for interferometric measurements in the NPMM-200. 
This additionally requires the estimation of a possible frequency 
stability degradation due to fiber dissemination (see [8]). To 
profit from the long-term stability of the comb without losing 
the exceptional short-term stability of the ORS-system, a 
suitable correction procedure for the absolute frequency of the 
reference system has to be established to prospectively enable 
the implementation of an ultrastable, traceable optical 
frequency with a frequency stability of 10-12 independent on the 
integration time as illustrated as solid red line in Fig. 3c). 

3. Conclusion      

Ultrastable and traceable wavelength standards are a key 
component for interferometric length measurements, especially 
in nanopositioning and -measuring machines with measurement 
ranges up to several hundred millimeters. The commercial 
accessibility of optical frequency combs and ultrastable laser 
sources paved the way for new solutions in the precise 
determination of optical frequencies and the formation of 
wavelength standards with outstanding frequency stability 
performance.  
With the approach of a comb-referenced HeNe laser it was 
possible to create direct and permanent traceability of the 
interferometric length measurements within the NPMM-200 to 
a primary frequency standard and thus the SI unit second. 
Additionally the longterm stability of an individual comb line was 
transferred onto the HeNe-lasers increasing their longterm 
stability by three orders of magnitude. Thus the influence of 
frequency related length measurements errors practically drops 
below the digital resolution of the interferometers for the first 
time. 
To provide a frequency stability of better than 10-12 for 
integration times below 1000 s, the GPS-referenced frequency 
comb was expanded by a diode laser stabilized to an ULE-cavity. 
A combination of these systems allows perspectively to establish 
a wavelength standard of high output power and frequency 
stability better than 10-12 independent on integration time. From 
such a wavelength standard not only interferometric length 
measurements in NPMMs with extended positioning ranges up 
to 1 m will benefit. It will also provide new possibilities for a 
precise frequency determination and characterization of laser 
sources beyond 633 nm, an on-site dissemination of these 
ultrastable frequencies or the implementation of alternative 
interferometric approaches for refractive index compensation.  
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Abstract 
In the wet semiconductor process, abrasive nanoparticles are widely used in the chemical mechanical polishing (CMP) process to 
polish wafer surfaces for high planarization. During polishing, nanoparticles move with a high-speed three-dimensional (3D) position 
in the solution. In the 3D particle’s moving positions, Z is a perpendicular longitudinal distance between the surface to the 
nanoparticle that plays a significant role in polishing, which could not be measured by general microscopy without longitudinal 
scanning. To understand nanoparticle phenomena near-surface, we have proposed and developed the apparatus with real-time fast-
motion tracking on optical multi-wavelength evanescent fields microscopy to measure the 3D motion of the nanoparticle in water 
without scanning. In euspen's 2020, we could verify the relative distance ΔZ of nanoparticles in water, but the absolute distance Z is 
unknown yet. In this manuscript, we have therefore developed an invisible nano-step height in water to verify the absolute height Z 
of an individual nanoparticle. The invisible nano-step height in water is made from an optical resin with a refractive index of 1.35 that 
is close to a refractive index of water to avoid unnecessary light during experimental verification. The nano-step height was less than 
100 nm on a glass surface, fabricated using nanoimprint lithography. Polystyrene 𝜙100 nm standard particles in water were used to 
verify the height Z. The results of height Z of nanoparticles could be measured less than 100 nm with the measurement uncertainty 
±10 nm (2𝜎), which is related to the interferometer result of the nano-step height.  
 

  
 

1. Introductions  

An abrasive nanoparticle behaviour in the chemical 
mechanical polishing (CMP) process is a three-dimensional (3D) 
motion near a substrate or reference surface. The height Z is a 
longitudinal distance between the reference surface and the 
nanoparticle in z-direction that plays a significant role in 
polishing [1], which general microscopy could not measure 
without longitudinal scanning. Evanescent field microscopy has 
been proposed to detect the scattering light from nanoparticles 
near a surface with high contrast [2-8]. Our previous studies 
proposed multi-wavelength evanescent fields to measure the 3D 
motion [9-10] and the relative height of polystyrene 100 nm 
particle, but the absolute height was not confirmed yet [11]. In 
this manuscript, we proposed a design concept of the nano-step 
heights to verify the height Z of the nanoparticle [12]. The 
invisible nano-step height is made from an optical resin 
(NOA1348) with a refractive index (

microscopy, wet condition 
Absolute longitudinal distance measurement, standard polystyrene nanoparticle, invisible nano-step height, multi-wavelength evanescent fields  

𝑛 ≈1.35) that is close to a 
refractive index of water to decrease the unnecessary light 
during observing nanoparticles in water [11]. The height Z of the 
nano-step height resin was approximately less than 100 nm from 
the reference surface, which was fabricated by the nanoimprint 
process [13]. In the experiment, polystyrene (PS) f100 nm 
particles randomly adhered to the nano-step height and 
reference surface in water, which were used to measure the 
absolute height Z of the nanoparticle by applying multi-
wavelength evanescent fields microscopy. 

2. Nanoparticle observation in the evanescent field microscopy       

2.1. Single-wavelength evanescent field 
The evanescent field generated from the total internal 

reflection (TIR) occurs when light is internally reflected off an 
interface from a higher refractive index 𝑛! material to the 
material with lower index n2 at an incident angle 𝑖 greater than 
the critical angle: 𝜃" = sin#!(𝑛$ 𝑛!⁄ ). The evanescent field 
occurs at a lower refractive index 𝑛$ side, generated only near 
the reference surface in a few hundred nanometers, as shown in 
figure 1.  

 

 
 

Figure 1. Single-wavelength evanescent field 
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The observation occurs when the particle size of D moves into 
the evanescent field. The height Z is a longitudinal distance 
between the reference surface to the nanoparticle. The intensity 
of the evanescent light decays exponentially with the distance 
of height Z from the reference surface [8]. The scattered light 
intensity 𝐼% from the particle at any height Z can be accumulated 
by an objective lens with a numerical aperture NA, which can be 
approximated by equation (1). Where 𝐼& and 𝜆 are the laser 
intensity and laser wavelength, respectively, 𝜉 is attenuation 
coefficient given by equation (2). 

 

𝐼%(𝐷, 𝑍) ∝ 5 𝐼%
'()$

'(*+,!"-.
[𝑧&(𝜃) + 𝑍] × 𝜋𝐷 cos 𝜃 ×

𝐷
2 𝑑𝜃  

𝐼%(𝐷, 𝑍) ∝ 𝐼&	 ∙
1 − √1 − 𝑁𝐴$

2 ∙ 𝜋𝐷$ exp[−𝜉𝑍] (1) 

𝜉 = (4𝜋 𝜆⁄ )J𝑛!$𝑠𝑖𝑛$𝑖 − 𝑛$$ (2) 

 
2.2. Multi-wavelength evanescent      

We have added one more laser source in different 
wavelengths to generate multi-wavelength evanescent fields for 
determining the height Z of the particle at a higher resolution 
than single-wavelength [9-11]. Figure 2 demonstrates the 
scattered light intensities from nanoparticles at different heights 
Z in multi-wavelength evanescent fields. Hence, the scattered 
light intensities for both wavelengths 𝐼%", 𝐼%#  are expressed in 
equations (3) and (4). The height Z of the unknown particle size 
D can be obtained by substituting the ratio of the scattered light 
intensities (𝐼%"/𝐼%#) into equation (5), where 𝑘 is a constant 
compensating for the height Z from the experiment. 𝐼&"  and 𝐼&# 
are laser intensities, irradiated at incident angles 𝑖!, 𝑖$ (deg), in 
which both laser beams are total internally reflected from the 
reference surface. 𝜉!, 𝜉$ are attenuation coefficients for both 
wavelengths. Thus, the height Z of the particle can be 
determined by a two-dimensional image of the scattered light 
on optical multi-wavelength microscopy.    

  

 
 

Figure 2. Multi-wavelength evanescent fields microscopy for height 
measurement of an individual nanoparticle  

 

𝐼%"(𝐷, 𝑍) ∝ 	 𝐼&!	 ∙
1 − √1 − 𝑁𝐴$

2 ∙ 𝜋𝐷$ exp[−𝜉!𝑍] (3) 

𝐼%#(𝐷, 𝑍) ∝ 𝐼&$	 ∙
1 − √1 − 𝑁𝐴$

2 ∙ 𝜋𝐷$ exp[−𝜉$𝑍] (4) 

𝑍 =
1

𝜉$ − 𝜉!
	ln N𝑘	 ∙

𝐼&$
𝐼&!

∙ 	
𝐼%"
𝐼%#
O (5) 

    

3. The frabrication process of the invisible nano-step height 

An invisible nano-step height in water was proposed to verify 
the absolute height Z of the nanoparticle in water. Therefore, an 
optical resin (NOA1348) with a refractive index (𝑛»1.35) close 
to a refractive index of water is used to fabricate the nano-step 
height because it is an invisible object underwater [11]. The 
stamping mould made from polydimethylsiloxane (PDMS) was 
used to form the nano-step height. The height and width 
dimensions of the stamp mould were approximately 100 nm and  
10 µm, respectively, measured by atomic force microscopy 
(AFM), as shown in figure 3. 
 

 
 
Figure 3. The AFM result of the PDMS stamp mold for nano-step height  
 

The nanoimprint lithography process was employed to 
fabricate the invisible nano-step height resin on the glass 
surface, in which there are five main procedures, as shown in 
figure 4. After the nanoimprinting process, the nano-step 
height's dimension could be measured less than 100 nm in 
several heights using an interferometer, as shown in figure 5. 
Thus, the nano-step height resin on the glass surface was 
accepted to verify the nanoparticle's height in water (Z <100nm). 

The interferometer result is used to evaluate some areas of 
the nano-step height only, which could exhibit the inclined 
surface, as shown in cross-section B-B' of figure 6. However, the 
result could not be used to validate the absolute distance of 
nanoparticles because we could not measure the nano-step 
height at the same area and time. Furthermore, the nano-step 
height resin (NOA1348) gradually evaporated on the glass 
surface, leading to thin layer aggregations and failures, 
depending on several conditions [14].   
 

 
 

Figure 4. The frabrication process of the nano-step height resin  
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Figure 5. Illustration of the measurement of the nano-step height on 
glass surface using interferometer 
 

4. Verification results of the absolute height Z of nanoparticles      

The fabricated nano-step height (Z < 100nm) was employed to 
verify the height Z of nanoparticles in water by using multi-
wavelength evanescent fields microscopy. Polystyrene (PS)  
f100 nm standard particles (0.001wt%) in water were used to 
verify the absolute height Z because of the highly uniform 
particle size and high dispersity. Figure 6 demonstrates the 
developed apparatus for detecting scattering light intensities 
from nanoparticles on an optical multi-wavelength evanescent 
field microscopy. The experimental parameters and conditions 
of the optical microscopy system are listed in Table 1. 
 

 
 
Figure 6. Illustration of the developed apparatus on optical multi-
wavelength microscopy for nanoparticle height measurement 

 
Figure 7 (a) shows the nano-step height on the glass or 

reference surface in the air, observed by the bright-field imaging 
mode on the developed apparatus. PS 𝜙100 nm particles in 
water were dropped on the evanescent field area. Then they 
adhered to the glass and nano-step height surface in water 
randomly, in which there were three particles located on the 
verification surface, as shown in Figure 7 (b). Figure 7 (c) shows 
the scattered light image of nanoparticles in multi-wavelength 
evanescent fields. In the experiment, the nano-step height 
almost disappeared after it was coated with water, which could 
not detect the scattering light from the nano-step height. 
Therefore, it is accepted in experimental verification for 

nanoparticle height Z. Figure 7 (d) shows the sketched side-view 
of nanoparticles' location. Particle A adhered to the glass 
surface, and particles B and C adhered to the nano-step height 
surface. However, the actual value of the nano-step height is 
unknown yet, but it could be evaluated less than that of 100 nm 
by using the interferometer.   
 

 
 
Figure 7. Illustration of nanoparticles locations that adhered on the glass 
and nano-step height surface, and also demonstrates the scattered light 
intensities from nanoparticles in the water in optical multi-wavelength 
evanescent fields 

 
 

Table 1 Optical systems specifications and conditions in experimental 
verification of nanoparticle height 
 

Laser Illumination 𝝀𝟏 𝝀𝟐 
-Wavelength: 𝜆  
-Power laser: 𝐼#$= 𝐼#% 
-Incident angle: 𝑖$=𝑖% 

nm 
mW 
deg 

642 450 
9 9 

75 
Refractive index: 𝒏  

-Glass: 𝑛$  
-Water: 𝑛% 
-Nano-step height (NOA1348) 
-Polystyrene nanoparticle 

1.52  
1.33  
1.35 
1.59 

Optical microscopy system  
 -Total magnification 76x 
 -Numerical aperture (NA) 0.55 
CMOS camera (8-bit colour)  
 -Pixel size µm2 6.9´6.9 
 -Frame rate  fps 20 
 -Exposure time ms 50 
 -Recording images frame 100 
 
 
In the experiment, the scattered light intensities from 

nanoparticles were recorded in 100 images at a frame rate of 20 
fps with an exposure time of 50 ms. The scattered light 
intensities from the nanoparticle (particle A) was split into two 
images to integrate intensities of each wavelength, as shown in 
figure 8. Then, the integrated scattered light intensities ratio for 
both wavelengths (𝐼%"/𝐼%#) were substituted into equation (5) to 
determine the height Z of the nanoparticle. The constant 
compensation 𝑘 was 0.84, which is defined by the ratio of the 
scattering light intensity (𝐼%"/𝐼%# = 1) from particle A because the 
height Z of particle A on glass or reference surface was assumed 
that equal to zero (Z=0), which is used to calibrate particles B and 
C, respectively. 
 

387



  

 

 
 

Figure 8. Calculating process for height Z of particle A 
 

After compensation, the calculated height Z of three particles 
were plotted with time, as shown in figure 10. The averaged 
height Z of particles A, B and C were 0, 50, and 31 nm, 
respectively. Moreover, we found that the measurement 
uncertainty of the height Z was less than ±4.2 nm  (two times the 
standard deviation: 2𝜎 from 100 measurements). Figure 10 
shows the exponential relationship between the nanoparticle 
height Z and the multiplied scattered light intensities of three 
particles, implying that the increased height Z decreased the 
scattering light intensity. However, the absolute height Z of 
nanoparticles is unknown yet, but it could be calculated less than 
100 nm, related to the interferometer results. Furthermore, we 
found that the nano-step height resin evaporated after 
experimental height Z verification, which could not repeat the 
experiment. 
 

 
 

Figure 9. The calculated height Z results of three nanoparticles 
 

 
 
Figure 10. The exponential relationship between the nanoparticle height 
Z and the multiplied scattering light intensities of three particles 

5. Conclusion      

The nano-step height made from optical resin (𝑛 ≈1.35) was 
proposed to verify the absolute heigh Z of polystyrene 𝜙100 nm 
particle in water because it was invisible underwater. The height 
Z of nanoparticle were estimated based on a calculation to 
evaluate the possibility of the proposed method on the optical 
multi-wavelength microscopy. After calculating the height Z, we 
found that: 

i. The height Z of nanoparticles was less than 100 nm, which 
agreed with the interferometer trend of nano-step height. 

ii. The measurement uncertainty of height Z of nanoparticles 
was less than ±4.2 nm (2𝜎) from 100 measurements. 

iii. The results of heights Z and the scattering light intensities 
of three particles were agreed, as the exponential trends. 

 
However, the absolute height Z of nanoparticles are not 

confirmed yet due to the unstable of the nano-step height. In 
our future work, we attempt to repeat and validate the height Z 
of the particle and nano-step height at the same position. The 
outcome of the proposed method would be applied to clarify 
some phenomena of the nanoparticle near-surface in wet 
conditions during precision manufacturing processes. 
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Abstract 
The measurement aperture of deflectometry is limited by the line of sight from the camera to the screen: only the aperture through 
which the camera can see the pattern displayed on the screen can be measured. A marker-free stereo stitching deflectometry (SSD) 
is proposed to enlarge the measurement aperture. The sub-apertures are calculated with a stereo-iterative algorithm, and then 
stitched together to reconstruct a full-aperture result. The measured area is significantly enlarged compared to conventional stereo 
deflectometry. We test a high-quality optical flat with 190mm diameter using the proposed SSD and an interferometer. The 
measurement error of the SSD is below 100nm RMS in comparison to the measurement result of the interferometer. 
 
 
Optical metrology, deflectometry, sub-aperture stitching 

 

1. Intoduction  

Optical elements with specular surface, especially aspheric 
and free-form surfaces, have a variety of applications in modern 
optical systems, such as large astronomical telescope, imaging 
lens, head-up display system for driver assistance as well as the 
laser inertial confinement fusion facility etc. New design, 
manufacturing and testing techniques of aspheric and free-form 
surface provide larger field of view, larger numerical aperture, 
and better packaging performances. The deflectometry [1,2] is a 
very promising way to test specular surface, providing 
advantages such as non-contact, large dynamic range and high 
accuracy. 

Deflectometry is a slope metrology based on the law of 
reflection, and the slope is further integrated to reconstruct the 
surface. The slope is measured by sensing the deflection of ray 
that is reflected off the surface of the unit under test (UUT). 
However, the problem called height-slope ambiguity needs to be 
addressed as the slope and height cannot be simultaneously 
determined without extra device or information. The solution 
for the ambiguity can be categorized into active deflectometry, 
passive deflectometry and mono-deflectometry. The active 
deflectometry [3-5] uses multiple screen locations to determine 
the source ray direction from screen, and the passive 
deflectometry [1,6,7] uses two-camera configuration to realize 
stereo measurement. The software configurable optical test 
system [8] or mono-deflectometry is developed to test specular 
surface with a single camera and fixed screen configuration, the 
height-slope ambiguity is solved by roughly knowing the nominal 
shape of the UUT.  

The deflectometry can only measure specular surface with a 
limited size. To ensure the light emitted from the screen are 
reflected off the UUT and captured by the camera, either a very 
large screen is used or only a very small part of the UUT is 
measured. A common way to enlarge the testing aperture is sub-
aperture stitching. The sub-aperture stitching in deflectometry 
is difficult as the cameras ‘see’ only the surroundings instead of 

the UUT itself. Therefore, the markers on the UUT are used to 
identify the overlapping area between sub-apertures [9]. The 
markers can harm the surface quality of the UUT, this is 
undesirable in a non-contact optical testing.  

A marker-free SSD for measurement of specular surface with 
enlarged measured aperture is proposed. The point cloud of the 
sub-aperture is measured based on a stereo-iterative 
reconstruction algorithm. And the sub-apertures from different 
camera views are stitched together with the stitching method. 
The theoretical basis is described in the second section. The 
experimental measurement is demonstrated in the third 
section. A high-quality optical flat with out-of-plane deviation 
below 1⁄10 wavelength is measured to demonstrate the 
measurement accuracy. The last section concludes the work.  

2. Theory  

The proposed SSD system consists of two cameras and a 
screen, the UUT is placed in front of the cameras and the screen, 
as shown in Fig. 1(a). The screen is used to display structure light 
patterns, such as sinusoidal fringe and randomly distributed 
speckle. The pattern is reflected off the specular surface of the 
UUT and captured by the cameras. With a limited size of the 
screen, each camera can observe the displayed pattern through 
a sub-aperture on the UUT, the captured images are illustrated 
in Fig. 1(a). The conventional passive deflectometry can only 
measure the overlapping area between sub-apertures while the 
proposed stitching deflectometry intends to measure the 
combined area of the sub-apertures, as shown in Fig. 1(b). 
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Figure 1. The schematic of (a) the stereo stitching deflectometry and (b) 
the sub-aperture stitching 
 

The overall procedure of the SSD is as follows: 
Step 1: Calibrate the deflectometric system. The internal 

matrixes of the cameras 𝐴𝑐𝑛 , distortion parameters of the 
cameras 𝑘𝑐𝑛, the rotation and translation matrixes from screen 
coordinate to camera coordinate 𝑅𝑠2𝑐𝑛  and 𝑇𝑠2𝑐𝑛  are 
determined, the subscript 𝑛  denotes the camera order. The 
calibration step is accomplished with with Ren’s method [10]. 

Step 2: Calculate sub-aperture point cloud. For each camera 
view, a reference point (RP) is selected, the three-dimensional 
position of which is determined by a stereo searching algorithm. 
As the point-by-point stereo searching is avoided, this algorithm 
is more computational effecient. Then based on the RP, the sub-
aperture point cloud is calculated with an iterative 
reconstruction [11]. The combined method is referred to as the 
stereo-iterative algorithm. The details of the stereo-iterative 
algorithm can be found in reference [12,13]. 

Step3: Stitch the sub-apertures. The overlapping area is 
defined as the common area of the point cloud in sub-apertures, 
the stitching coefficient is calculated within the overlapping area 
by a fitting method. The stitching error between sub-apertures 
is then removed and the full-aperture height map is obtained. 
The stitching algorithm  is detailed in reference [13]. The titching 
model includes only the correction for piston and tilt for the sub-
apertures.  

3. Testing on an optical flat 

An experimental setup is established to verify the marker-free 
SSD, as demonstrated in Fig. 2. The test system consists of an 
LCD screen with 1200 × 1600 pixel, two cameras with 966 ×
1296 pixel and the UUT. A high-quality optical flat with out-of-
plane deviation below 1⁄10 wavelength is measured to 
demonstrate the accuracy. The system parameters 𝐴𝑐𝑛 , 𝑘𝑐𝑛 , 
𝑅𝑠2𝑐𝑛  and 𝑇𝑠2𝑐𝑛  are delicately calibrated before the 
measurement. The 8-step phase shifting algorithm and 
heterodyne temporal unwrapping algorithm are used to extract 
the phase distribution as well as the coordinates of screen 
source point. The Zernike polynomial is used as the polynomial 
set for modal integration method [14,15]. 

 

 
Figure 2. Experimental test system and UUT. 
 

The captured fringe images from the two cameras are shown 
in Fig. 3. The selected reference points are obviously in the 
overlapping area. The sub-aperture calculation is conducted 
separately to obtain the point cloud datum, which are shown in 
Fig. 4. Then the stitching algorithm is used to provide the full-
aperture, as illustrated in Fig. 5(a). Piston and tilt terms are 
removed from the height to show the out-of-plane deviation 
measured by the proposed method, as shown in Fig. 5(b), with 
86.3nm RMS and 517.0nm PV. As comparison, the result 
measured by Fizeau interferometer is demonstrated in Fig. 5(c), 
with 6.0nm RMS and 40.1nm PV. The proposed stitching 
deflectometry can achieve 100nm error in RMS within an 
aperture of 190mm. 

 

 
Figure 3. Captured images and the selected reference points.  

 
Figure 4. Sub-aperture point cloud of the two cameras. 
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Though delicate calibration is conducted, there is a nearly 
100nm RMS difference. The comparison of zernike coefficient 
between stitching deflectometry and interferometer is given in 
Fig. 6. This error could arise from the sub-aperture calculation 
(systematic error) and/or the stitching algorithm. The systematic 
error is introduced by non-ideal setup, such as non-ideal camera 
model and imperfect screen with out-of-plane shape and 
refraction of the covering glass, etc. We remove the tilt and 
piston from Fig. 4 to demonstrate the shape of sub-aperture 
before the stitching, as shown in Fig. 7(a) and 7(b). Fig. 7(a) and 
7(b) share identical features with Fig. 5(b), as well as the RMS 
and PV magnitude, indicating that the stitching hardly induces 
large errors. On the other hand, the stitching model includes 

only piston and tilt, which in theory hardly introduces high-order 
error to the stitched aperture. We demonstrate the residual 
map in Fig. 7(c), the residual is at a similar order of magnitude to 
the systematic error. The residual map shows the difference 
excluding piston and tilt in the overlapping area, artifacts like the 
around 0.7 micrometer rise in the bottom-right corner are not 
fitted and stitched into Fig. 5(b). Therefore, the measurement 
accuracy is mainly affected by the systematic error introduced 
by non-ideal setup instead of the stitching algorithm. To further 
improve the measurement accuracy, either calibration of 
systematic error is required or imperfection of setup should be 
addressed. 

 

 
Figure 5. Results of stitching deflectometry: (a) full aperture height, (b) the result with piston and tilt removed, (c) interferometer result. 
 

 
Figure 6. Comparison of the first 30 Zernike coefficient between the stitching delfectometry and interferometer, piston and tilt are removed. 
 

 
Figure 7. (a) Camera 1 sub-aperture shape with piston and tilt removed, (b) camera 2 sub-aperture shape with piston and tilt removed, (c) residual of 
stitching in the overlapping area. 

4. Conclusion 

We propose a stereo stitching deflectometry that utilizes the 
ambiguity-free stereo-iterative algorithm and eliminates the use 

of markers on the UUT. The stereo-iterative algorithm is a 
combination of stereo-algorithm for RP and iterative 
reconstruction, it is more efficient than the conventional stereo 
algorithm because the point-by-point stereo searching is 
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avoided. The calculated point cloud of sub-aperture identifies 
the overlapping area, which is used to further stitch the sub-
apertures together. The stitched aperture is significantly larger 
than the measured area of the conventional deflectometry, 
especially passive deflectometry. We verify the proposed 
method with experimental measurements. A high-quality 
optical flat with 6nm RMS deviation (in 190mm aperture) is 
measured. The proposed stitching deflectometry measurement 
error is below 100nm RMS. With this method, the deflectometry 
can measure large size optics by extending the two-camera 
stitching to multi-camera stitching. 
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Abstract 
This paper proposes a novel projector calibration method to improve the calibration accuracy of digital light processing (DLP) 
projector. The existing projector calibration methods usually fix the position of the camera and projector without considering the 
effects caused by the perspective projection error of the captured images. By fixing the position of the camera image plane parallel 
to the calibration board and the camera image centre cocentre to the calibration board centre, the proposed method essentially 
reduces the perspective transformation error and effectively reduces the distortion of the extracted marker points. The proposed 
projector calibration procedures are given as follows: Firstly, the optical axis of the camera is adjusted parallel to the normal of the 
hollow ring calibration board and cocentre to the calibration board, and a texture image is captured by the camera; Secondly, the 
horizontal and vertical fringe patterns with nine different positions and directions are projected onto the calibration board, and nine 
sets of projected images are taken; Finally, a one-to-one correspondence between the camera and the projector is established, and 
the projector is accurately calibrated by using the phase equivalence. The experimental results show that the proposed projector 
calibration method is feasible and easy to operate, which can essentially reduce the perspective transformation error to improve the 
calibration and measurement accuracy.  
 
 
Structured light; projector calibration; perspective transformation; 3-D measurement       

 

1. Introduction  

Structured light three-dimensional (3-D) sensing technology 
based on fringe projection profilometry (FPP) has become the 
mainstream optical method on 3-D shape measurement due to 
its advantages of non-contact, high accuracy, full-field 
measurement, and efficient point cloud reconstruction [1-3]. It 
has been widely used in industrial inspection, reverse 
engineering, biomedical, architecture and heritage 
conservation, etc. [4-6]. The calibration accuracy of the camera 
and projector plays an important role in the reconstruction 
procedure. The projector, unlike a camera, cannot capture 
images, so the relative relationship between projector pixels and 
object points cannot be obtained directly [7]. To address this 
problem, the projector is usually regarded as a reverse camera 
[8], and its high-accuracy calibration is still a remaining 
challenge. 

The plane calibration board with multiple marker points has 
been widely used in computer vision fields such as system 
calibration and 3-D measurement because of its high positioning 
accuracy, easy identification, and good stability [8-10]. The 
positioning accuracy of the marker points directly affects the 
calibration accuracy of the camera and projector as well as the 
overall measurement system. Locating the center of the hollow 
ring coded marker point is mainly performed by extracting the 
innermost ring of the marker point. Many extraction methods 
have been studied, such as the ellipse fitting method based on 
image edges [11], the Hough transform method [12,13], and the 
grayscale center-of-mass method based on image grayscale [14].  

However, the ring marker points are greatly affected by the 
perspective projection transformation, and the points obtained 

from the traditional ellipse fitting center have some deviation 
from the real ring center. To address these issues, this paper 
proposes a simple and flexible method to avoid perspective 
projection transformation, and then accurately calibrate a DLP 
projector. The procedures are given as follows: Firstly, the 
position of the camera and the calibration board is fixed to 
ensure that the optical axis of the camera is parallel to the 
normal of the calibration board. Then, the projector is moved to 
several different positions, and the camera captures the fringe 
patterns projected from different perspectives. Finally, the 
corresponding relationship between the camera and the 
projector is established, and the intrinsic and extrinsic 
parameters of the projector are calculated. By contrast with the 
conventional methods, the proposed method improves the 
calibration accuracy of the projector by ensuring that the 
camera is aligned with the calibration plate at each position, 
which also avoids elliptical deformation of the ring caused by the 
perspective phenomenon directly. The validation experiments 
demonstrated that the proposed method is simple and effective.  

2. High-accuracy calibration of the projector       

In FPP, a projector, mostly DLP projector, projects sinusoidal 
fringe patterns onto the surface of the measured object. Then 
the camera captures the distorted fringe patterns by depth 
modulation of the object surface. Finally, the depth information 
of the object surface is obtained by demodulating the phase 
information of the deformed fringe patterns. The relationship 
between absolute phase and 3-D data is established by system 
calibration. The DLP projector is an important device for 
structured light-based 3-D imaging system. 
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2.1. Generation of DMD images  
The  DLP  projector  can  be  used  as  a  reverse  camera.  Digital 

micromirror device (DMD) of the projector emits light while the 
CCD camera receives light. The DMD image is converted from 
the  CCD  image  pixel  by  pixel,  which  is  called  the  “captured” 
image of the projector. Based on an ideal pinhole model of the 
projector, the mathematical transformation between the world 
coordinates  (xw,  yw,  zw)  and  the  pixel  coordinates  (u,  v)  is  as 
follows 
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  w      here     parameter s is an arbitrary scale factor. Ip represents the 
intrinsic  parameter  matrix  of  the  projector,  which  consists  of 
focal  length  coordinates  (fu

p,  fv
p)  and  main  point  coordinates 

(u0
p,  v0

p).  Ep  represents  the  extrinsic  parameter  matrix  of  the 
projector, which consist of 3 × 3 rotation matrix  Rp and 3 × 1 
translation vector Tp between the world coordinate system and 
the projector coordinate system. It can be seen from Eq. (1), the 
projector  can  be  calibrated  by  the  correspondence  between 
world coordinates and pixel coordinates.  

The  most  important  step  in  projector  calibration  is  the 
conversion  of  the  pixel  points  in  the  camera  pixel  coordinate 
system  to  the  projector  pixel  coordinate  system.  The 
corresponding  relationship  between  camera  pixel  coordinate 
system and projector pixel coordinate system is established by 
using  a  series  of  horizontal  and  vertical  fringe  patterns.  The 
camera  captures  the  image  reflected  by  the  projector  on  the 
calibration  board.  Assuming  that  a  point  in  the  camera  pixel 
coordinate system is p(ui

c, vi
c), and its absolute phase values in 

horizontal and vertical directions are ϕh(ui
c, vi

c) and ϕv(ui
c, vi

c), 
respectively, the corresponding point p’(ui

p, vi
p) in the projector 

pixel coordinate system is calculated by the following equations 
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where  Nh  and  Nv  are  the  maximum  number  of  fringes  in  the 
horizontal  and  vertical  fringe  patterns  projected  on  the 
calibration board, V and H are the width and height of the fringe 
pattern,  respectively.  Through  Eq.  (2),  the  corresponding 
relationship  between  camera  and  projector  imaging  plane  at 
each  center  of  marker  point  can  be  established.  The  pixel 
coordinates  of  the  center  of  all  marker  points  under  the 
projector pixel coordinate system are generated using the above 
conversion method, and then a set of DMD images is generated. 
Once  the  DMD  images  of  the  projector  are  obtained,  the 
calibration  procedure  of  the  projector  is  similar  to  the 
calibration of the camera. The projector can be calibrated by the 
correspondence  between  world  coordinates  and  pixel 
coordinates, and then the intrinsic and extrinsic parameters of 
the projector can be obtained. 

 
2.2. Reduction of perspective error of the projector      

The use of ring object targets is very common in spatial object 
calibration and reconstruction. The existing projector calibration 
methods usually fix the position of the camera and projector, 
and provide spatial point pixel coordinates by moving the ring 
object targets to different positions. The plane target at 
different positions are captured by the camera in sequence. The 
image of the calibration board at any one of these positions is 
shown in figure 1(a), and then the pixel coordinates of the center 
points of all image rings are extracted. 

The projector is calibrated by establishing the conversion 
relationship between the pixel coordinates of the camera and 
the projector at each position. However, due to the perspective 
transformation of the camera, an object ring on the camera 
imaging plane will be elliptical deformed if the calibration board 
is not parallel to the camera imaging plane, resulting in the 
deviation of the pixel coordinates of the center of the extracted 
mark point, as shown in figure 1(b). The center of the ellipse 
does not coincide with the projection point of the center of the 
ring. The center of the ring plane π1 is the red cross A. After 
being photographed by the camera, it is elliptical on the camera 
imaging plane π2 with the projection point A', but the center B' 
of the ellipse should be extracted as the marker point. This pixel 
deviation of the extracted marker points directly affects the 
accuracy of the camera calibration, and will accumulate effect 
on the calibration accuracy of the projector. 

The accuracy of the projector calibration is largely limited by 
the positioning accuracy of the ring center, because the pixel 
accuracy of the extracted center of the ring marker will directly 
affect the pixel conversion relationship between the camera and 
the projector. Therefore, the accuracy of projector calibration 
can be guaranteed by ensuring that the captured image is less 
distorted in perspective. 
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(a)                                                             (b) 
Figure 1. Ceramic hollow ring calibration board. (a) extracted ring center 
point image of the manufactured board; (b) perspective projection 
transformation of space ring 

A novel projector calibration method is proposed to solve 
the problem of inaccurate extraction of hollow ring center point, 
which reduces the perspective error and does not require 
software correction for elliptical distortion. The calibration 
configuration of the proposed method is illustrated in figure 2. 
It ensures that the camera is toward the calibration board, that 
is, the optical axis of the camera is always parallel to the normal 
direction of the board and image centre is cocentre to the 
calibration board. The whole calibration procedure requires only 
the movement of the projector. In order to adapt to different 
working distances and orientations, the projector should be 
placed in several different positions and orientations within the 
camera's field of view. 
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Figure 2. The calibration configuration of the proposed method 

In order to ensure that the captured image with minimum 
perspective distortion, it needs to adjust the camera toward the 
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calibration board. The specific steps are as follows: The first step 
is to make a rough adjustment to the height of the camera. The 
shooting viewpoint, that is, the height of the camera position, 
should be adjusted to have the same height as the object's 
midpoint. The second step is to make a fine adjustment to the 
relative position of the camera and the object. 
 
2.3. Optimized projector calibration 

In order to achieve better results in projector calibration, it is 
necessary to optimize each parameter to achieve the minimum 
value of re-projection error in the calibration results, where the 
objective function F is 

F = −min
N M 

pij pij ( I p , R jp ,T j

p , Pi ) 
2 

                          (3) 
i = =1 j 1 

where N is the number of reference points, M is the number of 
images for each position of the projector, pij denotes the pixel 
coordinates of the i-th marker point on the j-th DMD image, 

ijp  

denotes the coordinates that are re-projected to the DMD image 
through the parameters to be optimized, Ip denotes the intrinsic 
parameters of the projector, Rj

p
 and Tj

p are the rotation matrix 
and translation vector of the j-th image, Pi is the input 3-D world 
coordinate. The objective function F is optimized by the 
nonlinear least square optimization algorithm [15], and the high-
accuracy calibration results are obtained. 

Procedure of the proposed projector calibration method 
mainly includes the following eight steps. 

1) Fixing the position of the camera and the calibration board. 
In this position, ensuring that the optical axis of the camera is 
always parallel to the normal of the calibration board, and then 
taking a texture image of the hollow ring calibration board. 

2) Placing the projector in the camera's field of view. In an 
arbitrary position, 24 images of the projected fringe patterns, 12 
patterns horizontal and 12 patterns vertical, are captured by the 
camera.  

3) Calculating the absolute phase value. The horizontal and 
vertical absolute phase values are obtained using the four-step 
phase-shift algorithm and the optimum three-fringe number 
selection method [16, 17]. 

4) Changing the positions and orientations of the projector n 
times. If n ≤ 9, repeating step 2 and step 3 in different projecting 
positions. 

5) Saving the horizontal and vertical absolute phases obtained 
from nine different projector positions, and extracting all hollow 
ring center points of 1 ring calibration board texture image. 

6) Establishing the correspondence. The one-to-one mapping 
relationship between the camera and projector is established, 
allowing the conversion of camera pixel coordinates to projector 
pixel coordinates and generating a set of DMD images. 

7) Calibrating the projector. The intrinsic and extrinsic 
parameters of the projector are obtained by substituting the 
known projector world coordinates and pixel coordinates into 
the camera calibration method. 

8) Optimizing the projector calibration parameters. A 
nonlinear least square optimization algorithm is used to 
optimize the objective function F and reduce the re-projection 
error. 

3. Experiments 

3.1. System setup 
The hardware system mainly consists of a digital projector 

with a resolution of 1280 × 800 pixels, a CCD camera and a planar 
ceramic calibration board (with a hollow ring pattern). The 
resolution of the camera is 1296 × 964 pixels with a nominal 
focal length of 12-36 mm. There are 12 × 12 discrete black 
hollow ring markers on the surface of the calibration board. The 

separation of neighbor markers along X and Y direction has the 
same value of 15 mm with an accuracy of 5 µm. 
3.2. Experimental results 

The experiments have been carried out to demonstrate the 
validity and feasibility of the proposed method. Totally one 
image of the ring calibration board and nine sets of projected 
fringe patterns are captured for the projector calibration. Each 
set of fringe patterns contains 12 horizontal and 12 vertical 
fringe patterns, and ensures that the camera is always toward 
the calibration board. The horizontal and vertical absolute phase 
values of nine positions are calculated to establish the 
corresponding relationship between the camera and the 
projector, and then nine sets of DMD images are generated. As 
shown in figure 3, one extracted ring calibration point image and 
nine generated DMD images are displayed on the same image. 
The blue dots indicate the pixel coordinates of the marker points 
on the camera imaging plane, and the red crosses indicate the 
pixel coordinates of the marker points on the projector imaging 
plane after coordinate transformation. 

 
(a)                                                       (b) 

    
 (c)                                                       (d) 

    
(e)                                                        (f) 

 
(g)                                                       (h) 

 
(i) 

Figure 3. Generation of the DMD images. (a)-(i) are the generated DMD 
images of the nine projector positions 
 

3.3. Experimental analysis 
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Figure 4 shows the re-projection error images of the 
projector with and without perspective projection 
transformation error method. The average re-projection errors 
of the two methods are [0.0950 0.0904] and [0.0683 0.0662] 
pixels. It can be seen that the re-projection error values in figure 
3(b) are more aggregated, which verifies that the proposed 
method can effectively avoid elliptical deformation of the ring 
calibration board, reduce perspective errors, and further 
improve the center extraction accuracy. 

 
     (a)                                                        (b) 

Figure 4. Re-projection error images of the projector. (a) With and (b) 
without perspective projection transformation error 

 
   (a) 

 
  (b) 

Figure 5. Distance difference images of the reconstructed white board 
between - 2.5 mm position and the reference position. (a) With and (b) 
without perspective projection transformation error 

To quantitatively evaluate the performance of the proposed 
projector calibration method, the white board is placed on an 
accurately translating stage with an accuracy of 1 µm and moved 
to the positions of -2.5 mm and 0 mm (chosen as the reference). 
3-D shape is reconstructed by using the methods with and 
without the perspective projection transformation error. Figures 
5(a) and (b) show the distance difference images of the white 
board of the two methods. The shape irregularity is significant 
when the perspective error is not eliminated and is greatly 
reduced by applying the proposed method. The comparison 
experiment confirms the effectiveness of reducing the 
perspective error to improve the measurement accuracy. 

4. Conclusion   

A novel projector calibration method is proposed to provide 
higher measurement accuracy compared to the existing 
methods. It essentially reduces the influence of the geometric-
optical perspective phenomenon on the calibration results by 
ensuring that the camera's optical axis is always parallel to the 
normal of the calibration board, and only the position of the 

projector needs to be moved. It has the advantages of easy 
operation, simple equipment and high accuracy. 
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Abstract 
In this investigation, we propose a simple radial shearing interferometer using geometric phase lenses. We focus on the analytic 
approach for surface figure measurements based on the shearing interferometry using the properties of GPLs, and the system 
instrumentation and characterization with theoretical and experimental concerns. The proposed interferometer in this investigation 
consists of GPLs to generate two radially-sheared wavefronts and a polarization pixelated camera to simultaneously obtain four 
phase-shifted interferograms from a single image. In the experiments, the measured results were compared with those of a 
conventional method, and the proposed interferometer was experimentally verified. 
 
Keywords: geometric phase lens, radial shearing interferometer, wavefront sensing, wavefront reconstruction   

 

1. Introduction 

A radial shearing interferometer (RSI) has the benefit to 
measure the surface figure of the specimen with a single 
radially-sheared interferogram. Especially, a cyclic radial 
shearing interferometer (CRSI) has the advantages of common 
paths between two sheared beams, the immunity of vibrations 
and high system stability [1]. However, RSI has the following 
restrictions to be applied for measuring various surfaces. First, 
the radial shearing ratio is almost fixed without any significant 
optical configuration change such as the replacement of optical 
components and the use of a sophisticated zoom lens system 
[2]. The second limitation of RSI is that the optical configuration 
is quite bulky and complicated [1,2]. Furthermore, the snapshot 
measurement is needed to observe the surface figures in real 
time manufacturing process. 

In this investigation, we propose a simple radial shearing 
interferometer using a geometric phase lens (GPL) pair. 
Previously, a geometric phase optical component has been 
introduced to be applied in interferometry, but it only provided 
the theoretical basics without the further considerations related 
to surface figure measurements and the characterization of the 
method [3]. We focus on the analytic approach for surface figure 
metrology based on the properties of the GPL, and the system 
instrumentation and characterization with theoretical and 
experimental concerns. 

2. Principle     

The RSI in this investigation consists of a GPL pair to generate 
two radially-sheared wavefronts and a polarization pixelated 
camera (PCMOS) to simultaneously obtain four phase-shifted 
interferograms from a single image as shown in Fig. 1. An 
arbitrary wavefront corresponding to the surface figure of the 
specimen is incident to the radial shearing part, which uses a GPL 
pair, and two radially-sheared wavefronts are generated. 
Typically, a collimated right-handed circular polarized (RHP) 
beam is focused by a single GPL, and its polarization status is 
converted into left-handed circular polarized (LHP) while it is 

vice versa for an LHP beam. When a collimated linearly polarized 
(LP) beam is incident to the GPL, therefore, it can be divided into 
two beams; a focused beam and its conjugated diverging beam 
as shown in Fig. 2(a). If another identical GPL is used again, 
furthermore, both of the focused and the diverging beams can 
be converted into semi-collimated beams, which are radially 
sheared as shown in Fig. 2(b).  
 

 
Figure 1. Schematic of a radial shearing interferometer based on a 
geometric phase lens pair; GPL, geometric phase lens; PCMOS, 
polarization pixelated camera; LP, linear polarization; LHP, left-handed 
circular polarized; RHP, right-handed circular polarized. The inset 
describes an inner polarizer array of the PCMOS. 

 

 
(a)                                                        (b) 

Figure 2. (a) a focused beam and its conjugated diverging beam by a GPL 
and (b) two radially sheared beams by a GPL pair. 

 
In order to mathematically describe this radial shearing by the 

GPL pair, the ray transfer matrices can be used, and radial 
shearing ratio (s) is derived as 

 

𝑠 =
(𝑓+𝑑)

(𝑓−𝑑)
      (1) 
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where f is the focal length of a GPL, and d is the distance 
between two GPLs much smaller than f. As known in Eq.(1), s can 
be adjusted by simply changing d.  

In the meantime, the polarization states of two wavefronts are 
orthogonal with each other based on this polarization 
characteristics of a GPL, e.g. one is RHP and the other is LHP. 
Then, two circularly polarized beams are combined by the 
polarization array inside of the PCMOS, which can generate four 
phase-shifted interferograms at once [4]. By using the spatial 
phase shifting technique, the phase map is simply calculated 
from the interferograms, and finally the surface figure of the 
specimen can be obtained by the wavefront reconstruction 
algorithm [5,6]. 

3. Experimental results      

For the feasibility test, concave mirrors with several radius of 
curvatures (ROCs) were measured. Two commercial GPLs with a 
75 mm focal length from Edmund Optics were used, and an 
infinity corrected microscope with a 2x objective with a PCMOS 
from Lucid Vison Labs was adopted to obtain the four phase-
shifted interferograms. Then, the phase maps were calculated 
using four phase-shifted interferograms, and the surface figures 
of the mirrors were able to be reconstructed by the modal 
algorithm based on the regression technique with Zernike 
polynomials of radial order of four. As the result, the surface 
figures was obtained as concave shown in Fig. 3, and their ROCs 
were 38.0 mm, 50.0 mm, 100.6 mm, 150.9 mm, 198.7 mm, 
respectively, close to the manufactured specification of the 
target as shown in Table 1.  

 
Figure 3. Surface figure measurement results of concave mirrors. 

 

 
Figure 4. Snapshot measurement results of reconstructed DM shapes 
with the duration of 0.1 s. 

 
To further verify the dynamic performance of the proposed 

interferometer, several types of wavefront aberrations 
generated by a deformable mirror were also measured. To 
monitor the variation of the DM shape, it was continuously 
switched between applying several different Zernike aberrations 

as shown in Fig. 4. For this experiment, the interferometer 
measured each wavefront within a 0.1s time interval. The 
measurement speed is determined solely by the frame rate of 
the PCMOS, as no additional temporal procedures are needed to 
complete reconstruction. 
 
Table 1 Summary of ROC measurment results of concave mirrors 
 

Focal length of 
concave mirror (mm) 

Designed ROC 
(mm) 

Measured ROC 
(mm) 

f=19 38 38.0 

f=25 50 50.0 

f=50 100 100.6 

f=75 150 150.9 

f=100 200 198.7 

4. Conclusion      

To summarize, we proposed a radial shearing interferometer 
based on a geometric phase lens pair in this investigation. By the 
polarization nature of the geometric phase lens, a polarization 
pixelated camera can directly obtain the phase map with two 
orthogonally polarized wavefronts, which are radially sheared. 
In the experiments, several concave mirrors were measured to 
experimentally verify the proposed interferometer. In order to 
evaluate the dynamic performance, the variation of deformable 
mirror shapes were also monitored with 0.1 s.  
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Abstract 
Surface  metrology  can  provide  information  about  the  properties  and  performance  of  the  measured  object  through  surface 
parameters.  Optical  surface  profilers  inspect  the  sample  without  causing  any  damage  during  the  measurement.  The  most  used 
technologies are Coherence Scanning Interferometry (CSI), Imaging Confocal Microscopy (ICM) and Focus Variation (FV) because of 
their capability of reaching nanometer vertical resolution when measuring at the micrometer scale. However, they need to perform 
a mechanical scan along the optical axis of the whole sensor or some parts of it for a few hundreds of frames, which takes a certain 
amount of time. 
The evolution to industry 4.0 creates the demand of faster and smaller sensors to minimize the costs associated to the quality control 
inspection, especially when it needs to be in-line and sample inspection is required to be made in less than 1 s. In this context, there 
is an interest in reducing the downtime between measurements, which includes the accelerations before and after the measurement 
and the repositioning of the sensor with respect to the next sample to be within the measurement range. 
In this paper we analyze the metrological characteristics of replacing the linear movement scanning by a sinusoidal movement profile. 
This specific type of movement profile has the benefit of reducing the downtime between consecutive measurements and extending 
the lifetime of the stage by enhancing the acceleration dynamics. Nevertheless, it causes some errors in terms of accuracy, which, 
for a 1 mm travel range measured in 1 s, are observed to be less than 0.5 µm when measuring structures up to 150 µm in height. 
 

Keywords: In-process measurement, Metrology, Microscope, Surface 

 

1. Introduction 

Manufacturing processes are becoming more complex, 
precise and digitized in which quality control acquires even more 
relevance, with its penalty to the throughput. In this context, 
there is a demand of integrating in-line sensors to provide 
accurate and fast results used for close-loop manufacturing in 
surface engineering. 

When measuring samples at the micrometer level, the most 
common surface characterization techniques are Imaging 
Confocal Microscopy (ICM), Coherence Scanning Interferomety 
(CSI) and Focus Variation (FV), with CSI providing the best 
vertical resolution. These techniques inspect the sample 
optically, causing no damage to it while being capable of 
obtaning sub-micrometer vertical resolution. 

With these techniques the sample must be scanned through 
the optical axis, which is time-consuming and may lead to errors 
in the final measurement result. The component performing the 
scan suffers from wear over time.  

Additionally, the most common way to measure a sample is 
starting the movement in the position where the sample is in the 
best focus position of the sensor. Then it moves downwards half 
of the travel range, starts the acquisition upwards and finally 
returns to the original position. These positioning movements 
are done at high speed to minimize the measurement 
downtime, but at the expense of increasing the dynamics and 
furthermore, the wear of the stage. 

In quality control applications, where the sample is usually 
located at the same axial position and fast acquisition rates are 
required, the lifetime of the stage is heavily decreased due to 
the dynamics of the sensor. 

In this paper we have evaluated sinusoidal movement profiles 
to avoid sudden accelerations of the typical movement profiles 
of a measurement. This will reduce the wear of the stage and 
extend the overall system’s lifetime maintaining the 
performance. 

2. Methodology 

The accuracy of scanning-based optical profilometers relies 
mostly on the performance of the Z stage. The non-linearities of 
the linear stage are the primary source of error that affects the 
final output of the measurement of the sample surface [1]. If the 
different images grabbed by the camera are not from 
equidistant positions some errors appear in the final 
measurement. The use of a very precise linear brushless motor 
will minimize the errors due to a mispositioning from the 
commanded position [2]. 

A sinusoidal movement profile has very smooth dynamics, 
without sudden acceleration changes, which is very beneficial 
for minimizing the wear of the scanning components over time. 
However, accuracy errors increase due to inherent non-
linearities.  

The aim of this study is to determine how a sinusoidal 
movement profile affects the measurements instead of a typical 
linear movement profile. In order to compare both movement 
profiles, identical measurement range in the same time frame 
will be performed. It entails that the sinusoidal profile will have 
an oscillation amplitude equal to half the travel range, and the 
period of the oscillation will be set to match the measurement 
time of the linear movement profile. 

The camera frame rate is the main limiting factor as to the 
sensor’s scanning speed. Therefore, our setup includes a camera 
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with a frame rate of 1000 fps to maximize the speed and thus 
minimize the measurement time. Figure 1 shows our sensor.  

 

 
Figure 1. Optical profilometer sensor. It was designed to minimize 

dimensions and weight. 

 
The aim of this study is to obtain a full measurement within 

1 s. We analyzed the profiles with two scanning ranges: 1 mm 
and 500 μm, meaning that the scanning speeds will also be 
different. For CSI the optimal measuring speed using our setup 
would be around 65 μm/s, which is too slow for industrial 
applications. We increased it to be 15 times higher (984 μm/s) 
for the 1 mm travel range, and 7 times higher (459 μm/s) for the 
500 μm travel range. The noise associated to the speed increase 
is still acceptable for industrial applications [3]. 

3. Results 

We measured two different step height standards: SHS 50.0 Q 
(VLSI Standards, USA) and VS20 (Simetrics, Germany) with 
nominal values of 48.643 μm and 21.702 μm, respectively. They 
were placed in different axial positions of the scanning range 
(each 15 μm) and then the step height was evaluated.  

In Figure 2 we show the comparison of measuring both step 
heights between the linear movement profile and its equivalent 
sinusoidal movement profile. The sample was scanned through 
a full 1 mm range in 1 s. 

 

  
Figure 2. Step height error obtained from measuring a step placed in 

different positions along the scanning range (1 mm), using a linear 
movement profile (top) and a sinusoidal profile (bottom). 

 

For the 20 and 50 μm steps, the root mean square (rms) error 
is, while using the linear profile, 0.061 μm and 0.047 μm 
respectively.  Analogously, using the sinusoidal profiles, we 
obtain a rms of 0.199 μm and 0.195 μm. Sinusoidal profile’s 
central region shows better performance as it resembles more a 
linear profile. Additionally, we do not appreciate a clear 
difference in the rms error depending on the step height.  

We repeated the measurements with a 500 μm scanning 
range, while reducing the speed by half to meet the requirement 
of measuring the sample in 1 s. The results are shown in Figure 3. 

 

  
Figure 3. Step height error obtained from measuring a step placed in 

different positions along the scanning range (500 μm), moving with  a 
sinusoidal profile. 

 
We can see that the magnitude of the error does not decrease 

when the sensor’s speed and range are reduced. The first and 
last positions of the scan are more likely to have higher error 
variability, reproducing the same behaviour as in the last 
experiment. 

Last, we simulated the conditions of the first experiment with 
the focus on the step height values, in order to determine the 
dependance on the accuracy error with respect to the vertical 
dimensions of the sample feature. Figure 4 shows the results of 
simulating step height values from 10 to 150 μm. 

 

Figure 4. RMS of the step height error through different positions of the 
axial scan with different values of step height when using a sinusoidal 
movement profile. 

 

The simulation shows that step height error is not dependant 
on the height dimensions of the sample, meaning that the error 
is systematic to the shape of the sinusoidal profile. 

4. Conclusions 

Using a sinsusoidal movement profile instead of a linear profile 
reduces the sudden accelerations between successive 
measurements, decreasing the wear of the scanning component 
and extending its lifetime. Although its performance is not as 
good as measuring with a linear profile, the associated errors 
have the same order of magnitude independently of the 
velocities analyzed and the height of the sample.  

For those industrial applications where an accuracy error of 
±0.5 μm is acceptable, the extension of the sensor’s lifetime by 
using a sinusoidal movement profile can be very beneficial to 
reduce system downtime due to maintenance. 
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Abstract 
Among additive manufacturing technologies, laser powder bed fusion (LPBF) has experienced extensive interest in recent years from 
a wide range of industrial sectors, including aerospace and biomedical. One important aspect influencing the performances of 
processes and products is the quality of the feedstock material. In particular, metal powder used in LPBF should have shape and size 
promoting good flowability and packing behaviour, which have a direct impact on density, surface finish and mechanical properties 
of the fabricated parts. X-ray computed tomography (CT) is an advanced technique that enables holistic three-dimensional 
characterizations of metal powder, with simultaneous measurement of size and shape. The geometrical measurement accuracy of X-
ray CT powder characterization is investigated and enhanced in this work, starting from the comparison with laser diffraction and 
scanning electron microscopy. 
 
X-ray computed tomography, laser powder bed fusion, metal powder, geometrical metrology    
  

 

1. Introduction   

Laser powder bed fusion (LPBF) is increasingly used to produce 
metal components for advanced industrial applications [1]. The 
quality of metal powder used as raw material is important as it 
is strongly connected to the process performance as well as to 
the quality of the fabricated parts [2]. However, the metal 
powder is typically recovered and reused after the LPBF process 
for sustainability and cost-related reasons [3], leading to larger 
average size, more complex morphologies and properties 
degradation [4]. 

This work focuses on the required geometrical characteristics 
of metal powders, and particularly on shape and size 
distribution, which should promote good flowability, powder 
bed consistent packing and, as a consequence, final parts with 
acceptable density, surface finish and mechanical properties [5]. 

Two techniques that are commonly used for the evaluation of 
such powder characteristics are scanning electron microscopy 
(SEM) and laser diffraction (LD) [6]. The first technique is based 
on the analysis of bi-dimensional (2D) images of a single side of 
powder particles, in which the 2D nature of images limits the 
capability of well representing the three-dimensional (3D) 
morphology of powder, especially for particles with complex 
shape. The second technique can evaluate the size distribution, 
but not the shape of particles. X-ray computed tomography (CT) 
enables the measurement of both powder size and full 
morphology, based on the 3D reconstruction of powder particles 
[7]. 

This paper is part of a wider work aimed at investigating and 
enhancing the accuracy of CT metal powder measurements. In 
particular, X-ray CT measurements are compared here with 
characterizations obtained by SEM and LD methods. 

2. Metal powder and characterization methods      

Three powder batches of different materials were investigated 
in this work: Ti6Al4V, CuCrZr, and AlSi10. All batches are 
composed of powders recovered after being used, but not 
processed, in an actual LPBF process. 

The powder batches were characterized using three different 
methods: X-ray computed tomography, SEM image analysis and 
laser diffraction. 

X-ray CT scans were conducted using a metrological X-ray CT 
system (Nikon Metrology MCT225, X-Tek Nikon Metrology, UK), 
equipped with micro-focus X-ray tube (minimum focal spot size 
equal to 3 µm) and 16-bit flat panel detector composed by 
2000×2000 pixels. SEM analyses were performed with a FEI 
Quanta 400 scanning electron microscope (FEI Company, USA). 
Laser diffraction was executed with a Malvern Mastersizer 2000 
instrument (Malvern Panalytical Ltd, UK). 

To adequately compare X-ray CT with SEM image analysis, a 
number of particles were attached to the top surface of a 
polymeric pillar, with a diameter equal to 5 mm, as schematically 
illustrated in Figure 1a. The pillar was designed to enable CT 
scanning of the powders with voxel size equal to 3 µm by the CT 
system described above. The pillar allowed also mounting on the 
SEM rotary table, to collect images of the powder particles in 
two different configurations. In the first configuration, the table 
was kept horizontal and the powder was imaged from above (as 
seen in Figure 1a). In the second configuration, the table was 
tilted by 60° and rotated around its axis to collect different 
images of the powder particles from lateral views (see Figure 
1b). On their top part, Figures 1a and 1b show examples of SEM 
images of a CuCrZr powder particle obtained in the two 
configurations described above. The comparison of CT and SEM 
analyses was done considering both 2D and 3D CT 
measurements, aligning CT volumes according to the acquisition 
direction of SEM images. 
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In order to compare X-ray CT with laser diffraction, a higher 
number of powder particles were inserted into a thin polymeric 
cylinder with a diameter of 5 mm (see Figure 1c). Also in this 
case, CT scans were conducted with a voxel size of 3 µm. An 
example of a cross-section extracted from the CT 3D 
reconstruction of a sample made of Ti6Al4V powder is shown in 
Figure 1c. A 3D region of a CT reconstruction is instead visible in 
Figure 2a. Four examples of CT reconstructed individual powder 
particles with different morphology are shown in Figure 2b. 

 
Figure 1. Bottom: schematic representations of (a) powder particles 
arranged above a polymeric pillar for CT and SEM analyses, (b) 
configuration with tilted table used for SEM analyses from lateral views, 
and (c) powder included in a cylindrical container for CT and LD 
characterization. Top: (a, b) examples of SEM images of a CuCrZr powder 
particle obtained in the two different SEM configurations, (c) example of 
cross-section extracted from a CT 3D reconstruction of Ti6Al4V powder 
included in a cylindrical container. 

 
Figure 2. Examples of CT reconstruction of: (a) powder batch, and (b) 
individual particles with different shapes. 

3. Comparison of characterization methods      

This section presents the results obtained by comparing X-ray 
CT powder characterisation with SEM image analysis and with 
laser diffraction. SEM and CT images of powder particles were 
compared from different points of view, according to the 
configurations illustrated in Figures 1a and 1b. The overall shape 
of particles was found to be well represented by CT (see 
examples in Figure 2b), even if the resolution is lower than SEM. 
This outcome holds for Ti6Al4V and AlSi powder independently 
from the morphological complexity, and for CuCrZr powder 
particles with simple geometry. The higher X-ray attenuation 
coefficient of CuCrZ lead to more pronounced blurring and 
image artefacts, with increased difficulties in obtaining an 
accurate representation of particles with complex morphology. 
Percentage deviations between CT and SEM shape 
measurements were found to be 5% for Ti6Al4V, 6% for AlSi10 
and 8% for CuCrZr, on average.  

Concerning the measurement of the particles size, 
dimensional deviations between CT and SEM showed a bias. The 
surface determination – conducted using the local-adaptive 
algorithm available in VGStudio MAX 3.2 (Volume Graphics 
GmbH, Germany) – was then improved by optimizing the 

starting threshold value based on the comparison of CT with 
SEM. The percentage deviations determined after the threshold 
optimization were equal to 3% for Ti6AlV and AlSi10, and 4% for 
CuCrZr, on average.  

The optimized threshold also allowed improving the 
comparison of CT with LD, as visible in Figure 3, which compares 
the cumulative size distribution curves obtained with CT and LD 
in the case of CuCrZr. CT curves obtained with non-optimized 
and optimized threshold are both illustrated. The obtained D10, 
D50 and D90 showed a maximum deviation of 1.9 µm after the 
optimization. 

 
Figure 3. Cumulative size distribution curves obtained with X-ray CT and 
laser diffraction in the case of CuCrZr powder. CT curves obtained with 
non-optimized and optimized threshold are both reported. 

4. Conclusions and future works    

This paper was focused on the comparison of CT powder 
measurements with powder analyses performed by SEM and LD. 
Even if the spatial resolution cannot be as good as in the SEM 
images, CT has proven to be capable of providing a good 
representation of the overall powder shape and size, for 
different grades of powder morphological complexity. Increased 
difficulties were observed in the case of CuCrZr, due to more 
pronounced blurring and image artefacts. Despite such 
difficulties, after optimizing the surface determination based on 
the comparison of CT with SEM measurements, the comparison 
with LD in the case of CuCrZr powder showed a maximum 
deviation of 1.9 µm with regard to D10, D50 and D90 values.  

Future works will further address the evaluation and 
enhancement of the accuracy of CT metal powder 
characterisation. The use of nano-focus CT devices with higher 
resolution is also planned for this purpose. In addition, the CT 
measurements will be used to study the relation between 
powder geometrical characteristics and the quality of LPBF 
parts, particularly in terms of surface texture and density. 
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Abstract 
Despite laser powder bed fusion technology is spreading widely among several industrial sectors, the process can be affected by low 
repeatability and manufacturing issues leading to defects formation. Therefore, the development of in-process monitoring systems 
aimed at detecting possible defects during the fabrication is of increasing interest. In this context, process events must be correlated 
to actual defects, which implies the need for an accurate comparison between datasets acquired by in-process and post-process 
measurements. This work is focused on the development of a sample geometry specifically designed for the accurate registration of 
datasets, which was demonstrated to be fundamental to improve data correlation, but is complicated for example by part distortions 
occurring after fabrication. The proposed method was verified through a case study, in which it was successfully implemented to 
correlate in-process hot spot detections with the induced pores measured by post-process X-ray computed tomography. 
 
Additive manufacturing, Metrology, X-ray computed tomography, Process monitoring, Data registration    
  

1. Introduction   

The interest towards laser powder bed fusion (LPBF) has 
rapidly increased over recent years for its capability of 
fabricating metal components with high geometrical complexity 
and good mechanical properties [1]. A wider adoption of LPBF in 
relevant industrial sectors is however hindered because the 
manufactured parts still often present poor dimensional 
accuracy and a high defect rate, demanding for intensive post-
process quality control as well as time-consuming and expensive 
after-build operations. This motivates the current research 
efforts devoted to the development of real-time monitoring 
solutions, for detecting process defects at their early onset 
stage. In spite of several sensors have already been tested to 
acquire data linked to different process signatures [2], the 
correlation between in-process detected anomalies and post-
process measured defects has still to be clearly demonstrated 
[3]. In particular, an important issue is related to the alignment 
between in-process and post-process data, which is complicated 
by the deformations and dimensional deviations occurring due 
to the heating/cooling cycles, during and/or after the fabrication 
[1]. Moreover, the majority of previous studies investigating the 
correlation have been conducted using specimens with simple 
geometries, e.g. cylinders and cubes, without fiducials to aid the 
alignment operations [4]. An interesting work dealing with data 
registration can be found in [5], where relevant design 
guidelines were pointed out. Work is still needed to optimize the 
sample geometry.  

This work is focused on the design of a geometry specifically 
intended for the enhancement of the alignment of in-process 
acquisitions with post-process X-ray computed tomography (CT) 
measurements. Design for additive manufacturing and design 
for metrology principles were adopted. A case study is 
addressed, showing that the correlation between outlier process 
events and actual defects can be determined more accurately 
using the designed geometry.  

2. Sample design and alignment methodology      

The sample geometry was designed taking into account the 
following manufacturing- and metrology-related requirements: 
(i) the  sample envelope dimensions should enable high 
resolution CT scans, while maintaining at the same time a 
volume suited for representative defects analyses, (ii) the 
alignment fiducials should be measurable with minimized 
influence of form errors and surface texture, (iii) the fiducials 
should be well integrated in the global sample geometry to be 
affected by the overall deformations and not by other localized 
deformations, and (iv) a number of subsequent reference planes 
should be measurable along the building direction to detect 
possible in-plane as well as out-of-plane geometrical deviations 
that need to be considered in the alignment steps. 

The proposed geometry is illustrated in Figure 1. The initial 
shape is a cylinder placed on a flat base (plane A, highlighted in 
red colour in Figure 1). The base plane normal was used as 
reference to identify the building direction (z-axis). 21 internal 
pockets were then generated to host cylindrical features (an 
example is C in Figure 1). The pockets are placed at seven 
different levels along the cylinder axis, three for each level, at a 
relative angle of 120°.  

Each cylindrical feature and the corresponding bottom planes 
(an example is P in Figure 1) are then used for least-squares 
fitting. The intersections of the cylinders’ axes with the bottom 
planes are used to determine three points for each considered 
level. Such points are used to generate seven reference planes. 
The CT cross-sections extracted using these planes can be 
compared to the corresponding layer-wise analyses performed 
during the process. An earlier version of this geometry employed 
spheres instead of cylinders as alignment fiducials, but 
experiments showed that the dross formation and the staircase 
effect did not enable a reliable fitting of the spheres. Vertical 
cylindrical features were hence chosen to avoid both dross 
formation and staircase. In addition, they were not modelled as 
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separated entities, but they were instead partially integrated to 
the main cylinder to guarantee a good heat dissipation during 
the process and prevent possible isolated local deformations. 
The size of the cylindrical fiducials was designed to be large 
compared with the order of magnitude of surface imperfections 
and texture, thus ensuring a good fitting in post-process 
inspection. In order to reduce the effect of surface texture on 
the fitting of reference planes (i.e. A and P planes), they were 
subjected to laser remelting before starting the production of 
the successive layer. 

Finally, a notch was also included in the base to ease the first 
rough alignment. 

 
Figure 1. Schematic representation of the sample design.  

3. Verification of the alignment method      

Specimens with the design described in Section 2 were 
produced via LPBF of Ti6Al4V using a Sisma MYSINT100 (Sisma 
SpA, Italy). Process parameters and support structures were 
purposely set to induce the formation of lack-of-fusion defects 
and to stimulate geometrical deviations and warping. 

After the manufacturing process, a metrological micro-CT 
system (MCT225, Nikon Metrology, UK) was used to scan the 
specimens with a voxel size equal to 7.7 µm, which is sufficient 
for porosity analysis [6]. The reconstructed 3D volumes were 
then elaborated through the software VGStudio MAX 3.2 
(Volume Graphics GmbH, Germany), where the fitting of the 
geometrical elements was carried out as described in Section 2. 

A first global registration between the CT reconstruction and 
the nominal model was done considering only the base plane, 
the notch and the larger cylindrical geometry. Figure 2b shows 
as an example the CT cross-section corresponding to the 4th 
level, obtained by virtually sectioning the CT volume using the 
nominal plane at that level. It can be observed that the obtained 
cross-section geometry does not correspond to the nominal one 
(Figure 2a), due to the deformation of the fabricated part. As 
expected, the global registration was hence proven not 
adequate to accurately align CT cross-sections with 
corresponding in-process acquisition, in case of part 
deformations occurring after the production of the specific 
layer. When computing the alignment using the fiducials and the 
method described in Section 2, the resulting cross-section is 
shown in Figure 2c.  

 
Figure 2. Comparison of a nominal cross-section (a) with actual CT cross-
sections extracted using a global alignment (b) and the alignment 
method proposed in this work (c).    

 

4. Comparison of in-process and post-process data 

The proposed alignment methodology was implemented for 
the comparison of data acquired during the LPBF process using 
an optical off-axis system with X-ray CT post-process 
measurements. In particular, a DSLR camera was employed to 
acquire a long-exposure image of each fabricated layer from a 
lateral view direction with respect to the laser direction. Figure 
3a shows an example of an obtained image, while Figure 3b 
shows the corresponding CT cross-section obtained after 
applying the alignment method proposed in this work. As 
represented, a hot spot caused by a spatter particle was 
detected during the process, exactly where the corresponding 
CT section showed a lack-of-fusion defect surrounding a solid 
round feature. 

 
Figure 3. Comparison of a long-exposure image gathered during the 
process (a) with the corresponding post-process CT cross-section (b). 

5. Conclusions and future work      

This work was focused on the accurate alignment for a robust 
comparison of in-process and post-process data, which is 
fundamental to enhance the understanding and the precision of 
LPBF of metals. The proposed geometry and alignment method 
were experimentally verified by producing LPBF metal parts with 
purposely induced defects and deformations. Improved results 
were obtained compared to the global alignment, which cannot 
take into account deformations occurring after the generation 
of the specific layer. The methodology was also applied to a case 
study where hot spots due to spatter particles detected during 
an actual LPBF process could be correctly correlated to the 
corresponding induced pores revealed by the post-process CT 
analysis. Future works will be focused on further verifying the 
alignment methodology. The proposed geometry can be 
improved, for example, by increasing the number of vertical 
reference planes for gathering more dense and detailed 
information along the building direction. 
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Abstract 
 
To enhance the accuracy of dimensional measurements performed using X-ray computed tomography (CT) systems, a number of 
influence factors have to be studied, including the system geometry. Geometrical misalignments of X-ray source, rotation axis and X-
ray detector may lead to image artefacts in the reconstructed volume and to measurement errors. Starting from the geometrical 
parameters which were found critical in a previous study, this work investigates how the measurement errors of CT systems with 
known geometrical misalignments are affected by the influence of the magnification factor and the focal spot size. A simulation 
campaign was carried out using the geometry of a reference object specifically designed for CT systems testing. 
 
X-ray computed tomography, geometrical misalignments, dimensional metrology  

 

1. Introduction 

X-ray computed tomography (CT) is increasingly used in the 
field of manufacturing metrology, as it enables advanced and 
non-destructive analyses, including dimensional measurements 
of parts characterized by complex free-form shapes or features 
not accessible with conventional coordinate measuring systems 
[1]. In order to enhance the accuracy of CT-based dimensional 
measurements, a number of influence factors have to be 
studied, including the system geometry, and particularly the 
relative positions of the hardware components [2]. Geometrical 
misalignments of X-ray source, rotation axis and X-ray detector 
may lead to image artefacts in the reconstructed volume and to 
measurement errors. Several studies in the literature analysed 
the influence of specific geometrical misalignments of CT system 
hardware components on dimensional measurements results 
[3,4]. However, the connection of geometry-related effects with 
specific measurement conditions needs specific investigations. 
This work is a part of a wider study aiming at achieving a clear 
and complete comprehension of the effect of system geometry 
deviations on CT measurement results. Starting from the 
geometrical parameters which were found critical in previous 
work [5], this paper investigates how the measurement errors of 
CT systems with known geometrical misalignments vary under 
the influence of the focal spot size and the magnification factor, 
which results from the distance between the source and the 
object in the studied CT system configuration. A simulation 
campaign was carried out based on the geometry of a dedicated 
reference object specifically developed for CT systems testing. 

2. Materials and methods 

The simulation setup presented in [5] was adopted. A ball 
plate characterized by 56 spheres of 1 mm diameter, 49 of which 
placed in a regular 7×7 grid and equally spaced by 5 mm, was 
specifically designed for the wider research project. The position 
of the object model was chosen in order to homogeneously 
cover the area of the detector, with the central row and central 

column of the spheres projected onto the central row and 
column of the detector, respectively (see Figure 1b). The 
analyses were performed simulating the two angular 
misalignments of the detector which resulted critical from 
previous studies [5]: the tilt around the X-axis (𝜗) and the slant 
around the Y-axis (𝜑). In particular, the detector tilt was found 
responsible for the most severe effects on the sphere centre-to-
centre distance (C2C), while the detector slant resulted critical 
also for the sphere form errors. In order to effectively appreciate 
the impact of the magnification factor and the focal spot size on 
the results, relatively high angle amplitudes were chosen: 𝜗 = 
1.5° and 𝜑 = 1.5°. Four different magnification factors (and 
corresponding voxel sizes, see Figure 1a) were analysed using an 
ideal point-shaped focal spot (nominal spot size = 0). The highest 
magnification factor (corresponding to the lowest voxel size) 
tested was then chosen to analyse the effect of different focal 
spot sizes, as seen in Figure 1a. 

 

 
 

 a b 
Figure 1. Simulation parameters (a) and schematic representation of 

the object positioned in the system coordinate frame (b) 
 

The software tool aRTist 2.0 (BAM, Germany) was used to run 
the simulations. The volume data were reconstructed using the 
filtered back-projection algorithm implemented in CTPro 3D 
(Nikon Metrology, UK), assuming the system ideally aligned. The 
surface determination by means of a local-adaptive algorithm 
and the dimensional measurements were performed using 
VGStudio MAX 3.2.3 (Volume Graphics GmbH, Germany). 
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3. Results 

The C2C errors determined in the case of a 1.5° detector tilt 
showed a similar trend increasing the source to object distance. 
Figure 2 shows an example related to the spheres in the Y4 
column. 

 

 
Figure 2. Sphere C2C distance errors determined along the direction 

Y4 with an induced tilt of the detector of 1.5° with different voxel sizes 
(vx) 

 

Varying the voxel size, the measurement results obtained 
along the X direction exhibit similar trends, but with higher 
errors in absolute value. Figure 3 illustrates for a greater detail 
the maximum C2C errors obtained for each measured distance 
along the direction X7, for different magnifications (and hence 
voxel sizes). The effect of 𝜗 on the results was found to decrease 
for lower magnifications (higher voxel sizes), but remains visible 
even if only a small part of the detector is interested by the 
projection of the ball plate. Deviations up to 100 µm, 67 µm, 51 
µm and 40 µm for voxel sizes respectively of 20 µm, 30 µm, 40 
µm and 50 µm were determined measuring the longest distance. 

 

 
Figure 3. Maximum sphere C2C distance errors determined along the 
direction X7 for different magnifications (decreasing with increasing 
voxel size) and for different measured distances 

 
The effect of a slant of the detector was found to be influenced 

by the object distance from the source which determines the 
magnification. The results obtained calculating the C2C distance 
along the Y direction proved that a reduction of the 
magnification factor corresponds to smaller errors, with 
deviations up to 13 µm for a voxel size of 20 µm and 10 µm for a 
voxel size of 50 µm. 

 

 
Figure 4. Sphere form errors determined for the spheres no. 1, 7, 43 and 
49 with an induced slant of the detector of 1.5° for different voxel sizes  

 

It is known from previous studies that the form error induced 
by 𝜑 increases radially from the centre of the detector, and 
hence form the central sphere which is projected in the central 
point of the detector [6].  

Figure 4 illustrates the form errors obtained for the four most 
critical spheres (i.e. spheres at the corners: Sp.1, 7, 43 and 49 
shown in Figure 1), for decreasing magnification (i.e. increasing 
voxel size). As shown, the form error decreases drastically 
reducing the magnification. This effect is also visible in Figure 5. 
However, decreasing the magnification factor leads to higher 
errors for the diameter of the spheres. 
 

 
Figure 5. 3D reconstructed volume after the surface determination and 
2D cross-section of the sphere no. 1 with voxel sizes of 20 µm (a), 30 µm 
(b), 40 µm (c) and 50 µm (d) 

 
The effect of the focal spot size was found of minor relevance 

with the scan parameters adopted, resulting in an increased 
blurring of the 2D image that can be appreciated only with a spot 
size of 40 µm. The results showed that no significant additional 
effects, compared to the effects found with the aligned system, 
were induced on CT dimensional measurements with tilt and 
slant of the detector.  

4. Conclusions  

This work presented the results of a simulation campaign 
performed to analyse how the measurement errors of CT 
systems with known geometrical misalignments vary with 
varying magnifications and focal spot sizes. The study highlights 
that the impact of geometrical misalignments on dimensional 
measurements is strongly related to the magnification adopted. 
The effect of the focal spot size was found of minor relevance 
with the scan parameters adopted. Other simulations are 
needed to further investigate the role of the focal spot, testing 
higher dimensions. Future work is planned to study the 
combined effect of spot size and magnification on misaligned 
systems, as well as the impact of other factors such as detector 
pixel size and scan noise. 
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Abstract 
Additive manufacturing (AM) questions traditional approaches that manufacturer and metrologist have developed relative to 
formative or subtractive manufacturing technologies. As specific-to-AM parts, lattice structures are being investigated in many 
applications and efforts are focussed on modelling manufactured different-scale defects to predict the part properties before 
manufacturing. To date, X-ray computed tomography (XCT) is the most suited measuring instrument to reveal additively 
manufactured part internal defects, i.e. defects inaccessible to optical or tactile instruments. However, XCT requires surface 
determination tools which choice may be discussed. In this paper, a virtual volume correlation (V2C) method is proposed relying on 
modal decomposition. In other words, lattice structure shape defects are expressed directly from volumetric data, without any use 
of XCT surface determination tool. Extending previous works validated for representative lattice struts, entire lattice structure shape 
defect is identified by iteratively deforming a virtual volume, to minimise its least square grey level differences towards the measured 
volume. The proposed method particularly describes the strut form defects and the node displacements. This method allows to 
define at the same time and separately the shape defect of each strut but also the global geometrical defect of the structure. This 
approach is more relevant to assess the suitability of the structure with respect to mechanical loads than a deviation map that is 
difficult to handle. 
 
Computed tomography, lattice structures, virtual volume correlation, modal decomposition 

 

1. Introduction   

Additively manufactured lattice structures are challenging to 
measure [1, 2]. They involve 3-dimensional repeated patterns 
where all surfaces are not accessible to traditional optical or 
tactical measuring systems. Alternatively, X-ray computed 
tomography (XCT) has the noteworthy advantage of being able 
to measure both internal and external part surfaces [2, 3]. 
Measurement by XCT has three main steps: the measurement 
itself by projecting X-rays, reconstruction and surface 
determination. Whereas reconstruction is mainly performed by 
filtered backprojection algorithms, surface determination 
depends on the user’s choice such as ISO or gradient-based 
methods [4, 5].  
 
In literature, previous work has compared surface 
determination tools [4, 6, 7]. Although ISO methods are easy to 
understand and to implement, gradient-based tools are mainly 
commercial software black boxes, where parameters can’t be 
easily checked. That is why, there is no definitive solution about 
surface determination tools and discussions are still ongoing. To 
overcome this surface determination tool uncertainty, we 
propose a novel approach to estimate lattice structure 
geometrical deviations based on virtual volume correlation 
(V2C). This paper particularly extends previous work [8], 
validated for elementary struts representative of a BCCz lattice 
structure, to the entire lattice structure, in order to identify its 
geometrical deviations. V2C adaptation is presented in section 2 
and applied on a substructure extracted from a 2x2x2 BCCz 
lattice structure in section 3. 

 

2. Methodology         

2.1. Virtual volume correlation for lattice structure   
  V2C consists of identifying the displacement field embedded 

in measured volumetric data [8]. This is done by successively 
deforming a virtual volume until it matches the measured 
volume, which is achieved by minimising the grey level 
difference between both volumes. This section presents the V2C 
suited for an entire lattice structure through the description of 
an unit BCCz cell (see Figure 1) that is repeated in three 
directions to form the net. An unit cell is composed of struts and 

a strut indexed by p is defined by two nodes: 𝑁𝑖
𝑝  and 𝑁𝑗

𝑝
.  

  
Figure 1. Cell (left) and strut (right) wire representation with associated 
frames 
 

The V2C problem can be expressed by the following correlation 
score minimisation: 

Φ(𝐮) = ∭ [𝑓(𝐗) − 𝑔(𝐗 + 𝐮)]2

𝑅𝑂𝐼 

𝑑Ω 

Where 𝑓 and 𝑔 refer respectively to the physical (stemming from 
XCT measurement) and virtual (numerically computed) volumes. 

407

http://www.euspen.eu/


  

 

(3) 

(4) 

(6) 

(7) 

(8) 

(2) 

(5) 

𝑅𝑂𝐼 is the region of interest of the measured volume and 𝐮 
refers to the displacement field that should be identified. 
 
As the structure is made of p struts, the problem can be 
decomposed into p correlation problems with limit conditions 
on the node displacements. We focussed the correlation on 
struts rather than on nodes. In fact, node identification from 
volumetric data is challenging as the structure manufacturing 
itself introduces fillets and increases the node position 
determination uncertainty.  
 
The V2C problem can then be written as: 

Correlation score that should be minimised : 

Φ(𝐮) = ∑ ∭ [𝑓(𝐗) − 𝑔(𝐗 + 𝐮𝑝|ℛ𝑐𝑒𝑙𝑙
)]

2
𝑑Ω

𝑅𝑂𝐼𝑝

𝑁𝑠𝑡𝑟𝑢𝑡𝑠

𝑝=1

 

Limit conditions: common nodes to several struts should have 
the same displacement.  

 
where 𝑁𝑠𝑡𝑟𝑢𝑡𝑠 is the number of struts, 𝑅𝑂𝐼𝑝 is the region of 

interest defined for the p strut. 𝐮𝑝|ℛ𝑐𝑒𝑙𝑙
 refers to the 

displacement field applied to the p strut relative to the cell 
frame. More details are provided in the next section. 
 
2.2. Shape defect basis 

For lattice cells, the question of whether geometric deviations 
are studied on the strut scale or on the entire structure should 
be raised. In this approach, we propose to combine both scales 
by simultaneously studying struts shape defects and the overall 
geometric deviations of the structure.  

In the following equation, the displacement field is assumed to 
be found by modal decomposition [8, 9]. More precisely: 
 

𝐮𝑝|ℛ𝑐𝑒𝑙𝑙
 =  ∑ 𝜆𝑘

𝑝
𝐮𝑘|ℛ𝑐𝑒𝑙𝑙

p

𝑘

= ∑ 𝜆𝑘
𝑝𝒯ℛp→ℛ𝑐𝑒𝑙𝑙

𝐮𝑘|ℛ𝑝

p

𝑘

 

where 𝜆𝑘
𝑝

 are the components of {𝝀𝑝} and refer to the modal 

amplitude associated with the considered modes of the p strut, 
𝒯ℛ𝑝→ℛ𝑐𝑒𝑙𝑙

 refers to the geometric frame transformation matrix 

between ℛ𝑝 and ℛ𝑐𝑒𝑙𝑙  frames.  

In the following, modes are defined by family types: 

• Rigid transformations of the struts (3 translations and 
2 rotations) 

• Dilatation of strut diameter 

• Vertical defects along the struts 

• Plane defects described by sinusoidal descriptors. 

All these modes define the considered shape defect basis which 
can be adapted for each strut. The suitability of this shape defect 
basis towards cylindrical shapes has been discussed in [8, 9] and 
and a literature review on the modelling of shape defects is 
proposed in [8]. 
 
{𝝀𝑝} are found by minimisation of the correlation score reduced 
to the p strut and equation 2 can be expressed as: 

Correlation score minimisation:  

{𝝀𝒎𝒊𝒏
𝒑

} =  𝑎𝑟𝑔𝑚𝑖𝑛 Φp(𝒖) 

                                                𝝀𝒑        
Limit conditions: common nodes to several struts 
should have the same displacement.  

 
A first order linearisation and the application of a Gauss-Newton 
optimisation scheme [8] leads to: 
 

 𝑴𝑝𝚫𝝀𝑝 = 𝒃𝑝  
Limit conditions: common nodes to several struts 
should have the same displacement.  

with 𝚫𝝀𝑝 the elementary modal amplitude to apply to the p 
strut. This iterative scheme is repeated until convergence. 
 

2.3. Association of struts 
By developing equations and taking into consideration the 

limit conditions, the correlation problem is transposed from the 
ℛ𝑝 frame to the ℛ𝑐𝑒𝑙𝑙  frame by application of a variable 

transformation matrix 𝑸 (see equation 6). In other words, rigid 
transformations expressed in the local strut frame are then 
translated into nodal displacements in the cell frame. This allows 
the expression of the minimisation problem for all struts in a row 
and the integration of limit conditions in the problem 
expression.  
 

With {𝝀}𝑝={1,…,𝑁𝑠𝑡𝑟𝑢𝑡𝑠} being the concatenated list of all {𝝀𝑝} 

defined for all p struts, then the variable transformation is 
expressed as: 

{𝝀} = 𝑸 {𝝀∗} 
where {𝝀∗} is the list of all nodal amplitudes expressed in the 
ℛ𝑐𝑒𝑙𝑙  frame concatenated with non-rigid modal amplitudes for 
all struts. By integrating limit conditions, and applying equation 
6 to elementary displacement, equation 5  is then simplified to: 

(𝑸𝑇𝑴𝑸)𝚫𝝀∗ = 𝑸𝑇𝒃 
thus,  

𝚫𝝀 = 𝑸[(𝑸𝑇𝑴𝑸)−1(𝑸𝑇𝒃)] 
 

with 𝚫𝝀 being the elementary modal amplitudes to apply to all 
struts, resulting in an iteratively updated virtual volume. The 
described method can now be applied on a manufactured lattice 
sample.  
 

2.3. Sample manufacturing and measurement      
The sample is a 2x2x2 BCCz lattice structure where the beam 

radii have been set to 0.6 mm and struts have a 6 mm length, all 
designed in a computer-aided-design (CAD) software. The lattice 
structure was produced by laser powder bed fusion (PBF) on an 
Addup FormUp 350 using Inconel 718 powder and the printing 
parameters displayed in Table 1. 
 
Table 1. Printing parameters 
 

Powder Inconel 718 

Layer thickness 40 µm 

Laser power 220 W 

Scan speed 2100 mm.s−1 

Contour scan power 210 W 

Contour scan speed 1800 mm.s−1 

Hatch space 55 µm 

 

The manufactured sample was washed with water and dried 

with compressed air. It was removed from the substrate using 

an electrical discharge machine.  

 
Figure 2. Designed (left) and manufactured (right) 2x2x2 lattice structure 
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The manufactured lattice structure was then measured using 
XCT with the measurement setups summarised in Table 2: 
 
Table 2. XCT measurement setups 
 

Magnification x11.4% 

Voxel size 15 µm 

Projections 1200 

Tube voltage 180 kV 

Tube current 130 µA 
 

A warmup scan of approximately 30 minutes was performed 

prior to the scan and data were reconstructed in the 

manufacturer’s software, using a filtered backprojection 

algorithm and a beam hardening correction without specific 

filter. Reconstruction was saved in a .raw file format. An 

elementary 1x1x1 substructure was extracted from the 2x2x2 

measured volumetric data; this was done to reduce the 

computation time and the size of data handled in this problem.    

2.4. Numeric methodology      
V2C was applied on the measured substructure, resulting in a 

V2C envelope. Vertical defects were taken as simple flexion, and 
plane defects were assigned to 10 sinusoidal modes. At the same 
time, ISO50% [4] envelope was extracted from the substructure 
volumetric data. Each envelope was compared to the CAD 
model, and was then compared to one another. All data 
treatments included in this paper are summarised in the pipeline 
displayed in Figure 3.     

 
Figure 3. Data treatment pipeline   

3. Results      

Nodal displacement field was identified by V2C and is shown by 
each blue array in Figure 4. Associated nodal displacement 
norms are displayed in Figure 5. It is worth noting that V2C 
independently corrects nodal positions resulting in the nominal 
model deformation, or the structure shape defect identification.   
 

 
 
Figure 4. Nodal displacement vectors identified by V2C, represented on 
the lattice wire model. Vector amplitudes have been enhanced for more 
readability.  Dilatation, plane and vertical defects are not represented. 
 

 
Figure 5. Nodal displacement norms. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Signed distances between comparative sets: CAD model vs ISO50% envelope (left), CAD vs V2C (middle) and V2C vs ISO50% (right)
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Figure 6 displays signed distances between described 
comparative sets. Distance distributions are shown in a 
histogram layout and a Gaussian normal distribution fitting was 
applied on the data. Distances near the lattice nodes were 
excluded from the histogram plots to avoid fillet fitting effects. 
To refine the analysis of the data distributions, statistical 
boxplots of the distributions are displayed in Figure 7 for each of 
the considered comparative sets. 
 

 
Figure 7. Statistical boxplots for considered comparative sets (green 
dashed line highlights the 0 value). 

4. Discussion      

When compared to the CAD model, ISO50% and V2C envelopes 
provide similar results in terms of mean values around -21 µm 
(see Figure 6 and 7). This negative mean value may be explained 
by an overall material retraction during manufacturing.  
Standard deviation discrepancies are explained by the ISO50% 

envelope embedding surface roughness which is not estimated 
by the V2C algorithm. As a result, the CAD/V2C distribution is 
narrower than the CAD/ISO50% set.  In addition, relative to the 
chosen shape defect basis (see section 2.2), V2C provides shape 
defect information and is not sensible to lower defect 
wavelengths. A similar observation is made in Figure 7 with 
CAD/V2C set showing a narrower distribution width than the 
CAD/ISO50% set. The V2C/ISO50% comparative set shows that 
apart from the roughness consideration, V2C and ISO50% have 
common trends. As illustrated in both Figures 6 and 7, the 
centred V2C/ISO50% set mean value confirms that V2C is efficient 
in estimating the structure shape defect relative to the 
considered basis.  
 
In Figure 6, signed distance plots also show that identifying 
nodes in a lattice structure is a challenging task when fillets 
between struts are introduced at the manufacturing step. 
Indeed, these regions have the highest discrepancies in all of the 
considered comparative sets. Thus, focussing on struts allows 
access to all the information embedded in the volumetric data 
rather than adding node determination and approximation 
steps. This choice provides an overall estimation of both 
orientation and deformation defects of each strut composing of 
the lattice structure, with node connections defined as limit 
conditions.  
 
A note should be made about the resulting modal 
decomposition amplitude for the lattice structure. Considering 
the nature of the strut i.e. vertical or inclinded, modal 
amplitudes are similar to the modal amplitude obtained in the 
strut analysis performed in [8]. In other words, modal amplitude 
computed in this study are in the same order as node 
displacement displayed in Figure 5.  

5. Conclusion      

This paper introduced the V2C method adapted to entire 
lattice structures. We show that V2C is a tool that can provide 
the CAD model with shape defect information. The main 
advantage of this virtual volume correlation technique is that it  
relies only on volumetric data, without any post-reconstruction 
additional step, in order to estimate lattice structure shape 
defects relative to a chosen shape defect basis. Previous work 
supports the suitability of the considered shape defect basis in 
this paper. Improvements to the basis could focus on 
introducing lower wavelength defects and integrating specific-
to-the-process defects such as spatters or local recesses. The 
latter may require to turn the proposed approach into a mesh-
based one to specifically address these typologies of defects. In 
addition, as V2C deals with volumetric data, V2C requires strong 
computation resources, notably RAM resources. As an 
illustration, this work required about 200 Gb of RAM. Future 
work will continue to focus on defining a strategy such as 
resolution adaptation, to apply V2C in a reasonable computation 
time.  
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Abstract 
The resolution of radiographic systems is often limited by the size of the X-ray focal spot, i.e. the region where X-rays are generated. 
Due to wear of the target and drifts in the electron optics, the focal spot size and shape are expected to change over time. Therefore, 
monitoring these parameters is key to gain confidence in measurements and take action, e.g. perform re-focussing or maintenance. 
We have developed a manipulator to position a gauge in the primary X-ray beam to determine focal spot size and shape. It operates 
independently from the sample stage of the computed tomography system. Thanks to a kinematic coupling mechanism, a high 
reproducibility was achieved despite the use of a low-precision linear axis. The system enabled the characterisation of focal spot sizes 
down to about 1 µm (FWHM). It is used to focus the focal spot prior to measurements, monitor it over the course of long computed 
tomography scans (several hours), and take corresponding measures to restore the focal spot quality. 
 
 
Radiography, X-ray computed tomography, focal spot, traceability, condition monitoring  

 

1. Introduction 

The size of the X-ray focal spot governs the attainable 
resolution for high-resolution radiographic setups, such as 
computed tomography (CT) systems [1]. Due to the size of the 
focal spot, i.e. the region where X-rays are generated, blur is 
introduced in the radiographic projections, rendering small 
structures no longer detectable. Because X-ray tube wear or 
thermal drifts might change the focal spot size and shape, it is 
necessary to monitor it for resolution-critical applications. The 
method employed to map the intensity distribution of focal 
spots, is to reconstruct it from radiographs of circular apertures 
(Figure 1). It was validated for focal spot size from below 1 µm 
to several 100 µm [2,3]. 

Here, we present a system to automatically characterise the 
focal spot of an X-ray tube, which is part of a high-resolution CT 
system. A manipulator accurately places a circular aperture 
gauge in the X-ray beam that enables the reconstruction of the 
focal spot. It can be used to optimise the focal spot prior to or 
monitor it during a measurement, e.g. a CT scan. 
 
 

 
Figure 1. Principle of focal spot reconstruction: a) Profiles extracted from 
radiographs of a circular aperture are deconvoluted, arranged into a 
sinogram b), and the two-dimensional intensity distribution 
reconstructed c) (a synthetic focal spot is shown). 

2. Focal spot gauge manipulator 

The automatic focal spot gauge manipulator (Figure 2) was 
implemented on a home-built metrology CT with an XWT-190-
TCNF X-ray tube (X-RAY WorX) [4]. The circular aperture was a 
custom tungsten-carbide ring gauge with a diameter of 100 µm 
(CARY). A low-accuracy linear actuator (repeatability ±15 µm, 
FESTO ELGS-BS-KF) moves the gauge in and out of the X-ray 
beam (Figure 3). The three-sphere support is placed in three 
v-grooves on top of the X-ray tube forming a kinematic coupling, 
which is robust against thermal expansion. A mechanism 
mechanically decouples the three-sphere support from the 
linear actuator, which ensures that no mechanical interference 
is transmitted. Three fine-threaded screws allow adjusting the 
horizontal and vertical position of the gauge. An L-shaped 
carbon fibre reinforced polymer (CFRP) lever extends in front of 
the X-ray tube to place the gauge in the X-ray beam. Gauge 
holders were additively manufactured (AM) from ABS. 

 

 
Figure 2. Design of the focal spot gauge manipulator. The gauge is 
accurately placed in the X-ray beam using a kinematic coupling. Half of 
the gauge is transparent to render the mechanism visible. 
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Figure 3. Photograph of focal spot gauge manipulator: (a) Withdrawn 
and (b) in front of the X-ray tube. The blue adapter holds the focal spot 
gauge. 

 
 

Figure 4. Short-term repeatability of the kinematic coupling at the focal 
spot gauge position. 

 
Figure 4 shows the short-term repeatability of the kinematic 
coupling when withdrawing and repositioning the gauge. It was 
derived from radiographs of the gauge and was below ±1 µm. 
The x (beam direction) and y (horizontal) positioning were less 
precise due to the long lever. The X-ray collimator and filter 
mount limited the minimum distance between the focal spot 
and the gauge to magnifications below 400× or resolutions of 
about 0.25 µm. This is sufficient to measure the full width at half 
maximum (FWHM) for focal spots down to about 1 µm. 

3. X-ray focal spot monitoring 

Focal spot monitoring is especially important for resolution-
critical CT scans, e.g. of precision engineered workpieces, 
porosity in AM parts or energy storage materials. Since the focal 
spot gauge manipulator operates independently of the CT 
sample stage, it can be used to monitor the focal spot prior to 
and in regular intervals during a CT scan. Thereby, a radiograph 
of the circular aperture is recorded and the focal spot intensity 
distribution reconstructed (see Figure 1). A two-dimensional 
pseudo-Voigt function (superposition of a Gaussian and a 
Lorentzian distribution) is fitted to obtain the FWHM. Prior to a 
CT scan, it might be necessary to re-focus the electron-beam, 
owed to the fact that the focussing currents of the electron 
optics are stored in a look-up table (LUT) and change over time. 
Figure 5 shows such a focussing curve, where the focal spot size 
was improved from 2 µm (coil current from LUT: 893 mA) to 
about 1.5 µm. Figure 6 shows monitoring of the focal spot size 
and shape over the length of a typical CT scan. To this end, the 
gauge was automatically moved into the X-ray beam in 
predetermined intervals. Here, the stability of the size (FWHM) 

and shape (Voigt ratio) was higher than the measurement 
scatter. However, this can change with the operating 
parameters of the X-ray tube and the wear of the components, 
e.g. the X-ray tube target. 

 
 

Figure 5. Focussing of the X-ray focal spot by optimising the focussing 
current of the electron optics (100 kV, 1 W, nanofocus mode). 

 

 
 

Figure 6. Focal spot monitoring over the course of a CT scan: a) first and 
last reconstructed focal spot distribution (axis values in µm). b) Focal 
spot size and c) shape described by the Voigt ratio, i.e. Lorentz-to-Gauss 
weight (100 kV, 5 W, microfocus mode). 

4. Conclusions 

We presented an in-line system to automatically characterise 
the focal spot of an X-ray tube. A manipulator places a circular 
aperture gauge in the X-ray beam with a repeatability below 
±1 µm. From aperture radiographs, microfocal spots down to 
1.5 µm FWHM were reconstructed. The data was used to focus 
the focal spot prior to or monitor it during a CT scan. Such 
monitoring is important to optimise the focal spot, gain 
confidence in resolution-critical CT scans, and indicate the need 
for maintenance. Future work includes investigation of the long-
term stability and predictive maintenance studies. 
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Abstract 
 
In our previous work, a novel electromagnetic force compensation weighing cell was proposed. The proposed weighing cell was 
developed as a unique force comparator for measuring difference between gravitational force and electromagnetic force in the KRISS 
Kibble balance. The proposed weighing cell is designed axial-symmetrically, unlike conventional precision weighing cells, with respect 
to the center of gravity axis using triple compound guide mechanisms and a tri-lever mechanism. The weighing cell employs three 
independent mass measurement units to measure the test mass by dividing it, improving weighing accuracy and structural stability. 
Moreover, it gives tilt information which enables correct alignment to the gravity axis. The repeatability of the weighing cell was 0.7 
mg with respect to 1 kg test mass and improved to up to 0.2 mg when the zero-point drift was compensated in the air. Lastly, 
experimental result of ground-tilt response of the weighing cell suggested that a tilt angle can be estimated by observing the change 
in the compensating force of each mass measurement unit.  
 
 
Metrology, Measuring instrument, Mechatronic, Force         

 

1. Introduction 

In our previous work [1-2], we designed a novel weighing 
instrument suitable for Kibble balance of Korea Institute of 
Standards and Science (KRISS). Proposed weighing cell serves as 
a force comparator in the KRISS Kibble balance by comparing 
between the gravitational force and electromagnetic force for a 
realization of the redefined ‘kg’ based on a Planck’s constant [3]. 

The weighing cell follows an electromagnetic force 
compensation (EMFC) mass measurement principle, which is the 
most accurate and reliable mass measurement method. Unlike 
an asymmetric structure of conventional EMFC weighing cell, 
proposed weighing cell has been designed axis-symmetrically. 
By designing in this way, the proposed weighing cell secured 
structural identity with the KRISS Kibble balance. Moreover, 
asymmetric thermal expansion or parasitic motion from 
asymmetricity can be minimized. 

As a core mechanism, a unique triple compound guide 
mechanism and a tri-lever mechanism are designed 
symmetrically with respect to the center of gravity axis. In 
addition, three independent mass measurement units are 
installed at each lever of the tri-lever mechanism.  

In this work, weighing performances of the proposed weighing 
cell are evaluated, experimentally. First, repeatability of the 
weighing cell is evaluated with a 500 g and 1 kg prototype mass. 
Then, a ground-tilt response test is carried out, showing that the 
proposed weighing cell can estimate the ground-tilt angle by 
using a force change of each measurement unit.  

 
Figure 1. (a) Schematics of proposed weighing cell, (b) Photographs of 
the fabricated weighing cell.  
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2. System overview 

Fig. 1-(a) and (b) describes a schematic of the proposed 
weighing cell and a photograph of the fabricated weighing cell. 
The weighing cell is composed of a flexure-based triple 
compound guide mechanism, tri-lever mechanism, and a 
weighing pan assembly. Each lever unit of the tri-lever 
mechanism functions as an independent mass measurement 
unit by installing an optical position sensor with 2 nm resolution, 
a voice coil motor (VCM), and a counter mass. When a test mass 
is applied to the weighing pan, the gravitational force of the test 
mass (Fg) is distributed to each measurement unit of the tri-lever 
mechanism while being guided by the triple compound guide 
mechanism. The lever position (δL) measured by each optical 
sensor is independently restored to the origin through the 
electromagnetic force (Fc) of the VCM generated by feedback 
control. The sum of the compensating forces measured at each 
lever unit represents the mass difference between the counter 
masses and the test mass. Weighing stiffness of the proposed 
weighing cell is 64.2 N/m, which is similar to that of conventional 
EMFC weighing cells, thanks to the highly sensitive flexure 
mechanism with a minimum thickness of about 0.2 mm. The 
system is also designed to have high parasitic stiffness that is 
thousands of times larger than a weighing stiffness.  

3. Performance evaluations 

3.1. Weighing test      
Weighing test was performed for a calibrated 500 g and 1 kg 

F1 class standard masses. The masses were loaded onto and 
unloaded from the weighing pan automatically by the 
translation stage. Measured values were calculated from the 
average of 5000 data points measured for 5 s after settled (±2% 
criterion). Each mass was measured 15 times, and repeatability 
were derived from the mean and standard deviation of the data. 
At this time, a resolution of each measurement unit was 1 mg. 

Figure 2 shows a repeatability of the weighing cell. Variations 
from 1.76 mg to 5.39 mg were observed for the repeatability of 
each individual measurement unit (units are shown in Figure 1-
(b)). Nevertheless, the repeatability of the net mass achieved 0.7 
mg in all test masses. When the deviation occurred in one lever, 
the other lever counteracted this by generating a force in the 
opposite direction at a similar level. Thus, a higher repeatability 
of net mass values was achievable. It can be estimated that 
precise force or mass measurement is possible with 
electromagnetic force compensation using additional lever 
mechanisms.  

The net mass value showed a slight drift in overall linear shape 
during the measurement due to the thermal drift of the system.  
To predict the weighing performance in the absence of drift, the 
widely adopted ABA and ABBA calibration methods for 
comparative weighing were utilized [4]. Each method minimizes 
the effect of drift by differentiating the average of the first and 
last data from the intermediate data of the continuously 
measured data set. Calibrated repeatability was improved by 2.5 

to 3.5 times compared with the original repeatability. The 
highest repeatability was 0.2 mg when the ABBA method was 
applied to the 1 kg mass measurement result; the other cases 
were at the level of 0.3 mg. 

 
3.2. Ground-tilt response  

In weighing instruments, ground-tilted state causes parasitic 
deformation of the compliant mechanism or changes the 
sensitivity of the actuator and position sensor, result in 
unignorable measurement errors. To evaluate the influence of 
the ground-tilt to the proposed weighing cell, the changes in the 
compensating force of each measurement unit were observed 
while the system was tilted with manual goniometer from −1° to 
1° in 0.2° increment when the 1 kg mass was loaded. The test 
was performed with both tilts about the x-axis (ϕ) and tilts about 
the y-axis (θ) (coordinate is shown in figure.1-(a)). 

Tilt sensitivity, angle-force relationship, of each measurement 
unit are different each other because each lever was positioned 
symmetrically with respect to the tilt axis. The tilt sensitivity of 
all levers was linear. Thus, tilt angles can be estimated by an 
equation of plane from three compensation force vectors. It can 
be obtained from the inner product of the nominal plane vector 
and tilted plane vector. Finally, the proposed weighing cell can 
be externally controlled to the zero-tilt angle state without any 
additional angle sensors. Though the error of each unit in tilted 
state was larger than that of the normal state, which is due to 
the increased stiffness caused by parasitic deformation induced 
from the tilt, the force change of the net mass value was reduced 
to 0.01 g/deg due to the force cancellation effect. 

4. Conclusion 

Weighing performance of the novel axis symmetric EMFC 
weighing cell was evaluated in this paper. In the weighing test 
with a 1 kg standard mass, the proposed weighing instrument 
achieved a relative uncertainty of 2 × 10-7. The result suggests 
that the multi-EMFC configuration can be a candidate for high-
precision mass measurements. Uncertainty of 10-8, performance 
of a conventional weighing cell for KRISS Kibble balance, is 
expected to be achievable if room temperature is controlled or 
vacuum environment is secured [3]. In the ground-tilt test, it was 
shown that the ground-tilt angle can be obtained through the 
force change of each measurement unit, thereby adjusting the 
weighing cell to the zero-tilt angle state. 
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Abstract 
Additive manufacturing (AM) processing technique can rapidly and efficiently fabricate three-dimensional (3D) parts of complex 
shapes and intricate structures that is not achievable using traditional methods, especially for metal AM by fusing metal powder in a 
layer-by-layer fashion. In these powder fusion machines, an in-situ inspection system to monitor the printed surface and preprint 
powder bed as the build cycle proceeds is important. Fringe projection profilometry is well-known for its ability to provide fast, high-
precision, and full-field 3D measurement of objects in a non-contact manner. The implementation of a fringe projection system 
requires that the system is pre-calibrated to obtain high measurement precision and repeatability. This paper presents two calibration 
methods for an AM-based in-situ fringe projection system using a polynomial calibration. A circle ring board and a blank board are 
used during the system calibration. In addition to obtain good depth calibration results, more accurate transverse calibration results 
can be obtained. The proposed calibration methods to reduce the texture effect in the process of calibration is outlined. Experimental 
results show that the proposed methods can improve measurement precision and repeatability. The proposed in-situ/in-process 
inspection system has been implemented within a commercial electron beam powder bed fusion additive manufacturing machine 
(EBAM), to demonstrate the capability for effective feedback during the manufacturing process.    
   
 
Keywords: system calibration; fringe projection; additive manufacturing  

 

1. Introduction 

Additive manufacturing (AM) techniques have been 
developing in recent years. As AM has a strong manufacturing 
ability to provide new solutions, especially for the building of 
complex geometries with internal structures, it has significant 
potential and space for development [1]. For any manufacturing 
technology, in-situ/online metrology is an effective supervision 
approach that can provide timely feedback to the process, thus 
improving the manufacturing efficiency. In AM processing, 
fringe projection systems are commonly used for in-situ 
detection methods. Fringe projection technology can provide a 
full-field, fast, high-resolution, and high-precision layer by layer 
areal surface measurement. Therefore, assessment of 
manufacturing quality would be advantageous in the process 
and provide feedback for process control[2].  

A significant step for a fringe projection system is system 
calibration. System calibration is a process of determining the 
geometrical relationship between a camera and a projector, as 
well as the relationship between the world coordinate and the 
camera image coordinate, which affects the measurement 
resolution and repeatability. System calibration can be divided 
into camera calibration and geometric calibration. Existing 
geometric calibration methods for 3D inspection systems can be 
categorized into model-based [3], polynomial [4], and least-
squares [5]. 

The Model-based method [6] is based on a geometrical model. 
The geometrical relationship between the camera and the 
projector is established by triangulation theory. After calculating 
system parameters, 3D data can be obtained by the phase 

information. The Least-squares method seeks to find the 
nonlinear relationship between the phase information and the 
3D data. In this case, the calibration procedure becomes more 
flexible and easier, because system geometric parameters do 
not need to be calculated directly. The polynomial method seeks 
to express the relationship between the phase and depth 
coordinates by a polynomial relation, and the relation fits the 
relative position between the camera and the projector. Since 
the phase and depth relationship of the fringe projection system 
is close to linear, but due to nonlinear effects, lens distortion and 
other factors, more than three polynomials are needed to 
ensure the measurement repeatability.  

In the calibration process, calibration boards with different 
calibrated marks are often employed, such as chess marks, ring 
marks, or circle marks. However, the colour of the marks affect 
the phase information recorded which causes phase error in the 
calibration process. In this paper, two system calibration 
methods are introduced. Two methods to address this so called 
“marks effect” to obtain high quality calibration results and to 
eliminate phase errors are proposed. One calibration method 
using a circle ring calibration plate, and the phase error caused 
by the rings is eliminated by using the fitting algorithm. This 
method eliminated the phase error in the circle rings region and 
reduced the random noise. The other method uses two 
calibration boards. One whiteboard is used to calibrate vertical 
direction, and the circle ring board is used to calibrate transverse 
direction. Experimental results show that both proposed 
methods eliminate the marks effect and improve measurement 
resolution and repeatability. The AM deployed fringe projection 
system has the capability to detect manufacturing defects, 
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which can improve manufacturing accuracy and control the 
process during the manufacturing. The developed system has 
been fully employed in a commercial AM machine and the 
associated control software.  

2. Calibration Methods      

The principle of the fringe projection technique is based on 
triangulation [7]. Based on triangulation principle, the geometric 
relationship of the projector and the camera can be represented 
by a mathematical relationship between the absolute phase 
map and depth data as follows  

 1 
It is difficult to directly obtain the system parameters L, L0, P0 

for depth calibration (Equation 1). However, by using a Taylor 
series expansion, Equation 1 can be transformed into a 
polynomial function. 

  2 
where an, an-1, a2, a1 are sets of coefficients containing the 

depth parameters. n equals 5. The main task of calibration 
becomes the optimization of the coefficients of Equation 2. A 
reference surface is set in a reference coordinate system. Zr is 
measurement height in reference coordinate system. Δφ is the 
absolute unwrapped phase difference between the measured 
surface and the reference surface. The coefficients will have 
different values for every pixel and can be stored in a look-up 
table (LUT).  If the phase information and the corresponding 
height information are known, the polynomial coefficients can 
be determined. 

The relationship between transverse direction and depth 
direction is linear in thetically. However, there is a nonlinear 
effect because of the distortion of the optical lens.  

Therefore, the relationship between X and Z, Y and Z can be 
expressed as quadric functions, 

𝑋𝑟(𝑥, 𝑦) = 𝑏1𝑍𝑟(𝑥, 𝑦)
2 + 𝑏2𝑍𝑟(𝑥, 𝑦) + 𝑏3  3 

 𝑌𝑟(𝑥, 𝑦) = 𝑐1𝑍𝑟(𝑥, 𝑦)
2 + 𝑐2𝑍𝑟(𝑥, 𝑦) + 𝑐3 4 

where b1, b1, b2, c1, c2, c3 are the coefficients of the quadric in 
the reference coordinate system. 

2.1. Fitting surface calibration  
    The calibration method needs two parts, depth calibration, 
and transverse calibration. In the depth calibration, a white 
ceramic diffuse plate with certified concentric circles markings is 
employed in the calibration procedure as shown in Figure 1. The 
circle board was accompanied by a calibration certificate 
guaranteeing the tolerance range of the centre positions within 
+/-0.002mm. An independent absolute distance measurement 
interferometer (Renishaw Model: ML10) is used in the 
calibration process. The circle ring board is placed on a transfer 
stage and moved to a series of positions in the measurement 
range. Based on the position of the calibration board, the middle 
position is taken as a reference surface. Based on the reference 
surface, a reference coordinate system (represents world 
coordinate system) can be constructed. At each position, the 
movement distance can be recorded by a length measurement 
traceable interferometer (as shown in Figure 1). At each 
position, the fringe patterns are projected onto the calibration 
board. The phase information from the projected fringe patterns 
of the calibration board is collected. After obtained phase data 
and depth data, a least-squares algorithm is employed to 
optimize the coefficient values based on Equation 2. 
Consequently, the geometric relationship between the camera 
and the projector can be determined. 

 
Figure 1 Fringe projection system and ceramic calibration board with 

concentric circles 

    Due to the presence of the black circle rings on the calibration 
board, the captured fringe patterns have low fringe contrast, 
which results in phase error and measurement error. A 
calibration approach based on a curve-fitting algorithm was 
applied to solve this problem. The modulation of the fringe 
patterns is calculated by Equation 5, which functions as a 
technique to remove the noisy points. By setting a threshold 
value, the outliers and the invalid points having low modulation 
can be identified.  
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  5 
M is the fringe modulation, N is phase-shifting steps, n is the 

captured image sequence, nI
is the intensity of the captured 

images. When M is under threshold value, the corresponding 
pixel will be set as invalid point. Therefore, the outliers crossing 
the circle ring area are removed, as shown in Figure 2. The 
unwrapped phase map is calculated from the rest of the 
wrapped phase data by using the optimum 3-frequency 
selection algorithm[8]. 

 
Figure 2. Wrapped phase map after identifying outliers 

   To fill in the invalid points, a quintic polynomial fitting equation 
was investigated to match the unwrapped phase data as 
Equation 6.   

𝐹𝑖𝑡𝑡𝑖𝑛𝑔𝑃ℎ𝑎𝑠𝑒 = 𝑃0 + 𝑃1𝑥 + 𝑃2𝑦 + 𝑃3𝑥
2 + 𝑃4𝑥𝑦 + 𝑃5𝑦

2 + 𝑃6𝑥
3 +

𝑃7𝑥
2𝑦 + 𝑃8𝑥𝑦

2 + 𝑃9𝑦
3 + 𝑃10𝑥

4 + 𝑃11𝑥
3𝑦 + 𝑃12𝑥

2𝑦2 + 𝑃13𝑥𝑦
3 +

𝑃14𝑦
4 + 𝑃15𝑥

5 + 𝑃16𝑥
4𝑦 + 𝑃17𝑥

3𝑦2 + 𝑃18𝑥
2𝑦3 + 𝑃19𝑥𝑦

4 + 𝑃20𝑦
5 

 6 
where x and y are the positions of the pixel, Pn is the coefficients 
of the fitting equation. Due to the fact that the calibration board 
is a flat white ceramic plate, the unwrapped phase map of the 
calibration board is ideally a plane. Theoretically, a linear fitting 
can determine the plane. Despite the effort of eliminating the 
distortion of the lens and the non-linearity of the system, the 
uneven fringe projection will still distort the unwrapped phase. 
Therefore, a relatively high-order fitting (quantic polynomial 
fitting) was used.  
    For transverse calibration, the camera captured texture 
images at each position. The phase maps and the corresponding 
marked points images are obtained. The height difference 
between the moving position of the circle ring board and the 
reference surface can be measured by the interferometer. The 
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coefficients of Equation 3 and Equation 4 are optimized by using 
the moving height results and the world coordinates of X and Y 
calculated by the centre point of the concentric circle as 
parameters. Consequently, the geometric relationship between 
the camera and the projector can be determined. 

2.2. Whiteboard calibration       
Another simple calibration method can also be used to solve 

this issue. It suits the system required high accuracy in the 
vertical direction and lower accuracy in the transverse direction. 
Figure 3 shows the procedure of the calibration method.  

 
Figure 3. The procedure of the depth calibration 

The calibration method needs two parts, depth calibration, 
and transverse calibration. In the depth calibration, a white flat 
calibration board is employed to obtain clear phase data. 

The whiteboard is placed on the ‘build stage’ and moving to 21 
positions. Based on the position of the calibration board, the 
middle position is as a reference surface. Based on the reference 
surface, a reference coordinate system (represents world 
coordinate system) can be constructed. Moving direction is the 
Z-axis. At each position, the movement distance can be 
measured by the interferometer. At each position, the fringe 
patterns are projected onto the white calibration board. The 
phase information from the projected fringe patterns of the 
calibration board is collected. After moved to 21 positions, 21 
absolute phase maps can be obtained, and the corresponding 
moving distance measured by the interferometer. Based on 
these obtained phase data and depth data, a least-squares 
algorithm is applied to optimize the coefficient values of 
Equation 2. A set of high accuracy coefficients of Equation 2 can 
be calculated pixel by pixel, which results do not have the black 
ring effect. 

After obtained the coefficients of Equation 2, the depth 
calibration is completed. The whiteboard is replaced by the 
circle ring board on the ‘build stage’ to do transverse calibration. 
The circle ring board is moved to 10 positions, which are in the 
field of calibrated depth. The same sinusoidal fringe patterns are 
projected on the circle ring board. The camera captured them 
and a texture image at each position. The height difference 
between the moving position of the circle ring board and the 
reference surface can be calculated by Equation 2. A crossline of 
the calculated height is selected where does not through the ring 
area, the selected height is fitted by the polynomial equation. 
The coefficients of Equation 3 and Equation 4 are optimized by 
using the fitting height results and the world coordinates of X 
and Y calculated by the centre point of the concentric circle same 
as method 2.1. Consequently, the geometric relationship 
between the camera and the projector can be determined.  

3. System evaluation 

In order to demonstrate the system performance, parameters 
including measurement, precision, repeatability reliability, and 
resolution (the minimum measurement depth), were evaluated.  

3.1 Precision and resolution along transverse direction 
During the calibration process, four test positions were recorded 
as known heights which are determined by the interferometer. 
Based on the four test positions, comparison with the nominal 
distance between each centre points and the measured distance 
is the transverse direction accuracy. Table 1 shows transverse 
calibration the results. 

Table 1 Details of the accuracy and precision along transverse 
direction 

Direc
tions 

Nominal 
distance 
between 

each 
centre 
points 
(mm) 

Numbe
r of 

centre 
to 

centre 
measu
rement

s 

Mean 
measure

d 
distance 

(mm) 

Mean 
absolute 

errors 
(measure

ment 
accuracy) 

(mm) 

Standa
rd 

deviati
on 

(Precisi
on) 

(Units: 
mm) 

 

X 15.0007 320 15.0228 0.0228 0.0467 

Y 15.0009 308 14.9971 0.0029 0.0382 

The measurement accuracy and repeatability of x-direction 
are 0.0228mm and 0.0467mm respectively. The measurement 
accuracy and repeatability of y-direction are 0.0028mm and 
0.0387mm respectively. The transverse resolution is defined as 
the ratio of the field of view and the resolution. The resolution 
of the used camera is 4016 by 3016. The Field of view is around 
200mm by 180mm. Therefore, the transverse resolution is 
0.050mm and 0.060mm in x and y directions, respectively. It can 
be clearly seen that the measurement accuracy in the Y direction 
is higher than that in the X direction because there was an angle 
between the optical axis of the camera and the normal line of 
the calibration plate when the camera operating. Because of the 
angle, a perfect circle becomes an ellipse in the camera view. 
The centre of the ellipse extracted in the X direction deviated 
from the true centre of the circle, while the deviation between 
the extracted centre of the ellipse and the true centre in the Y 
direction was small, so the accuracy in the Y direction is higher. 

3.2 Precision and resolution along z direction 
 
Table 2 Details of the accuracy and precision along depth direction 

The height value of tested sample can be calculated based on 
Equation 2. During the calibration process, four testing positions 
were used as known heights determined by using the 
independent interferometer with two calibration methods. 
Based on the calibrated coefficients and the absolute phase, the 
measured height of the object can be acquired. System mean 
absolute error can be acquired by comparing the value 
measured from the interferometer with the height measured 
from the system. The measured distance obtained by the 
interferometer was taken as the ideal value. System 
repeatability and reliability can be evaluated by calculating the 
standard deviation. After compared with two methods, the 
measurement accuracy of two methods is close and both 
methods solved circle ring impact, the standard deviation of 
method one is smaller than method two. Table 2 shows the 
results. The EBM machine required 100 micrometers depth 

 
Position 

(mm) 
Mean 

measured 
distance 

Mean 
absolute 

error 
(Measurem

ent 
accuracy) 

Standard 
deviation 

(precision) 

Method 
2.1 

3.5011 3.4832 0.0179 0.0050 

1. 5030 1.5000 0.0030 0.0072 

Method 
2.2 

-5.3987 -5.3728 0.0259 0.0168 

1.2982 1.2954 0.0028 0.0126 
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resolution. Therefore, the fringe projection system meets the 
requirement. 

4. Experiments      

A conceptual illustration of the EBM machine setup with fringe 
projection system is shown in Figure 4. The AM machine consists 
of four parts with different functions: they are an electron beam 
melting source, a powder delivery system, a powder bed 
transfer stage, and the fringe projection inspection system. The 
final implementation is within a commercial EBM machine. The 
inside of machine chamber is under vacuum during the process. 
The fringe projection system is fixed on top of the machine. The 
fringe projection system consists of a CCD (charge-coupled 
device) camera and a DLP (digital light processing) projector. The 
camera and projector are located on either side of the electron 
beam melting source. The position of the projector and the 
camera are fixed with the angle between the optical axes of circa 
30°. The inspected surface is at the intersection of the axes. 

 
Figure 4. A conceptual set up of the fringe projection inspection 

system 

 
(e) 

Figure 5. A twenty-cent coin and 3D reconstruction results. (a) 
Photograph of the coin; (b) 3D measurement results of the coin after 
corrections. (c) 3D measurement results of the coin before corrections 
(d) Zoom in the error (e) The 2D profile of the measurement error 
because of ring effect. 

3D results of proof of concept measurement samples were 
shown in Figure 5 and Figure 6. Figure 5 was a 3D measurement 
result of a coin. Figure 5(a) shows a twenty-cent coin. Figure 5(b) 
shows the 3D measurement results of the coin after corrections 

by proposed method. Figure 5(c) shows the 3D measurement 
results of the coin before corrections. Figure 5 (d) was the 
zoomed error area of 3D measurement results. Figure 5 (e) was 
the 2D profile of the measurement error because of ring effect. 
The proposed calibration method clearly eliminated the effect of 
the rings.  

 
Figure 6. Printed metal sample and 3D reconstruction results. (a) 

Photograph of tested printed sample (b) Areal map of tested printed 
sample after corrections (c) Areal map of tested printed sample before 

corrections (d) Zoom in the error 

An Ebeam AM printed metal sample was measured by the 
fringe projection system as shown in Figure 6(a). The printed 
metal part with radial grooves and ridges is used for evaluating 
the manufacturing resolution. The measured results were 
consistent with the manufacturing resolution. Comparing results 
with the proposed method and without corrections method, 
shows that the ring effect was eliminated, the measurement 
error of the rings area has been improved by 150 µm to 200 µm.  

5. Conclusions 

This paper presented two calibration methods for an AM-
based in-situ fringe projection system using a polynomial 
calibration model. A circle ring board and a blank board are used 
during the system calibration. In addition to obtain good depth 
calibration results, more accurate transverse calibration results 
can be obtained. The proposed calibration method to reduce the 
texture effect in the process of calibration is outlined. 
Experimental results show that the proposed methods can 
improve measurement precision and repeatability. The 
proposed in-situ/in-process inspection system has been 
implemented within a commercial electron beam powder bed 
fusion additive manufacturing machine (EBAM), to demonstrate 
the capability for effective feedback during the manufacturing 
process. 
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Abstract 
Diameter measurement of cylinder with vision system is of great importance for diameter control in the float-zone silicon crystal 
growth. Targeted for float-zone silicon crystal growth, a vision-based diameter measurement with estimated expanded uncertainty 
for large diameter scope, is presented. The method is developed over two steps: camera calibration, diameter measurement and 
correction. Firstly, camera calibration identifies intrinsic and extrinsic properties of camera. Intrinsic parameters of camera model 
are obtained from the pattern of a checkerboard in advance. Then extrinsic parameters are inferred by tracking corner points of 
checkboard while rotating the checkerboard around cylinder axis. Finally, with estimated intrinsic and extrinsic parameters, pseudo 
diameter can be determined from the image points and corrected into actual diameter by trigonometric principle.The effectiveness 
of the proposed method was experimentally verified by measuring cylindrical gauges with diameter ranging from 5 mm to 150 mm. 
 
Diameter measurement; Vision system; Measurement uncertainty; Float-zone crystal growth     

 

1. Introduction 

With growth of wafer application in microelectronic and 
photovoltaic industries, the demand for wafer is rising as well. 
Silicon wafer manufacturing begins with crystal growth process 
where the polycrystalline silicon is crystalized into pure 
monocrystalline silicon. There are mainly two methods for 
silicon crystal growth process: Czochralski (CZ) method and 
Float-zone (FZ) method. Currently CZ Si wafers make up the vast 
majority of total Si wafer market [1] due to fast growth speed 
and large growth diameter. Nevertheless, the FZ method can 
offer unique properties of superior purity and high resistivity 
which the CZ method cannot achieve [2,3], and therefore the FZ 
silicon is indispensable for high power electronics and innovative 
devices [3]. In the FZ process, polycrystalline silicon (feed rod) is 
melted by contactless heater like radio frequency (RF) coil and 
grows into monocrystalline silicon with the help of contacted 
seed crystal [4]. The FZ process is normally controlled by 
automatic growth controller. 

In the FZ process, diameter control plays an important role 
since it ensures the crystal grows in good shape and quality. On 
the other hand, keeping diameter into control can help reduce 
waste or scrap. Therefore, it is necessary to measure crystal 
diameter with high efficiency and accuracy for obtaining 
homogeneous crystal [5]. 

However, due to high temperature and vacuum atmosphere 
within the FZ machines, it is not possible to measure the growing 
crystal during process with contacting measuring equipment like 
caliper or micrometer. Therefore, optical measurement is 
preferred for FZ crystal diameter measurements. Normally, 
there is a quartz window in FZ machine for vision system to 
capture geometrical quantities of crystal, and diameter 
measurement problem turns into cylinder diameter 
measurement based on images.  

Various methods on cylinder diameter measurements have 
been investigated during past decades and they can be mainly 

categorized into two methods: telecentric vision based 
measurements [6-8] and pinhole vison based measurements [9-
11]. Due to constant magnification, telecentric vision can 
measure object with high accuracy regardless of object distance. 
However, the field of view (FOV) is limited in telecentric lens and 
the larger the required FOV, the larger diameter of front lens has 
to be. Considering FZ crystal diameter is up to 200 mm, the 
required telecentric lens will be very large and expensive.   

Compared with telecentric lens, pinhole lens has higher FOV 
since there is an angle between light ray and optical axis by 
passing light ray through pinhole. However, when measuring a 
cylinder, since the light ray is tangent to the cylinder surface, the 
measured length is actually a ‘pseudo diameter’, the projection 
length of two tangent points. Hence, it is necessary to deal with 
the inconsistent diameter problem. Takesa et.al [12] measured 
cylinder diameter by measuring the ‘pseudo diameter’ with 
magnification factor and deriving actual diameter by 
trigonometric principle with focal length. However, in this 
method, the magnification factor was set constant after 
calibration while it varied with different diameters since tangent 
points vary. Wei and Tan [13] presented a diameter 
measurement method based on camera model parameters. 
Intrinsic parameters were calibrated with checkerboard and 
extrinsic parameters were determined by measuring reference 
shaft with non-linear optimization. With intrinsic and extrinsic 
parameters instead of magnification factor, the ‘pseudo 
diameter’ can be determined and corrected to actual diameter 
with trigonometric principle. Nevertheless, measuring accuracy 
is sensitive to initial estimate of extrinsic parameters due to the 
nature of non-linear optimization. Sun et.al [9] improved this by 
identifying intial extrinsic parameters from checkerboard which 
was clamped to embody the axis of shaft. Nonlinear 
optimization was then used for recalibrating extrinsic 
parameters. An average measurement error of 0.005 mm was 
finally achieved. Nonetheless, this was only tested on shafts with 
small diameters up to 30 mm. Moreover, in some cases it is 
difficult to utilize two center heads to clamp checkerboard in 
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order to reduce misalignment. Hao et.al [14] presented a new 
measuring scheme with a movable camera, which can derive 
diameter from two images at different object distances. 
However, though this method can achieve high accuracy, a 
single diameter measurement requires the camera to move two 
times, which would potentially increase measuring time and 
decrease the possibility of application in in-process 
measurement. 

Motivated by Wei and Tan [13] and Sun et.al [9], this paper 
presented a pinhole-vision based diameter measurement 
method for float-zone silicon crystal growth production based 
on camera model parameters. Similarly, camera model 
parameters are calibrated first and then projection length 
computed from camera parameters is corrected into true 
diameter by trigonometric principle. There are two main 
contributions in this paper including: 

1) A diameter measurement method targeted for large range 
cylinder diameter (5 mm to 200 mm) is presented and validated 
in both test bed and float-zone silicon crystal growth production. 

2) Uncertainties for diameter measurement in this method are 
estimated for ensuring the traceability of the measurements.  

2. Methodology 

The proposed diameter measurement method involves two 
steps: (i) camera calibration and (ii) diameter measurement. 
Camera calibration computes camera properties as well as the 
relationship between the camera and the measuring plane, 
which is very significant because it directly determines 
measuring accuracy. With the obtained camera model 
parameters, the cylinder length in the image can be transformed 
into the pseudo diameter and then corrected with diameter 
correction model. The framework of the diameter measurement 
method is illustrated in Figure 1. 

 
 Figure 1. Framework of diameter measurement method 

 
2.1. Camera calibration 

Camera calibration aims to compute intrinsic and extrinsic 
properties of camera pinhole model which is expressed in Eq 1. 

s [
𝑢
𝑣
1

] = 𝑲[𝑹|𝒕] [

𝑋
𝑌
𝑍
1

] (1) 

where u and v are coordinates on pixel frame of image and and 
X, Y, Z are coordinates on world frame. 𝑲 is intrinsic matrix and 
𝑹 and  𝒕 are extrinsic rotation and translation respectively. 

In this paper, intrinsic parameters are obtained by utilizing 
Zhang’s method [15]. 

Extrinsic parameters determines the position and orientation 
relationship between camera and measuring plane. In order to 
measure diameter, measuring plane have to cover cylinder axis, 
as shown in Fig 2. Extrinsic parameters are normally obtained by 
solving camera model with corner points of checkerboard which 
is placed on measuring plane. However, it is not easy to let 
checkerboard cover the axis of shaft, unless using special fixture. 

In this paper, extrinsic parameters are computed by rotating 
checkerboard which can be seen in Fig 3.  

The chekerboard is mounted onto the same shaft holder used 
to fix measured cylinder. As the checkerboard rotates, corner 
points on the checkerboard also rotate around the axis. The 
track of an individual corner point is supposed to be an arc or a 
circle with center point lying on the axis.  Therefore by 
computing all center points from tracks of all corner points, an 
axis line can be obtained by fitting those center points. 

 
Figure 2. Relationship between camera frame and world frame 

 
Figure 3. Rotating the checkerboard 

 
Firstly, the camera frame is set as reference frame since it is 

static while world frame varies with rotation of checkerboard. 
Corner point 𝑝𝑖  ( 𝑖 = 1,2, . . , 𝑁 ) in checkerboard under world 
frame 𝑾𝑗  (𝑗 = 1,2, . . , 𝑀 ) is expressed as 𝑝𝑤𝑖𝑗 , which can be 

computed by Eq 1 with estimated  𝑹𝑗  and 𝒕𝑗  from Zhang’s 

method. Then 𝒑𝑤𝑖𝑗  is mapped into camera frame by the 

following equation. 

𝑝𝑐𝑖𝑗 = 𝑹𝑗𝑝𝑤𝑖𝑗 + 𝒕𝑗 (2) 

Where 𝑝𝑐𝑖𝑗 is corner point 𝑝𝑖 in 𝑗𝑡ℎ  checkerboard image under 

camera frame. 
Then extrinsic translation of our desired measuring plane 𝒕𝑚 

can be determined by averaging all points under camera frame, 
as Eq. 3 shows. 

𝒕𝑚 =  
1

𝑀𝑁
∑ ∑ 𝑝𝑐𝑖𝑗

𝑁

𝑖=1

𝑀

𝑗=1

(3) 

Apparently, all tracking circles’ planes share the same normal 
vector 𝒓𝑦 , which is parallel to the axis of cylinder. 𝒓𝑦  can be 

determined by minimizing the following objective function Eq 4. 

𝑚𝑖𝑛 ∑ ∑⌈(𝑝𝑐𝑖𝑗 − 𝑜𝑐𝑖)𝒓𝑦
T⌉

2
𝑁

𝑖=1

𝑀

𝑗=1

(4) 

Where 𝑜𝑐𝑖  is the center point of tracked circle from corner 

point 𝑝𝑖, 𝑜𝑐𝑖 =  
1

𝑀
∑ 𝑝𝑐𝑖𝑗

𝑀
𝑗=1 . 

Let 𝒓𝑥 = (1,0,0)  , 𝒓𝑧 = 𝒓𝑥 × 𝒓𝑦 , then desired extrinsic 

rotation 𝑹𝑚 can be finally obtained. 

𝑹𝑚 = [𝒓𝑥, 𝒓𝑦 , 𝒓𝑧] (5) 
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2.2. Diameter measurement and correction     
With the obtained intrinsic parameters and extrinsic 

parameters from section 2.1, edge points of the cylinder in the 
image after undistortion can be transformed into world frame 
by Eq. 1.  However, as above mentioned  in section 1, the 
measured distance from a pair of edge points e.g. AB shown in 
Fig. 2, is actually pseudo diameter. Therefore it has to be 
corrected by using trigonometric principle.  

It is assumed that the principal point of camera 𝑂𝑐 is slightly 
deviated from the center as shown in Fig 4, which is normally 
unavoidable situation. 

 
Figure 4. Deviated optical point 
 

The principle point 𝑂𝑐 under the world frame is expressed as 
𝑂𝑐𝑤, which can be computed from extrinsic parameters 𝑅𝑚 and 
𝑡𝑚, as shown in Eq. 6. 

𝑹𝑚𝑂𝑐𝑤 + 𝒕𝑚 =  𝑂𝑐 = [
0
0
0

] (6) 

Then the actual diameter can be computed with Eq 7. 

D = 2𝑂𝑤𝐴′ = 2𝑂𝑤𝑂𝑐𝑤𝑠𝑖𝑛
∠𝐴𝑂𝑐𝑤𝐵

2
(7)

here ∠𝐴𝑂𝑐𝑤𝐵 can be calculated based on the length AB, A𝑂𝑐𝑤 
and B𝑂𝑐𝑤 with cosine theorem. 

To improve measuring accuracy, the extrinsic parameters are 
recalibrated by measuring few cylindrical gauges with known 
diameter. The objective function for optimizing extrinsin 
parameters is shown as follows: 

𝑚𝑖𝑛 𝑆(𝑹, 𝒕) (8) 
Where S = ∑ (𝐷𝑣𝑖 − 𝐷𝑟𝑖)2𝑛

𝑖=1 . 𝐷𝑣𝑖  is the reading from the 
proposed method and 𝐷𝑟𝑖  is the reference diameter of the 
gauge. 

3. Experiments 

To verify the proposed method, the experiment work was 
performed by the camera with an image resolution of 1600 x 
1200 pixels. To simulate the float-zone machine as shown in Fig. 
6, the distance between the camera to the center of cylinder is 
around 1300 mm. The experimental setup is shown in Fig. 5. The 
image magnification factor is approximately 0.16 mm per pixel. 
The checkerboard with the corner points of 25x18 was used to 
calibrate the camera, in which the intrinsic matrix and distortion 
coefficients were inferred by Zhang’s method [15]. Backlight was 
utilized in order to ensure the quality of image points and two 
coverings were used to reduce reflection from backlight [13]. 
The measurements were done in a temperature-controlled lab, 
set at (20 ± 0.2) °C. 

 
Figure 5. Experiment setup 

 
Figure 6. Float-zone crystal machine and vision system  
 

For obtaining the extrinsic matrix in which the X-Y plane covers 
the rotating axis of the shaft, the checkerboard was rotated 
around the shaft axis while the camera captured images at the 
same time. Then extrinsic matrix was solved with the method 
presented in the section 2.1.  

The step cylindrical gauge with diameter ranging from 5 mm 
to 150 mm, as shown in Fig 7, was used to test the accuracy of 
the proposed method.  And extrinsic matrix was recalibrated by 
measuring gauges with diameter of 5 mm, 50 mm, 100 mm, 150 
mm. 

 
Figure 7. Step gauge 

 
For comparison, the experiments were also conducted with 

the pixel-equivalent based method where the magnification 
factor instead was used to compute the pseudo diameter. The 
magnification factor in the pixel-quivalent method is calibrated 
and optimized with the least square method by cylindrical 
gauges with diameter of 5 mm, 10 mm, 15 mm, 20 mm since 
diameter correction can be neglected in small diameters. In the 
pixel-equivalent method, due to limited information, the 
corrected diameter can only be inferred from pseudo diameter 
and camera distance and assume the camera points at the axis 
of cylinder. The corrected diameter is computed by the following 
equation: 

𝐷𝑣𝑝 =
𝐶𝐷𝑝

√𝐶2 + (
𝐷𝑝

2
)

2

(9)
 

Where C is the camera distance and 𝐷𝑝 is the pseudo diameter 

obtained from image length and magnification factor. 
We repeated capturing images of each cylindrical gauge for 30 

times. For each repeated image, 34 pairs of feature points were 
used for diameter calculation and the average of diameters was 
considered to be the measured diameter.   

Based on ISO 14253-2:2011 [16], results are provided with 
systematic error and an uncertainty analysis comprising the 
addition in uncertainty from reference gauge, resolution, and 
environment. 

𝑏𝑣 = 𝐷𝑣 − 𝐷𝑟𝑒𝑓 (10) 
Where 𝐷𝑣 is reading diameter from the proposed method, 𝐷𝑟𝑒𝑓 

is reference diameter from calibration certificate. 

𝑢𝑣 =  √𝑢𝑟𝑒𝑓
2 + 𝑢𝑟𝑒𝑠

2 (10) 

Where 𝑢𝑟𝑒𝑓 is the uncertainty contribution related to reference 

gauge, 𝑢𝑟𝑒𝑠  is the standard uncertainty contribution of 
resolution, Since feature points were detected by sub-pixel edge 
detection, we considered the resolution was 0.3*magnification 
factor*2 (since there is a pair of points involving diameter 
calculation). The expanded uncertainty 𝑈𝑣 is expressed as: 

421



  

 

𝑈𝑣 =  𝑘 × 𝑢𝑣 (11) 
Where k  is the coverage factor(k=2 provides a confidence 

level of approximately 95% ). 
 

 
Figure 8. Measurement results using the proposed method 

 

 
Figure 9. Measurement results using the pixel-equivalent method 

 
From Fig. 8 and Fig. 9 we can notice a relatively large 

uncertainty of approximately ±0.2 mm, which is due to low 
resolution of image. However, in the proposed method, 
deviations from the reference diameter is almost invariant with 
gauge diameters, keeping the error into the range of ±0.1 mm.  

On the contrary, in the pixel-equivalent method, a slightly 
increasing trend can be noticed. Two reasons may explain it. On 
one hand, lens distortion is not taken into account. As the gauge 
diameter increases, the edges are more far away from the image 
center, and distortion is therefore more serious. On the other 
hand, poor precision of magnification factor can also affect 
measuring accuracy. Since the magnification factor is inferred 
from the number of pixels in the image and the actual diameters, 
magnification factor is sensitive to the resolution of image which 
is relatively low in this experiment. 

In summary, compared with the pixel-equivalent based 
method, the proposed method shows more robustness when 
measuring cylinders with large diameter scope. This proves the 
effectiveness of using normal fixture to infer extrinsic 
parameters, which may address the need of special fixture to 
compute accurate initial extrinsic parameters. 

4. Conclusion      

In this study, we proposed a diameter measurement method 
for cylinders ranging from 5 mm to 150 mm without using any 
special fixture, which is targeted for float-zone crystal growth 
production. The checkerboard was utilized to compute camera 
parameters. However, in extrinsic calibration, instead of placing 
the checkerboard where the cylinder axis is covered, we rotated 
checkerboard along the axis and inferred the position and 
orientation of cylinder axis from the recorded corner points of 
checkerboard. Experiments show that the measurement error 
can be kept into around ±0.1 mm. 

In this study the measurement accuracy of a vision-based 
diameter and its measurement uncertainty in a longer diameter 
scope are investigated. Our results provide compelling evidence 
that diameter measurements utilizing camera parameters 
appear to be more robust than the pixel-equivalent method. 
This result can lay the foundation for diameter control in crystal 
growth of silicon where tracking diameters from few millimeters 
up to 200 mm is needed. Future work will focus on applying the 
method in crystal growth images. 

However, some limitations are worth noting. Although the 
proposed method was supported statistically, the obtained 

accuracy was lower than previous results [9][13]. Though this is 
partially due to lower resolution and longer camera distance, 
both feature point detection and vibration of rotating axis also 
remarkably affect measurement accuracy. Future work should, 
therefore, include addressing the solution to evaluate the 
measurement uncertainty due to vibrating axis. 

Acknowledgements 

This research work was undertaken in the context of DIGI- 
MAN4.0 project (“DIGItal MANufacturing Technologies for Zero-
defect Industry 4.0 Production”, http://www.digiman4- 
0.mek.dtu.dk/). DIGIMAN4.0 is a European Training Network 
supported by Horizon 2020, the EU Framework Programme for 
Research and Innovation (Project ID: 814225). 

 
References      
 

 [1] Zulehner, Werner. Historical overview of silicon crystal pulling 
development. J. Materials Science and Engineering: B 73.1-3 
(2000): 7-15. 

[2] Müller, Georg, Jean-Jacques Métois, and Peter Rudolph, eds. B. 
Crystal Growth-From fundamentals to technology. Elsevier, 2004. 1 
239. 

[3] Muiznieks, Andris & Virbulis, Janis & Lüdge, Anke & Riemann, 
Helge & Werner, Nico. B. Floating Zone Growth of Silicon, Elsevier, 
2015. 7 244 

[4] Shimura, Fumio. Single-crystal silicon: growth and properties. B. 
Springer Handbook of Electronic and Photonic Materials. Springer, 
Cham, 2017. 1 1. 

[5] Wang, X., Xiang, S., Xiang, K., & Pan, F. (2018). A novel method for 
diameter measurement of silicon single crystal. J. Measurement, 
121, 286-293. 

[6] Yang, Zhao, et al. Research on imaging system of vision 
measurement for the shaft MIPPR 2015: Remote Sensing Image 
Processing, Geographic Information Systems, and Other 
Applications. International Society for Optics and Photonics, 2015. 
9815 

[7] Chen, Jun, et al. Vision-based online detection system of support 
bar. In: 2016 IEEE International Conference on Information and 
Automation (ICIA). IEEE, 2016. 1594-1599. 

[8] Shuxia, Guo, et al. Mini milling cutter measurement based on 
machine vision. Procedia Engineering, 2011, 15 1807-1811. 

[9] Sun, Qiucheng, et al. Shaft diameter measurement using a digital 
image. Optics and Lasers in Engineering, 2014, 55 183-188. 

[10] Rakhmanov, V. V., et al. Cylinder diameter measurement with 
displacement and rotation error correction for non-telecentric 
optics. In: Journal of Physics: Conference Series. IOP Publishing, 
2020. 1675 012085. 

[11] Sun, Qiucheng, et al. A planar-dimensions machine vision 
measurement method based on lens distortion correction. The 
scientific world journal, 2013, 2013. 

[12] Takesa, Kazuhiko, et al. Measurement of diameter using charge 
coupled device (CCD). CIRP annals, 1984, 33 1 377-381. 

[13] Wei, Guang; Tan, Qingchang. Measurement of shaft diameters by 
machine vision. Applied optics, 2011, 50 19: 3246-3253.. 

[14] Hao, F., et al. Shaft diameter measurement using digital image 
composition at two different object distances. In: IOP Conference 
Series: Materials Science and Engineering. IOP Publishing, 2019. 
504 012097. 

[15] Zhang, Zhengyou. A flexible new technique for camera calibration. 
IEEE Transactions on pattern analysis and machine intelligence, 
2000, 22 11: 1330-1334. 

[16] Gashi, Bekim V. Technical Committee: ISO/TC 213 Dimensional and 
geometrical product specifications and verification: ISO 14253-2: 
2011; Geometrical product specifications (GPS)—Inspection by 
measurement of workpieces and measuring equipment—Part 2: 
Guidance for the estimation of uncertainty in GPS measurement, in 
calibration of measuring equipment and in product verification. 
2011. 

422



 

          
 

 

 

euspen’s 22nd International Conference & 
Exhibition, Geneva, CH, May/June 2022 

www.euspen.eu  

Progress of the European Metrology Network for Advanced Manufacturing 
 
Harald Bosse1 , Anita Przyklenk1, Alessandro Balsamo2, Daniel O’Connor3, Georges Favre4, Alexander Evans5, 
and Dishi Phillips6  
  
1 Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany  
2 Istituto Nazionale di Ricerca Metrologica (INRIM), Torino, Italy  
3 National Physical Laboratory (NPL), Teddington, United Kingdom  
4 Laboratoire national de métrologie et d'essais (LNE), Paris, France  
5 Bundesanstalt für Materialforschung und -prüfung (BAM), Berlin, Germany  
6 European Society for Precision Engineering and Nanotechnology (euspen), Cranfield, United Kingdom 

 
harald.bosse@ptb.de 

  
Abstract  
 
The European Metrology Network (EMN) for Advanced Manufacturing has been established in June 2021. Currently nine EMNs 
focussing on different important topics of strategic importance for Europe exist and form an integral part of EURAMET, the European 
Association of National Metrology Institutes (NMI). All EMNs are tasked to develop a high-level coordination of the metrology 
community in Europe in a close dialogue with the respective stakeholders. The development of a Strategic Research Agenda (SRA) is 
a key task for all EMNs in their thematic areas as important input for the European Partnership on Metrology programme in alignment 
with other relevant European Partnerships. This task will be based on an analysis of the existing metrology infrastructure and 
capabilities of the NMIs, the metrology research needs for advanced manufacturing identified in close cooperation with industrial 
stakeholders and a resulting gap analysis. Here we report on the progress of the EMN for Advanced Manufacturing. 
 
advanced manufacturing, metrology, European Metrology Networks (EMN), Strategic Research Agenda (SRA), stakeholder, Industry 4.0 

 

1. Introduction 

Metrology, the science of measurement and its applications, 
is a key element of quality infrastructures and thus also the base 
to assure the quality of manufactured parts and systems. To 
foster a high-level coordination of the activities and capabilities 
of the European metrology institutes in support of the European 
manufacturing industry, the European Metrology Network 
(EMN) for Advanced Manufacturing was established in June 
2021. The background of the EMN and its supporting joint 
network project (JNP) were described before [1, 2]. Here we will 
report on the current status of the EMN, its achievements so far 
and its planned near-term and long-term activities. 

2. Achievements of the EMN for Advanced Manufacturing 

Here we will report on the achievements of the EMN so far.  
 
2.1. EMN application and approval process 

The proposal for the EMN for Advanced Manufacturing was 
developed with input from experts of 18 National Metrology 
Institutes (NMI) and Designated Institutes (DI) in Europe, 
supported by the JNP AdvManuNet [3]. Expertise from different 
technical committees (TC) of EURAMET was included in the EMN 
proposal, because advanced manufacturing requires expert 
knowledge in dimensional, thermal, mechanical, and other 
material and process-related disciplines. Moreover, metrology 
requirements related to digitalization aspects in flexible 
manufacturing infrastructures have to be addressed as well.  

Guided by the perspective on whole manufacturing chains, the 
work within the EMN was proposed to be organised internally 

along the entire life cycle of products manufacturing chain 
including design for manufacture and recyclability. The 
proposed three main topical areas or sections were: 1) advanced 
materials, 2) smart manufacturing systems, and 3) 
manufactured components and products.   

The proposal for the EMN for Advanced Manufacturing was 
submitted to EURAMET, presented and discussed at its General 
Assembly (GA), the highest authority and decision making body 
of EURAMET, and was approved by the GA on June 8, 2021.   

 
2.2. EMN members, partner organizations and stakeholder 
council 

The current EMN members are the following 18 NMIs and DIs 
(abbreviated names in alphabetical order with country code): 
BAM (DE), CEM (ES), CMI (CZ), CNAM (FR), DFM (DK), DTI (DK), 
GUM (PL), INRIM (IT), IPQ (PT), LNE (FR), METAS (CH), RISE (SE), 
NPL (UK), PTB (DE), SMD (BE), UME/TUBITAK (TR), VSL (NL), VTT 
(FI). The EMN members have all signed a Memorandum of 
Understanding to confirm their joint interest and willingness to 
support the work of the EMN for Advanced Manufacturing, 
which is intended as a sustainably operated and integrated 
structure of EURAMET. Nominated primary contact persons, 
cross-sectional experts and sectional experts are allowed to 
participate in annual general meetings (AGM) of the EMN.  The 
EMN members, nominated experts and the EMN officials (chair, 
vice-chairs, secretary) are also listed on the EMN website [4].  

For the progress of the EMN activities, links to important 
partner organizations were established, based on identified 
mutual interest in a strategic cooperation. On the EMN 
stakeholder events, the partner organizations presented 
themselves. These currently are: European Technology Platform 
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(ETP) ManuFuture [5], EFFRA / Made in Europe Partnership [6], 
NanoFabNet [7], and euspen [8]. 

The EMN has identified 13 key industry sectors (KIS) which 
have strong metrology needs for the development of advanced 
manufacturing within these sectors [2]. A stakeholder council 
(SC) has been established consisting of appointed high-level 
experts, who represent the different KIS as best as possible and 
who are expected to provide strategic advice for the activites 
within the EMN. The SC currently has 11 members from industry 
and academia from the following countries: CH, DE, DK, FR, IT, 
and UK.   
 

2.3. EMN communication activities 
The EMN has organized a short introductory meeting on June 

23, 2021 presenting its approach and a half-day stakeholder 
meeting on October 11, 2021, both held as open online events. 
The events offered talks of high-level experts from industry, as 
well as contributions of the EMN partner organizations and 
other EURAMET organizations with close links to the EMN topics 
[4].  

A contribution of the EMN for Advanced Manufacturing was 
also presented at a seminar series on Metrology for Digital 
Transformation, organised by EURAMET in September 2021 [9].  

The 1st annual general meeting (AGM) of the EMN took place 
on October 12, 2021, in combination with the 1st meeting of the 
stakeholder council. 

The EMN for Advanced Manufacturing has been presented at 
the two international metrology conferences in 2021. 

 
2.4. EMN Logo 

The logo of the EMN for Advanced Manufacturing was 
required in alignment with general EURAMET design rules. The 
chosen icon, Figure 1, combines and intertwines the symbol of a 
gear, representing a typical manufactured complex component, 
and a symbol of interconnected points, representing 
autonomously interacting manufacturing systems in flexible and 
smart advanced manufacturing infrastructures.  

 
Figure 1. Logo of the EMN for Advanced Manufacturing 

 

3. EMN Activities in 2022/2023 

The main focus of the EMN activities in 2022 is the 
development of a draft Strategic Research Agenda (SRA) in close 
cooperation with the stakeholders. An important driver for 
these activities is the planned call for research projects in the 
thematic programme ‘metrology for industry’ of the European 
Partnership on Metrology in 2023 [10]. At the first stage of the 
call, which is expected to be opened in January 2023, proposals 
for potential research topics (PRT) may be submitted. The aim is 
to have a first draft of the SRA available for reference by PRT 
proposals detailing the identified  metrology capability gaps. 

The EMN provides a forum to discuss possibilities to steer the 
research directions of the European Partnership on Metrology in 
different ways: a) draft call scope documents are circulated to 
the TCs and EMNs by EURAMET at an early stage for discussion, 

before the call scopes are published when the call is opened, b) 
TCs and EMNs may also provide input for the orientation pages 
of the calls, and c) the EMNs are tasked with the development 
of the SRAs for their topical areas. 

In order to define the metrology needs of the advanced 
manufacturing sector, a targeted interaction with the 
stakeholders are required to generate high-level documents 
which best address the identified broad metrology needs of the 
sector. To discuss the metrology needs, stakeholder workshops 
and accompanying questionnaires are planned in the EMN 
sections. However, care will be taken to also identify the cross-
sectional metrology requirements across all three sections and 
along whole manufacturing chains and recycling.      

4. Long-term activities of the EMN 

Beyond 2022/2023 EURAMET plans to also open another 
‘metrology for industry’ call late., Therefore  it is important to 
identify long-term metrology research needs for advanced 
manufacturing. This also holds beyond the duration of the 
Horizon Europe and the European Partnership on Metrology 
programme.  

The support of the EMN by the JNP AdvManuNet will end after 
four years in June 2024. By then, the following targets have to 
be achieved: a) a final version of the SRA has been developed 
which will be regularly updated by the EMN,  b) a final version of 
the EMN website [4] has been developed which offers access to 
the EMN knowledge base, information on training events and a 
helpdesk, all related to metrology issues for advanced 
manufacturing, and c) in addition to the SRA, which focusses on 
metrology research gaps and needs, a strategic agenda (SA) has 
to be developed, which addresses ways for a sustainable 
operation of the EMN for Advanced Manufacturing beyond the 
running European Partnership on Metrology programme, i.e. 
beyond 2027. 

5. Summary and outlook 

We have reported on the current status and planned short- 
and long-tem activities of the EMN for Advanced Manufacturing. 
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Abstract       
 
Thermal issues in precision machine tools are the main cause for geometrical errors of workpieces. For this reason, temperature 
control, air and fluid conditioning and compensation techniques are often used to reduce the influence of heat sources and sinks and 
the associated heat transfer. This paper shows the characterization of a thermistor temperature measurement system. The system 
is based on the principle of ratiometric measurement using an excitation current source, analog lowpass filters and a 24 bit Delta-
Sigma-AD-converter. To minimize errors due to the Seebeck effect, a method for reversing the excitation current is implemented. 
The circuit board has three channels to evaluate thermistors. The data interface is based on ethernet using either UDP or the MQTT-
protocol. A power-over-Ethernet module is used as power source. The investigations show the 1st order time constant, the possible 
maximum resolution, the linearity and the advantage of excitation current reversal. The time constant is determined by the step 
response of the system. A solid-state calibrator block and a calibrated reference thermometer are used to estimate the resolution. 
This setup is also used to observe the linearity of the system in the measurement range from 15 °C to 25 °C. The work also shows the 
effect of the inversion of the excitation current. 
 
Thermistor thermometry; High resolution thermometry; Thermistor; RTD; Ratiometric measurement; Sub milli Kelvin resolution; Ethernet based data 
interface; UDP based data interface; NTC          

 

1. Introduction   

To further improve the current temperature control, air and 
fluid conditioning and compensation techniques in precision 
machine tools it becomes necessary to use sensors with higher 
resolution. Currently available sensors for industrial applications 
have a maximum resolution of about ten millikelvin. This paper 
proposes a sensor with a resolution of less than one millikelvin 
and a measurement range of fifteen to twenty-five degrees 
Celsius for industrial applications. 

There is already some promising work in this area, but due to 
some limitations it is not exactly applicable to this case. 

Benjaminson and Hammond [11] developed a high resolution 
themperature sensor using a quartz oscillator made from a 
specially cut quartz with a high temperature coefficient. With 
such a device, the maximum possible resolution is proportional 
to the sampling time. A higher sampling time results in a higher 
resolution [10, 12, 13, 14, 17]. According to their work, to 
achieve a resolution of one millikelvin, a sampling time of one 
second would have to be selected. For industrial applications, 
this principle is only applicable to a limited extent, since the cycle 
times of real-time processors are usually much higher. 

Wudy et al. [2] showed that it is possible to achieve high 
resolution for temperature sensors with a thermistor in a simple 
voltage divider circuit combined with analog low pass filters and 
high resolution analog to digital converters (ADC’s) The main 
advantage of this system is the simple design of the circuit. With 
the developed system, a maximum resolution of seventy-five 
microkelvin was achieved. The main disadvantage of this circuit 
is its susceptibility to interference from the voltage source and 
the maximum sampling rate of ten Hertz, which is somewhat low 
for use in industrial control systems. 

Higuchi et al. [3] used a similar concept, but the thermistor is 
measured in a Wheatstone bridge, instead of a voltage divider 
and is also filtered with analog low-pass filters. This setup has 
similar disadvantages with regard to the interference of the 
voltage source and the low sampling rate of one hertz. 

There is also an integrated circuit (IC) LTC2983 from Linear 
Technology [1] available, specifically designed for high-
resolution ratiometric resistance measurements. This IC 
implements  excitation current reversal and contains two precise 
excitation current sources. The IC is also capable of storing six 
Steinhart-Hart parameters, which provide a good approximation 
of the thermistor's non-linear behaviour [14]. With a maximum 
sampling rate of six hertz, this IC is also somewhat slow for 
industrial use [10] . 

2. Description of the developed sensor     

The sensors setup can be seen in Figure 1. The sensor basically 
consists of three parts. The POE-part consists of a classic power 
over ethernet design, using full bridge rectifier (B1), flyback-dc-
dc- converter (B2) and a output-lowpass filter (B3) [4, 5, 6, 7, 8]. 

The digital-part is formed by an 8-bit microcontroller for the 
ethernet-communication and the calculation of the temperature 
values (B7), as well as a 24 bit ADC for the thermistor 
measurement (B8), which also consists of two excitation current 
sources. 

The analog part consists of a low pass filter circuit (B9), a 
transistor circuit (B10) for the inversion of the excitation current 
and the two resistors Rref for the reference and RT for the 
thermistor. 

The thermistor was chosen because of its high sensitivity. This 
is considerably higher than that of platinum resistors, for 
example [15]. 
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In the real setup, up to three thermistors can be connected to 
the transistor circuit, which can be individually selected by the 
microcontroller. 

The thermistors are measured using the ratiometric 
measurement principle. This means that the measurement 
result is independent of the excitation current source so that 
disturbances of the excitation current won’t have effects on the 
measurement result. [1] 
 

 
 
Figure 1. Block diagram of the developed sensor [5] 

 
The following basic voltage divider equation can be used to 

calculate the resistance of the thermistor from the ADC 
readings. Here UT is the Voltage across the thermistor, Uref is the 
Voltage across the reference resistor and Rref is the constant 
reference resistance. 
 

𝑅T =  
𝑈T

𝑈ref
⋅ 𝑅ref 

 

1 

 

 
To obtain an accurate measurement result an ADC capable of 

sampling two differential input channels simultaneously is used. 
[1] 

The temperature value is calculated from the resistance of the 
thermistor using the Steinhart-Hart equation [14, 16]. Six 
parameters were used for the developed sensor. This proved to 
be sufficient during development. A significant advantage of 
using the Steihnhart-Hart equation is that the curve can be 
approximated to the sensor characteristic by any number of 
measured reference values in the desired measuring range. 

Furthermore, this can be done individually for each sensor 
element, which reduces errors due to component scattering. 

During the development of the sensor, the parameters were 
calculated by linear regression [14] using the seventy-two 
measurement points given in the data sheet [20]. 

The developed sensor is POE-compatible according to the 
IEEE802.3af standard (class 3). This means that a single RJ45 
socket (B0) is sufficient to connect the sensor to a PC or PLC and 
simultaneously supply it with power. The power can be 
transmitted via the two data pairs as well as via the two spare 
pairs of the Ethernet cable. The maximum available power is 
12.95 W, which is quite sufficient for this device [4, 5, 6, 7, 8].  
Theoretically, all Ethernet-based protocols can then be 
implemented. In this case, MQTT and UDP were used [18]. 

3. Determination of the maximum resolution      

The maximum resolution of an ADC is limited by its noise. [2] 
A suitable measure for assessing the signal quality of a system is 
the signal-to-noise ratio (SNR ). [9]  
 
3.1. Measurement of the signal to noise ratio   

 
For this purpose a resistor with a low temperature coefficient 

is placed in the circuit instead of the thermistor. The entire  
measurement is performed in a temperature-controlled room in 
order to keep influences caused by temperature fluctuations as 
low as possible. The sampling frequency for this and the other 
measurements is  eighty hertz. 

In general the SNR can be calculated from the mean value of 
the voltage of a dataset and the corresponding standard 
deviation. 

Using Ohms law, the SNR can be calculated from the mean 
value of the resistance 𝑅eff  and the corresponding standard 
deviation 𝜎𝑅 as follows. 

𝑆𝑁𝑅 =  
 𝑅eff

2

𝜎𝑅
2

 

 
 

2 

 

3.2. Measurement result of the signal to noise ratio  
 
The result of the SNR – measurement is shown in table 1. 

Figure 2 shows the corresponding histogram of the conducted 
measurement. 

 
Table 1 Result of the SNR – measurement. The number of samples (𝑁𝑜𝑆) 
used for the measurement is given in the right column. 

 

𝑅eff / 𝑘Ω 𝜎𝑅 / Ω 𝑆𝑁𝑅 𝑁𝑜𝑆 

13.696 0.0108 1.61 ⋅ 1012 126830 
    

 

 
 
Figure 2. Histogram of the measurement for the SNR with a fitted 
gaussian curve with the corresponding mean and standard deviation. 

 
The thermistor used in the setup has a sensitivity 𝑆R of 

512.30 
Ω

𝐾
. Using the standard deviation of table 1, equation 3 

calculates a maximum resolution of 𝛥𝑇max = 0.0211 mK. 
The results of this measurement and especially equiation 3 

show that the SNR of the analog circuit, combined with the 
ADC and the sensitivity of the used sensor element are the 
limiting factors, when it comes to increasing the resolution of 
sensors of this type. 

𝛥𝑇𝑚ax = 
𝜎R

𝑆R
 

 

3 
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4. Time constant      

The first order time constant was estimated from the step 
response of the sensor. Therefore the sensor was immersed in 
water with a temperature different from room temperature. 
The time was then measured from the point where the sensor 
touched the water until the temperature reached sixtythree 
percent of the temperature step.  

The result for the time constant 𝜏63 is 2.9 seconds. 

5. Excitation current reversal      

To reduce errors due to the Seebeck effect or other parasitic 
offsets in the circuit, the excitation current can be reversed [1]. 
The result of this method is shown in Figure 3. There is a large 
offset between the measurements with opposite current 
direction. This shows that it is possible to calibrate out offset 
errors by reversing the excitation current. Due to the fact that 
the offset error remains constant over the whole measurement 
period of about fourty minutes, it seems sufficient to repeat the 
excitation current reversal calibration in larger timesteps of 
several hours. 
 

 
 
Figure 3. Excitation current reversal, T- means negative, T+ positive 
current direction [5]. 

6. Linearity      

A solid-state calibrator block is used to determine  the linearity 
of the system. This is an aluminium block in which the sensor can 
be placed together with a reference device. Due to the high 
thermal conductivity of aluminium, both sensors then have 
approximately the same ambient temperature.  

Both sensors are then used to record the temperature over 
several hours. Due to the small measurement range the change 
in room temperature over a day was sufficient. 

To avoid high measurement offsets between both sensors, the 
developed sensor is calibrated before, using a simple offset 
calibration and also the excitation current reversal method. 

As a measure of linearity the correlation coefficient can be 
calculated out of the measurement data of the two sensors. 

 
6.1. Measurement result of the linearity measurement 
 

The result in Figure 4 shows that both series of measurement 
data are quite similar to each other. However the reference 
sensor seems to have a smoother response to temperature 
changes, which is assumed to be caused by a higher time 
constant of the reference sensor. 

        

 
 
Figure 4. Comparison between the developed (black) and the reference 
sensor (gray). 
 

Figure 5 shows the correlation between the reference sensor 
and the developed sensor. It can be said, that there is good 
correlation between both of them. The calculated correlation 
coefficient is  𝑅Corr = 0.99978, so that a high linearity of the 
developed sensor can be assumed.  

 

 
 
Figure 5. Diagram of the correlation between the reference sensor (Y) 
and the developed sensor (X) 
 

7. Conclusion   
    

The developed sensor shows that it is possible to develop 
temperaturesensors with a sub-millikelvin resolution and good 
linearity for industrial applications on relatively low costs.  

The measurements carried out show that with a combination 
of using the Steinhart-Hart equation, reversing the excitation 
current and calibrating in the solid-state calibrator block, good 
calibration results can be achieved without using expensive 
equipment such as tripple-point cells. 

The Ethernet interface wit POE makes the sensor easy to use 
and reduces the wiring effort in industrial use cases.  

The MQTT protocol is well suited for the data transfer of the 
measurement data since the different measuring channels can 
be well divided into individual topics here. 

It should be noted, that these protocols are non-real-time 
protocols. This can lead to unsteady delays between sending and 
receiving the measured values. 
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For the further development of this sensor, the use of real-
time capable protocols such as Profinet, Profibus or IO-Link 
should therefore be considered [18, 19]. 
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Abstract 
This paper aims to clarify misconceptions present in some literature on roundness measurement related to diameter measurement 
and the harmonic content of Reuleaux triangles, which are sometimes referred to as shapes of constant diameter and thus implied 
to exhibit odd lobing. To demonstrate, the paper investigates regular Reuleaux polygons in the angular frequency domain by 
evaluating their harmonic components numerically. A pattern is observed in the frequency domain representation of the Reuleaux 
polygons, with harmonic components repeating at intervals corresponding to the number of angles in the polygon. Finally, the paper 
discusses the implications of mechanical filtration effects and the existence of such geometries for roundness measurement in 
practice, discussing the limitations of two-point diameter measurement in roundness measurement. 
 
Roundness, Harmonics, Reuleaux 

 

1. Introduction  

In roundness measurement as well as machine design and 
manufacturing, it is important to be aware of the existence of 
geometries, which have uniform diameter or uniform width, but 
are not circles.  One example of such a geometry is the Reuleaux 
triangle, a commonly known shape of constant width. 
 

 
Figure 1. Two-point diameter (d) and width (w) 
 

Confusion related to the subject, particularly to the 
measurement of diameters and the harmonic content of 
Reuleaux polygons is apparent in literature related to roundness 
measurement. Examples exist of Reuleaux triangles being 
referred to as shapes of constant diameter [1], implying that 
Reuleaux triangles exhibit constant diameter and thus a number 
of "odd-lobing".  Along with a figure of tangential line contacting 
diameter measurement Whitehouse claims that "even lobing is 
measurable by diametrical assessment but odd lobing is not" 
and that "coins to be used in vending machines have to be odd-
lobed otherwhise they run the risk of jamming in the slot" [2]. 
Essentially, the misconception relates to missing knowledge of 
the harmonic content of regular Reuleaux polygons as well as 
confusion between the different definitions of diameter and 
their measurement. Furthermore, in some publications constant 
diameter shapes are incorrectly referred to as Reuleaux  
triangles [2, 3, 4]. 

To clarify these misconceptions, this paper presents numerical 
calculations of the harmonic content of several Reuleaux 
polygons, commonly known shapes with a constant width, 
which are examples of geometries which can result in a 
mechanical filtration effect when supported between parallel 

surfaces. Furthermore, this paper discusses different definitions 
of diameter and their measurement. 

Firstly, it is paramount to define diameter and width. In 
mathematical papers, the diameter and the width can be 
defined as the maximum and minimum width of a profile 
respectively [5], with the width of a profile in general defined as 
the distance between two parallel tangent lines of the profile 
[6]. However, in the context of roundness metrology and multi-
probe roundness measurement [3, 12], the workpiece diameter 
can be treated corresponding to the two-point size defined in 
ISO 17450-3 and ISO 14405-1, which can also be called the two-
point diameter for cylinders [7, 8]. By this definition, the 
diameter can be regarded as the length of a cord through the 
midpoint of the profile, which also corresponds to the diameters 
of circles and ellipses i.e. the lengths of the chords through their 
midpoints. Often, the used definition of the diameter is not 
explicitly stated in literature related to roundness measurement. 
 

 
Figure 2. Multi-probe roundness measurement with line-contacting 
probes 
 

This distinction has practical relevance. If line contacting 
probes are used in a roundness measurement instrument (such 
as the one shown in Figure 2), a two-point diameter 
measurement setup might actually be measuring width. This 
mechanical filtration effect may also relevant in other 
applications, such as in the design and manufacturing of 
machine elements where rollers are supported between two 
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parallel surfaces. If a line contact occurs, constant width shapes 
such as Reuleaux polygons can cause the point of contact to vary 
during rotation, effectively hiding the variation of the two-point 
diameter. It should be noted, that in precision metrology, the 
situation will not be very common: especially when measuring 
large and nominally round workpieces, measurement even with 
line-contacting probes yields a very similar result for width and 
two-point diameter.  

In roundness measurement, the harmonic domain 1
𝑟𝑟𝑟𝑟𝑟𝑟

  
(synchronous angular frequency domain) can be used to 
describe the roundness deviation of a workpiece cross-section, 
with the frequency domain after a discrete Fourier transform 
selected so that the first component corresponds to a small 
eccentric motion, the second to a two-lobed shape, the third to 
a three-lobed shape etc. [3]  

For small and rigid workpieces, the roundness profile of the 
workpiece cross-sections can be directly measured on 
roundness measurement instruments with precision spindles. 
For large and flexible workpieces where it is not possible to 
eliminate the center-point motion of the cross-section, multi-
probe methods can be used, where at least three probe signals 
are used to calculate the roundness error and the center point 
location for each relative orientation of the workpiece and the 
measuring instrument [3, 9, 10, 12]. To reduce the effects of 
harmonic suppression, redundant methods with more than 
three probes can be used. These methods can use subsets of 
three probes [11], least squares minimization [9] or alternatively 
directly calculate the even components from the two-point 
diameter variation profile [12] to reduce uncertainty in the 
evaluation of the Fourier coefficients of the roundness profile. 
An example of a multi-probe setup using line contacting probes 
for diameter measurement is shown in Figure 2. 

2. Methods   

An equation for the polar form of Reulaux polygons has recently 
been published online, where the equation for the boundary of 
the polygon was derived from a parametric presentation using 
the distance formula [13] to obtain the following equation for an 
n-sided regular Reuleaux polygon with unit radius: 

𝑟𝑟

= cos�𝜃𝜃 −
2𝜋𝜋
𝑛𝑛 �

𝑛𝑛(𝜃𝜃 − 𝜋𝜋)
2𝜋𝜋 �+

1
2�

+�1 + 2𝑐𝑐𝑐𝑐𝑐𝑐
𝜋𝜋
𝑛𝑛

+ 𝑐𝑐𝑐𝑐𝑐𝑐2 �𝜃𝜃 −
2𝜋𝜋
𝑛𝑛 �

𝑛𝑛(𝜃𝜃 − 𝜋𝜋)
2𝜋𝜋 � +

1
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Using the equation, boundaries of Reuleaux polygons with n 
from 3 and up to 11 were numerically evaluated at 250 points 
spread evenly between the interval 𝜃𝜃 = 0,...,2π and the discrete 
Fourier transform was used to calculate the harmonic 
components of the profiles. 

3. Results 

The results of the calculations for the Reuleaux triangle and 
pentagon are shown in Figures 3 to 7, where it can be seen that 
the harmonic components of Reuleaux polygons correspond to 
the number of sides in the Reauleaux polygon, with the 
components repeating at frequencies corresponding to the 
number of sides in the Reuleaux polygon. As the number of sides 
in a Reuleaux polygon is always odd, every second harmonic 
component will be even. It is known that shapes with a constant 
two-point width only consist of odd components. Reauleaux 
polygons are only of constant width. Furthermore, a similar 
pattern was observed for the phases of the harmonic 
components, as can be seen in Figures 3 to 7. Reuleaux polygons 

with higher numbers of sides were observed to follow a similar 
pattern. 

 

 
Figure 3. Harmonic components of a regular Reuleaux triangle. Note the 
logarithmic scale on the amplitudes.  
 
 

 
Figure 4. Harmonic components of a regular Reuleaux pentagon. Note 
the logarithmic scale on the amplitudes. 
 

 
 

Figure 5. Harmonic components of a regular Reuleaux heptagon. Note 
the logarithmic scale on the amplitudes. 
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Figure 6. Harmonic components of a regular Reuleaux nonagon. Note 
the logarithmic scale on the amplitudes. 
 
 

 
Figure 7. Harmonic components of a regular Reuleaux hendecagon. Note 
the logarithmic scale on the amplitudes. 
 

4. Discussion 

With the calculations, it was shown that Reuleaux polygons 
have harmonic content repeating at a pattern corresponding to 
the number of angles in the polygon. Contrary to how the 
subject is presented in the referenced literature [1, 2], Reuleaux 
triangles (as well as other Reuleaux polygons) feature both odd 
and even lobe numbers.  

Reuleaux polygons are constructed with circle arcs drawn from 
the sides of polygons. It must be noted that it is possible to 
extend the sides of the polygons and use the extended sides as 
supports when constructing the Reuleaux rotors [14]. The 
resulting polygon will exhibit a similar constant width but will 
not have sharp angles. The authors are not aware of a published 
parametric equation for this type of Reuleaux rotors. It would be 
an an interesting study to to perform a similar analysis of 
harmonic components for this type of geometries as well. 

When considering two-point diameter, a constant diameter 
will occur in a workpiece which only consists of odd harmonic 
components. Essentially, this results from the parity of the 
harmonic components sine waves, with the opposite phase 
wave repeating at the other side of the workpiece. The situation 
becomes more complex when the diameter is understood as the 
distance between parallel lines. In this case, mechanical 
filtration effects and the changing of the contact point can 
distort the measurement and the workpiece cross-section may 

also contain even harmonic components, as was shown by the 
calculations of the Reuleaux polygons. 

Non-circular geometries exist with both a constant width and 
two-point diameter (for example a geometry with a three-lobed 
roundness error with a large enough radius to make the profile 
convex) as well as geometries with constant two-point diameter 
but not constant width (for example a geometry with a three-
lobed roundness error with a smaller radius resulting in a convex 
profile). The Reuleaux polygons investigated in this paper are 
rather extreme examples of the mechanical filtering effects 
which will occur in all types of measurements and machine 
elements.  

5. Conclusion 

To summarize, it is important to make the distinction between 
the different definitions of the diameter, whether the diameter 
is defined as the distance between two parallel tanget lines of a 
profile [5, 6] or as the two-point diameter [7, 8] understood to 
correspond to the diameter of a circle or ellipse as a chord 
through the midpoint. Profiles with only odd harmonic 
components will yield a constant two-point diameter. A  cross-
section with a constant parallel tangent line diameter may also 
contain even components, which was was here shown to be the 
case with Reuleaux polygons. Contrary to how odd-lobing in 
roundness metrology is presented in the referenced books [1, 
2], regular Reuleaux polygons also contain even harmonic 
components with non-zero amplitudes. 

It is important to be aware that typical roundness 
measurement methods, instruments and analyses are restricted 
to nominally round workpieces with minor roundness deviations 
and non-convex geometries. Due to mechanical filtering effects, 
using line contact probes can actually result in a measurement 
of an incorrect quantity. The authors acknowledge that this may 
not occur often in practice, but it is something one should be 
aware of. Furthermore, the subject may be more relevant for 
other machine design and manufacturing problems. 
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Abstract 
Electron beam melting (EBM) is a powder bed fusion (PBF) additive manufacturing (AM) process for metal powder printing with wide 
applications in key industrial sectors, including automotive, healthcare, aerospace, etc. The high-temperature processing of this 
technique extensively sinters the powders on the surfaces and creates a poor and coarse surface finish. Differences between 
the surfaces from EBM in comparison with other AM processes make it difficult to answer which measurement method, with what 
measurement settings, and which evaluation parameters should be used for surface characterization. In this work, the performance 
of various optical methods for the measurement of areal topography of rough EBM-made metal surfaces was investigated. A specially 
prepared artefact allowing for the generation of different angles was designed and produced from a nickel-based alloy using EBM 
without any supporting structure for down-facing surfaces. The as-built up-facing and down-facing surfaces from the artefacts were 
measured in orthogonal to the build direction. Measurement system capability for as-EBM surfaces is presented along with areal 
surface texture analysis. 
 
Keywords: electron-beam melting, measurement, surface texture, areal topography 

  

1. Introduction  

Additive Manufacturing (AM) is considered a future 
manufacturing system, where complex external and internal 
structures can be manufactured. The technology allows printing 
layer-by-layer components of a great degree of complexity, 
which is not possible to do by using traditional (subtractive) 
methods. Moreover, a broad spectrum of materials can be used 
to manufacture parts, from polymers to metals.  

The most popular technique to print metallic components is 
Powder Bed Fusion (PBF). The PBF processes use a high energy 
source (laser or electron beam) to selectively melt the material 
based on the sliced model to create desired solid structure 
(element). One of the biggest challenges of the PBF processes is 
the final surface quality of the part, which also varies among 
different PBF methods (selective laser melting (SLM), Electron 
beam melting (EBM), etc.). This limitation has a great impact on 
the quality control of AM manufactured parts. So far, non of the 
PBF method, or AM part in general, can produce surfaces “ready 
to use”.  Rather, they are “as printed”, as Reese et. al [1], 
proposed the term, and they are ready for further treatment. It 
is possible to monitor the surface to improve and optimize the 
printing process whereby by lowering surface roughness, the 
machining allowance can be kept at the minimum level. 

The surface quality of AM parts is of great interest to many 
researchers worldwide. Thompson et. al [2], analyzed internal 
surfaces of the metal PBF part by using various measurement 
techniques, with the main focus on XCT, as was extensively done 
also by Townsend et. al [3]. The qualitative comparison of areal 
parameters was made, concluding beneficial of using XCT for 
areal topography assessment. There is still a lot of work to be 
done in it, e.g., to secure accuracy and repeatability, but results 
are very promising.  

Lou et. al [4], were focusing on different characterization 
methods of surface topography for PBF surfaces. The waviness 
is equally important as roughness, for AM parts. Therefore 
a careful selection of filtering techniques and filtering 
parameters, such as cut-off (nesting-index), are important 
factors in the quantification of the surface texture. It was 
concluded that robust Gaussian regression filter and 
morphological filter are qualified for PBF surface analysis. Also, 
it was pointed out that AM manufactured surfaces contain other 
spatial surface features, like globules and surface pores, which 
cannot be neglected, as can help improve the printing process. 
Netwon et al. [5], were characterizing EBM surfaces with 
a particular focus on surface features. The combination of 
feature-based analysis with conventional characterization 
(called by authors “hybrid characterization”) can provide new 
information, e.g., for planning the surface finishing process.  

 Zhu et. al [6] were looking for a correlation between areal 
surface texture parameters with processing parameters and 
component porosity after High-Speed Sintering (HSS). They use 
Focus Variation (FV) method for surface data acquisition. It was 
concluded that the amplitude parameter correlates strongly 
with porosity level, well supported by examples of EBM and SLM 
surfaces analysis. Newton et. al [7] also performed areal 
topography measurements of metal AM surfaces using FV. The 
main focus was on the FV microscope's capability of obtaining 
reliable surface measurements. Measurements were done only 
on flat surfaces, but it showed that the amplitude parameter Sa 
wasn’t much affected by different measurement parameters. 
Sidambe [8] analysed a three-dimensional surface topography, 
using white light interferometry. He analyzed three different 
surface roughnesses with orienting the builds in three angles 0°, 
55°, and 90°, in the EBM build chamber. The study showed that 
EBM can be used to fabricate specific surface textures, but more 
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importantly, it was concluded that inclining the component can 
lead to a rougher surface. 

This study has been carried out because there is a need for 
printing process optimisation. The main focus of this study was 
capturing optical methods capable of measuring as-EBM 
surfaces. This can be achieved by the ratio of non-measured 
points analysis, followed by a deeper study of areal surface 
texture parameters. Both approaches are presented in this 
paper. 

2. Methodology      

2.1. Printing strategy 
In this work, the gas atomized IN625 powder (Osprey® Alloy 

625 from Sandvik, Sweden) was used to produce the samples. 
The powder was recycled having a spherical shape with some 
non-spherical residuals. These are small particles resulting from 
the printing and recycling process. The average size of the 
powder particles is 75 µm where 95% of the powder was 
between 45 and 105 µm.  

Two types of samples had been produced using an Arcam (a 
GE Additive, Sweden) A2X EBM machine at 1025˚C. One was 
printed with only a hatching strategy while the other one was 
printed using an extra high energy continuous contour (HECC) 
after hatching. The detailed processing parameters can be seen 
in the work of Zhao et. al [9]. 

The design of the samples could be seen in Figure 1. These 
artefacts consist of 7 cubes with a side length of 10 mm, with 
different orientations to the starting plate. The front surface of 
the cubes is marked with the corresponding rotation angle. 
While the top (Figure 1a red marks) and bottom (Figure 1b blue 
marks) surfaces are the targeting ones for the surface analysis. 
The samples were directly built on top of the start plate to 
prevent thermal distortion and minimize the influences from 
support structures to the downfacing surfaces. Therefore, the 
bottom surfaces of 0° and 15° parts had been sacrificed. 
Accordingly, the cubes with 0° and 15° had been printed 
separately with minimum supporting structures, as shown in 
Figure 2. Thus, in total 2 artefacts and 4 separate samples were 
printed.  

 
Figure 1. The design of the artefact with a) top view and b) front view. 
The red dots and arrows in a) demonstrate the up-facing surfaces while 
the blue ones in b) indicate the downfacing surfaces.  

 

 
Figure 2. As-printed components.  

The supporting structures of the extra 0° and 15° samples were 
located at the border and centerline of the testing samples, as 
highlighted in Figure 3. The measurements will be performed 
out of these regions. In addition, the top surfaces of these 
samples would be skipped. The ones on the artefacts having the 
same orientation were used for top surface analysis. The 
targeting surfaces on the as-printed parts are shown in Figure 4. 
The actual top and bottom surfaces were marked with black 
white colours, respectively. 
 

 
Figure 3 The demonstration of the location of supporting structures as 
highlighted in the red zones. 
 

 
Figure 4. As-printed components. 

 
2.2. Measurement strategy      

Optical profiler Seonsofar S NEOX 6 was used to perform the 
measurement. Two lenses with 50x magnification were used for 
surface texture data acquisition, first for Coherent Scanning 
Interferometry (CSI) and second for Confocal Scanning 
Microscopy (CSM) and Confocal Fusion (combination of CSM and 
Focus Variation - FV). The parameters are presented in Table 1. 

Measurements were done with the use of three different 
methods (CSI, CSM, and CF) of the same measurement area, only 
by changing objective and/or control software settings.  

No stitching method was used in the measurement process. 
This was due to eliminating a lateral movement error replication, 
together with possible software-induced stitching error, from 
the measurement. 

 
Table 1 Objectives parameters on Sensofar S NEox 6 optical profilometer 

 Brigthfield Interferometry 

Magnification 50x 50x 

NA 0.8 0.55 
Working distance (μm) 1.0 3.4 

Field of view (μm) 340x284 340x284 
Optical resolution (μm) 0.17 0.28 

 Confocal CSI 

Verical resolution (μm) 3 1 nm 
Maximum slope (°) 42 25 

 Focus Variation - 

Min measurable roughness Sa > 10 nm 

Maximum slope (°) Up to 86° 
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2.3. Data processing      
The analysis was divided into two steps. In the first step, the 

ratio of non-measured points was analyzed, as an indication of 
measurement method capability. In the second step, surface 
texture parameters were calculated and analysed, for each 
printing strategy and each printing building angle.  

The Robust Gaussian Regression Filter (RGRF) was chosen to 
perform bandwidth filtering, as this filter included 
compensation of filtered profile distortion at the end of the 
profile, in comparison to standard Gaussian filtering. All surfaces 
were under the following processing: 

• Levelling,  least-squares form-fitting using an LS-plane, by 
subtraction, 

• Filtering with RGRF according to ISO 16610-31 [10],  

• Waviness (S-F surface) and Roughness (S-L surface) areal 
surface texture analyses according to ISO 25178 [11]. 

All measured surfaces were analyzed in the surface metrology 
software MountainsMap Imaging Topography 7.4.9391. 
Statistical analysis was calculated in Matlab R2021a. 

3. Results and Discussion 

3.1. Measurement technique capability assessment 
Usually, the first measurement of the surface is a blind trial. 

The surface feature characteristics, like those after the EBM, 
determine, to a great extent, the outcome of the optical 
measurement. All three tested methods have limitations that 
originated from their physic. The main limitation, or difference 
between all methods, is the ability to measure surfaces with 
different wall build angles.  

 

 

 
Figure 5. Non-measured points ratio (NMP) assessment for different 

optical measurement methods: (a) CSI, (b) CSM, (c) CF 
 

Taking that into account, one can expect that number of non-
measured points ratio can be a good indicator of the 
measurement method capable of measuring EBM surfaces. 
Figure 5 shows 3 images of the NMP ratio for two different 
artefacts which were measured on the top and bottom surface 
with three different optical methods. It can be seen that the 
lowest ratio is for confocal fusion. This can be explained by the 
fact that the focus variation method (a part of confocal fusion) 
allows measuring surfaces with a wall elevation angle up to 86°. 

This analysis reveals also, that bottom surfaces are more 
difficult to measure to their higher porosity. Nevertheless, by 
comparing measurement methods, one can observe that the 
NMP ratio is similar to each building angle, but it looks like it is 
scaled down (going from CSI to CF). This also strongly depends 
on the area of the surface chosen to be measured and the ratio 
can change a bit indifferent measuring point. 
 

3.2. Areal topography evaluation 
Usually, and traditionally, surface texture analysis is directly 

connected and designed to monitor manufacturing processes. 
AM surfaces are not typical surfaces. Moreover, they are not for 
direct use. Rather, they require separate, after printing 
treatment (e.g., subtractive machining) to comply with GPS 
requirements and provide desired surface functionality. 
Knowing this, it can be assumed that AM metal surface analysis 
can provide necessary information to optimize the printing 
process.  
 
Cut-off selection 

The selection of the correct cut-off for bandwidth filtering of 
EBM surfaces is not an easy task. There are plenty of factors that 
need to be taken into consideration while choosing filtering 
parameters. However, the proper cut-off selection mostly 
depends on (among others) surface complexity, function, and 
measured area (Figure 6). 

 

   
Figure 6. different cut-off size of over the surface area (338 μm 
x 284 μm): (a) 80 μm, (b) 165 μm,  (c) 250 μm, contributing to 
filtering and separation of roughness and waviness. 

 

 
Figure 7. Roughness and waviness after using RGRF with three different 
cut-offs: (a, b) 80 μm, (c, d) 165 μm (e, f) 250 μm. 

 
As presented in Figure 7, using RGRF with different cut-offs 

reveals, that a small cut-off does not make a proper separation 
of waviness and roughness. However, more study is needed for 
a more objective cut-off selection. In this paper, it was decided 
that cut-off = 250 μm is giving the most satisfactory separation. 
This is because the EBM surfaces contain a lot of features, like 
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globules, high peaks, and pores, which are rather part of 
roughness than waviness.  
 

Selected areal texture analysis 
Several areal texture parameters were calculated and 

analyzed. All parameters were calculated for the NC TOP, NC 
BOTTOM, HECC TOP, and HECC BOTTOM surfaces, at 0 to 90 deg 
at every 15 deg. In total 28 surfaces were measured with three 
different methods, giving 84 different measurements.  

In this study, only two parameters will be presented for 
roughness surfaces, Ssk surface skewness and Sku surface 
kurtosis. Ssk defines the distribution of height values above or 
below the mean plane. The surface has sharp peaks for positive 
Ssk values and is blunter for negative Ssk values. Sku defines the 
geometry of the peaks and valleys. Surfaces with Sku higher than 
3 for the height distribution are considered sharp, while Sku 
lower than 3 are considered even. Both parameters relate to the 
hights values distribution.  

Most of the calculated Ssk values remain negative for down-
skin (bottom) surfaces, while for the up-skin (top) surfaces Ssk 
values are mixed (negative and positive), as presented in Figure 
9. (a, c, e). Negative values of Ssk indicate pores and non-sharp 
peaks on the surface, as the distribution of the surface z-values 
deviates towards the upper side. Surfaces, which contain 
sharper peaks or other features pointing from the surface have 
positive Ssk values. Positive Ssk values were found for NC TOP 
surfaces at 15 deg, 30 deg, and 60 deg, independently of the 
used measurement method.  

Sku analysis shows that for all surfaces textures are 
considerably sharp, as their values exceed number 3. This is 
especially visible at 75 deg for the HECC BOTTOM surface. 

 
 

     
Figure 8. Heatmap representation of skewness (Ssk) and kurtosis (Sku) 
for three optical measurement methods: (a, b) CSI, (c, d) CSM, (e, f) CF. 
The X-axis represent the build angle in deg, Y-axis represents surfaces 
after different printing strategies (non-contouring and contouring). 

4. Conclusion      

This study investigated different build inclination angles of the 
EBM up-skin and down-skin surfaces, for two different printing 
strategies (with and without contouring). Surfaces were 
measured with three different optical methods. Several areal 
texture parameters were calculated along with a non-measured 
points ratio. The selection of cut-off for RGRF was analysed. 
Based on the study following conclusions can be drawn: 

• the cut-off selection is an important task. Authors 
recommend analysing roughness and waviness 
simultaneously, as it can give a complementary view of 
the surface. Moreover, can indicate which printing 
parameters can be improved. 

• non-measured points analysis shows that confocal fusion 
(CF) is the most capable optical method for measuring 

EBM surfaces, giving the lowest NMP ratio in the Z 
direction. However, surface parameters from CF 
measurements have higher values and spread than 
surfaces measured by the CSI method. 

• surface texture parameters analysis indicates that the NC 
surfaces are denser and smoother than HEEC surfaces. 
This is can be attributed to the lower local temperature 
of slices during printing. These were resultant of two 
aspects: i) the energy input for HECC is 7.5 times higher 
than the hatching region, ii) the cubes were sitting next 
to each other imposes extra heat from neighbour ones.  

• surfaces at 0 and 90 deg are the smoothest ones in 
comparison to other build angles. Also, in general, down-
skin surfaces are much rougher than up-skin surfaces, but 
parameters vary. 

The surface quality control has a monitoring meaning, for the 
EBM process. It means, that there is room for printing 
optimisation in terms of surface quality improvement. Lower 
surface height can significantly reduce the allowance for 
machining, or other surfaces finish after printing. 
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Abstract 
The recent redefinition of the international system of units (SI) shifts the definition of the unit of mass, the kilogram, from a physical 
artifact to the fixed value of the Planck constant. Utilizing the new SI, mass measurements can be carried out with Kibble balances 
(KB) which directly realize mass through electromagnetic force measurements ultimately traceable to quantum electrical standards. 
Recently, calibrations laboratories and metrology institutes have shown interest in directly measuring gram-level masses with a 
tabletop KB with uncertainties similar to that of International Organization of Legal Metrology (OIML) class E2 weights typically used 
for calibrating commercial mass comparators. For example, E2 weights from 1 g to 5 g have relative uncertainties from 5 x 10-6 to 2 
x 10-6, respectively. Building a KB at this level of uncertainty relaxes the demand for direct connection to quantum electrical standards, 
gravimeters, and high vacuum environments required for more accurate KBs and was proven with KIBB-g1, a first generation tabletop 
KB capable of directly realizing gram-level masses in air with uncertainties on the order of 10-6. A NIST/US Army collaboration has 
initiated the design of the second generation tabletop KB, KIBB-g2, for a dynamic range of 500 mg to 50 g with slightly looser 
uncertainties of 3 x 10-5 and focuses strongly on optimizing usability, robustness, ergonomics, and measurement time, to meet 
commercial requirements for a ubiquitous weighing device. Here, we describe the recent design and developments of the KIBB-g2 
tabletop KB. 
 
Keywords: metrology, mass, kilogram, instrument design, Kibble balance     

1. Introduction 

Gram-level mass determinations have historically been 
realized via subdividing through a convoluted dissemination 
chain ultimately traceable to a primary kilogram standard. A 
tabletop version of an instrument known as the Kibble balance 
(KB) allows for calibrations labs to truncate this traceability chain 
and directly realize gram-level masses on site with an alternate 
path of  traceability to voltage and resistance standards. Such an 
instrument, KIBB-g1, was built as a proof of principle [2]. 

 
It is compulsory for calibrations laboratories to regularly 

calibrate their mass sets by physically shipping them to primary 
laboratories, such as the National Institute of Standards and 
Technology (NIST). This infrastructure is a logistically and 
financially inefficient, time consuming process. The US Army has 
funded a three year project for NIST to design and build a second 
generation tabletop Kibble balance, KIBB-g2, aimed to directly 
realize masses ranging from [500 mg – 50 g] with uncertainties 
on the order of 3 x 10-5. KIBB-g2 in contrast with its predecessor 
will be flexure based and much more compact, robust, and user 
friendly, with ultimate intentions of becoming a commercial 
instrument. 

2. Operational Theory 

A conventional beam balance makes relative measurements, 
comparing the weight of an object to that of a calibrated mass. 
A Kibble balance, however, makes absolute measurements, 
comparing the weight of an object to a frequently calibrated 
electromagnetic force determined by electrical quantities. The 
experiment involves two modes of operation, velocity mode and 

force mode. Velocity mode is based on the principle of Faraday's 
law of induction. A coil of wire length L is moved at a vertical 
velocity v through a magnetic field of flux density B so that a 
voltage V is induced. The induced voltage is related to the 
velocity through the flux integral BL:  

(1) 𝑽 = 𝑩𝑳𝒗    

Force mode is based on the Lorentz force. The gravitational force 
on a mass m is counteracted by an upward electromagnetic 
force F generated by the same coil, now energized with a current 
I in a magnetic field: 

(2) 𝒎𝒈 = 𝑩𝑳𝑰 

where g is the local gravitational acceleration. An expression 
that virtually equates electrical and mechanical power leading to 
a solution for mass is obtained by combining equations (1) and 
(2): 

(3) 𝒎 = 𝑽𝑰/𝒈𝒗    

Since KIBB-g2 strives for relative uncertainties on the order of 
10-5, the Planck constant makes a subtle appearance as the 
means for absolutely calibrating the voltmeter and resistance 
standard used for the electrical measurements.  

3. Balance Design 

KIBB-g2 is in the initial design phase with several 
opportunities identified to optimize the mechanics for usability, 
robustness, and ergonomics. Special attention has been given to 
the guidance mechanism of the balance, the process for 
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obtaining the magnet systems, and the method for measuring 
coil displacements. In the first generation, linear guidance was 
accomplished with a square cross-section air bearing system 
acting as a frictionless stage for coil motion coupled to a balance 
beam pivoting about a knife edge [2]. Though functional, 
requiring a constant supply of compressed air with small flutter 
forces directly transmitted to the coil was undesirable.  

 
Recent KBs and electrostatic balances under construction at 

NIST have been designed with flexure-based guidance systems 
[3]. Flexure hinges such as those used in these balances require 
no maintenance, have negligible hysteresis, and demonstrate 
highly-reproducible motion. NIST in-house design capabilities 
have been leveraged to produce a similar system for KIBB-g2. 
The design objective is to achieve repeatable linear translation 
with minimal parasitic motions while maintaining a tabletop 
form factor. A prototype flexure mechanism has been designed 
and is being manufactured for the purposes of initial studies. The 
performance and ergonomics of the prototype will be verified 
and used as a basis for optimizing the final design for 
manufacturing ease, durability, and size.  

 

 
Figure 1. CAD image of the idealized KIBB-g2 concept. The proposed KB 
is symmetric about the XZ and YZ planes. 

 
Figure 1 shows the conceptual design and proposed locations 

of  all  major  subsystems,  including  magnets,  mass  pan,  optics, 
and other ancillary components. The design occupies a volume 
of approximate 4000 cm3, approximately 10 times less than the 
first generation instrument which fit on a 30 cm diameter optical 
breadboard and measured 57 cm tall [2].  

 
For KIBB-g1, both magnets were designed and manufactured 

at NIST, a solution only reasonable for one-off instruments. For 
KIBB-g2,  a  commercial  company  specializing  in  voice  coil 
actuator (VCAs)  will implement  minor modifications such as  a 
non-conductive  former,  smaller  wire  gauge  coil,  and  SmCo 
magnet instead of NdFeB to produce a magnet system suitable 
for KIBB-g2. 

 
Finally,  KIBB-g1  utilized  a  custom-built  heterodyne 

interferometer  for  measuring  coil  displacement.  With  similar 
reasoning, a commercial solution will take the next-generation 
instrument one step further. Initial findings are detailed towards 
the possibility of replacing interferometric sensing with that of 
an optical encoder.  
 

3.1 Flexure Guidance Mechanism 

 
To create a ubiquitous tabletop balance, a monolithic design 

for  the  guidance  mechanism  has  been  chosen.  This  approach 
offers several advantages: 1) flexure hinges can be fabricated in 
a single machining setup, 2) no assembly is required, and 3) so 

 

 

long as machining tolerances have a negligible impact on 
performance, several identical parts can be made. 

 
A compliant four-bar linkage guide mechanism has been 

designed and optimized using parametric simulation studies to 
allow repeatable linear motion with a range of +/- 5 mm. Keck 
et. al found that corner loading is minimal when linkage 
dimensions are equal and when the flexure is stiff in the cross-
wise direction. With these considerations, the mechanism has 
been designed to be fully symmetric to allow for the option of 
weighing on either side and for immunity to thermal expansions. 
To verify manufacturability, the 3D model began as a monolithic 
block with dimensions of 254 x 63.5 x 88.9 mm3, with only 
cutting operations being used to develop the part. The part has 
been designed with a focus on keeping as much material as 
possible for the static portion of the structure, while designing 
the moving structure to be stiff and lightweight. This will allow 
the static part to serve as a large, stable thermal mass and 
metrology frame.  

 
The moving parts of the flexure mechanism are hidden in the 

center of the monolithic piece: two swings which are protected 
by the static frame and linked to twelve notched-style flexures. 
A circular geometry is easy to manufacture and allows precise 
rotation about the center of the hinge. To keep the footprint of 
the mechanism small, a dual-diameter hinge was chosen to 
improve compliance without the need to increase linkage 
length: the center portion of each flexure element follows the 
geometry of a 75 mm diameter circle, then tapers to a 6 mm 
circle. The minimum flexure thickness is 0.05 mm and has a total 
width of 8 mm. Such flexures are able to be reliably machined by 
electrical wire discharge machine. Shown in Figure 2 is a 
simplified model of the moving components, with the static 
structure cut at each of four fixed support constraints. 

 

 
Figure 2. Stress distribution in the hinges as calculated by finite element 
simulations for Poisson’s ratio of v = 0.33 and elastic modulus E = 68 GPa 
for the maximum system travel of 5 mm. 

 
Previous iterations of flexure-based balances at NIST have 

explored the use of materials including titanium, beryllium 
copper, and different alloys of aluminum. For the combination 
of cost, machineability, and occupational safety, aluminum is the 
only feasible option for a monolithic part. Keck et al employed 
aluminum 7075-T6 for a similar flexure mechanism, referencing 
its high yield strength [3]. The flexure mechanism for KIBB-g2 
must accomodate a magnet actuation system and employ the 
previously mentioned dual-diameter hinge design to satisfy the 
large travel requirement. Such a geometry is more difficult to 
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machine and requires a deeper electrical discharge machining 
operation than similar systems at NIST, opening the door for 
electrode wire misalignment, taper errors, and tensioning issues 
at the target tolerance of 0.01 mm. Aluminum 6061-T6 and 
aluminum 5083-O have been identified as candidate materials 
that are easier to machine.  

 
Parametric studies have been conducted to set the initial 

hinge and bar geometries such that: 1) the stress in the 
mechanism remains below the fatigue limit of either candidate 
materials and 2) the hinges are loaded only in tension. For the 
mass measurement range of KIBB-g2, the preliminary geometry 
has been selected and the mechanism demonstrates a peak 
stress of 55 MPa at the center of the hinge, shown in Figure 2, 
for aluminum 6061-T6. Initial characterization of the prototype 
mechanism and lessons learned during the manufacturing 
process will allow for further optimization. The final design of 
the mechanism can be sized even smaller and approach the 
fatigue limit of the chosen material.  
 

Because of the dominance of the flexure mechanism with 
respect to design decisions for the rest of the balance, the 
prototype mechanism has been designed to offer maximum 
flexibility during initial testing. Mounting has been included to 
offer several different options for mass pan placement, coil 
displacement sensing, adjustable hard stops, and other ancillary 
features which may become necessary as the design matures. 

 
Several tapped holes have been included in the upper swing 

to allow for adjustable masses to be mounted to reduce the 
stiffness of the mechanism. Preliminary studies indicate an 
elastic linear stiffness of the prototype mechanism of 2.8 N/m. 
Simulations show that loading the upper swing such that the 
balance acts as an inverted pendulum is possible to obtain a 
linear stiffness less than 0.1 N/m. For the preliminary geometry, 
parametric studies indicate that this point occurs with a 125 g 
weight at approximately 27 mm above the upper swing. 

 
To protect the mechanism during transit and machining, 

several sacrificial bridges, not shown, are included in the design 
and lock the motion of the flexures. After delivery of the 
mechanism, the bridges will be removed using a small rotary 
cutting tool. After removing the bridges, it is possible to lock 
motion using four safety pins which pass through the 
mechanism and expand after installing a long screw.  

3.2 Electromagnet 

As it was an experimental apparatus, the KIBB-g1 magnet 
system featured two coils connected in series opposition, 
wound in-house with a mean diameter of 73 mm, interacting 
with a SmCo permanent magnet. The mild steel yokes for flux 
guidance were designed to be adjustable, allowing for tuning of 
the magnetic field [2]. 

 
The design goals of KIBB-g2 include commercial production 

and minimizing the  number of components fabricated in-house. 
As such, a modified version of a commercial VCA has been 
purchased. Several changes to commercial-off-the-shelf VCAs 
are necessary to adapt such a design for KIBB-g2. These include: 
1) modifying the bobbin (coil former) to be electrically non-

 
1 Certain commercial equipment, instruments, and materials are 

identified in this paper in order to specify the experimental procedure 
adequately. Such identification is not intended to imply 

conductive, i.e. plastic instead of aluminum, 2) reducing the wire 
gauge to maximize the flux integral, and 3) changing the material 
of magnet from neodymium to samarium cobalt to reduce 
sensitivity to thermal fluctuations. The candidate VCA to be 
modified is a BEI Kimco LA15-26-000A1, chosen for its 
performance, standard mounting features, and appropriate size. 

 

 
 
Figure 3. Theoretical BL profile through the air gap of the magnet system 
as a function of Z, courtesy of the manufacturer. A section where           
dBL/dZ = 0 exists over a range of a few mm near Z = 0. 

 
Upon implementing these modifications to the commercial 

VCA, the vendor has provided theoretical performance values. 
Shown in Figure 3 is a plot of the flux integral BL, with a flat spot 
within 0.1 % across a range of 5 mm. The design of the flexure 
guidance system and the operation modes of KIBB-g2 have been 
optimized to take advantage of this flat region. 

  
The chosen VCA is approximately three times smaller than the 

diameter and height of the previous generation magnet system, 
with similar performance characteristics. The peak value of flux 
density is within 10% of that measured in the KIBB-g1 magnet 
system. Due to asymmetries in the magnet yoke pieces, we 
found a slope in the BL profile of the KIBB-g1 magnet system 
around the weighing position [2]. For the second generation 
instrument, the manufacturing tolerances and theoretical 
performance of the modified VCA should be much better than 
the previous generation and closely match the final part. 

 
The modified VCAs have been purchased and are in the 

manufacturing phase. Upon receipt, the BL profile of each VCA 
will be characterized and evaluated, including the leakage of 
magnetic flux for such an open-top magnet design. Using the 
magnetic force calculation method described in [2] and 
preliminary gaussmeter measurements, the initial distance 
between the mass pan and the VCA has been set as 
approximately 80 mm. At this distance, an OIML class E2 10 g 
stainless steel mass would experience an additional force 
equivalent to a 7.7 µg mass due to the magnetic susceptibility of 
the material. Finite element simulations and characterization 
will be performed to optimize this spacing in the final design.   

3.3 Optical Encoder 

Laser interferometry is generally accepted as the de-facto 
method for displacement sensing of the coil in KBs. However, 
this method occupies a large footprint, requires complete design 
of an optical system, and is costly. The design philosophy of 
KIBB-g2 relies heavily on reducing the cost, complexity, and 
footprint of the previous generation instrument. Because of the 

recommendation or endorsement by the National Institute of 
Standards and Technology, nor is it intended to imply that the 
materials or equipment identified are necessarily the best available for 
the purpose. 
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relaxed uncertainty budget for the second generation 
instrument, it may be possible to replace the heterodyne 
interferometry with a system based on a commercially-available 
optical encoder. To characterize how well of an alignment is 
necessary to achieve 10 ppm-level accuracy, an auxiliary 
experiment has been constructed and is shown in Figure 4. 

 
Figure 4. Initial schematic view of the mechanical systems for the optical 
encoder experiment. Not shown are the electronics, stepper motor, and 
ancillary equipment used for the test, but described herein. 

 
A literature review and study of high performance 

commercially-available linear encoders reveals that the 
interpolated errors are on the order of 15 nm [5, 6, 7]. However, 
the stability, accuracy, and interpolation errors of such encoder 
systems are dependent on read head/scale alignment and not 
traceable to a primary length standard. As such, this experiment 
will evaluate the short term accuracy and long term stability of 
the MicroE Systems Mercury II 6000 linear encoder system, with 
16384x interpolation, against an Attocube 3010FPS 
interferometer. Future studies will be performed to compare 
these results with those of other brands. 

 
A linear stage, with crossed-roller bearings chosen for their 

repeatability and stability, mounts to a vertically-oriented 
optical breadboard as shown in Figure 4. An adapter plate 
provides a platform for both the encoder linear glass scale as 
well as the 4% reflector for the interferometer. The encoder 
readhead is mounted rigidly with a slotted adapter bracket and 
adjusted carefully with ring shims until the system meets 
manufacturer alignment specifications.  

 
The beam path of the interferometer reference is both aligned 

to gravity via an alcohol pool as well as the axis of motion of the 
translation stage. A flex coupler connects a 100 turns-per-inch 
stage-adjustment screw to a stepper motor, which allows for 32 
to 1 microstepping resulting in a final displacement resolution of 
40 nm, a technique found in precision microscopy [4]. Such fine 
resolution is important to evaluate the effect of subdivision 
error between graduations on the linear glass scale. The stepper 
motor is mounted on a separate laboratory table nearby, helping 
to decouple thermal and vibration effects from the breadboard 
that the apparatus is mounted to. Long-term studies of the 
stability and accuracy of the system are underway and we expect 
to report these results at the conference. If sufficiently stable 
and accurate for our target uncertainties, such a system would 

greatly reduce the size, complexity, and cost of future tabletop 
KBs. 

3.4 Mass Pan 

In KIBB-g1, a gimbal style, self centering mass pan was critical 
to Force Mode operation. In order to lower the Type A 
uncertainty to 1 x 10-6, about 100 mass placements and mass 
removals over 10 hours were necessary for adequate sampling, 
a procedure best conducted automatically. The gimbal was 
necessary so that the mass would self center on the mass pan 
after each transfer. However, analyzing the data, a single Force 
Mode measurement is already below the target uncertainty, 3 x 
10-5, of KIBB-g22. This relaxed accuracy indicates that a much 
shorter measurement time is necessary, likely on the order of 
minutes. Thus an automated mass handling system with a 
delicate gimbal mass pan is deemed unnecessary. A simple static 
platform should suffice for the end user to directly place and 
remove the test mass. 

4. Discussion      

The design and construction of KIBB-g2 focuses heavily on 
optimizing the system for ease of use, robustness, and 
commercialization. Improvements to the guidance mechanism, 
magnet system, displacement sensor, and mass pan described in 
Section 3 foreshadow an instrument catered towards calibration 
technicians and end users.  

 
In the coming months, we plan to acquire the hardware for 

constructing the first iteration of KIBB-g2 and characterize the 
flexure guidance mechanism. In parallel, we plan to collect data 
on the short term accuracy and long term stability of the optical 
encoder based off the auxiliary experiment. Finally, large efforts 
dedicated to programming the data acquisition and control loop 
of the instrument will be necessary. Further updates will be 
presented at the meeting. 
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Abstract 
Metrological atomic force microscopes (Met. AFM) are one of the most widely used metrology tools for accurate and traceable 
calibrations of various nanoscale standards, which is a crucial task for developing innovative nanotechnologies. However, 
experimental studies show that the interferometers embedded in the Met. AFM suffer from high order nonlinearity error, which 
cannot be corrected by the conventional Heydemann method. To overcome this challenging issue, this paper introduces a new 
approach for correcting the high order nonlinearity errors by using external sensors/standards, which is feasible to correct the 
nonlinearity error down to 40 pm. Furthermore, the propagation of the (residual) nonlinearity error for the step height calibration is 
introduced. Finally, the metrology performance of the state-of-the-art Met. AFM at the PTB in the calibration of a highly demanding 
industrial sample is illustrated. The standard deviation of 6 sets of reproducible measurements reaches 0.02 nm and its expanded 
measurement uncertainty is estimated as 0.3 nm. This demonstrates a significant progress in dimensional nanometrology. 
 
Dimensional nanometrology, traceable calibration, metrological atomic force microscopy, interferometry, nonlinearity correction, step height  

 

1. Introduction 

Accurate and traceable calibration of step height and/or 
etching depth of micro- and nanostructures is a fundamental 
task in nanometrology. Today, metrological atomic force 
microscopy (Met. AFM) is one of the most accurate methods for 
step height calibration, which offers a typical expanded 
measurement uncertainty of U of 1.0 ~ 2.0 nm (k = 2), as 
confirmed by the international comparison NANO2 [1]. 
However, there are increasing demands on the reduction of U to 
below 0.5 nm (0.3 nm desired) by some industrial sectors, for 
instance, the metrology of absolute feature heights of 
photomask structures and diffractive optical elements (DOEs) 
for the simulation and thus control of their (optical) functions. 

To further improve the measurement accuracy of Met. AFM, 
recently a thorough study has been performed at the PTB, the 
national metrology institute of Germany. The study has focused 
on three key factors: (i) high-order nonlinearity errors of 
interferometers; (ii) ghost interference fringe present in the AFM 
optical detection system; and (iii) form deviation of 
measurement mirrors. Significant progress has been made, 
which lead to a reduction of measurement uncertainty for step 
height and etching depth calibrations from U > 1.0 nm to 0.3 nm.  

This paper introduces the progress made at the PTB. Due to 
the length limit of the paper, only the study on the investigation 
and correction of the high-order nonlinearity errors of 
interferometers is focused on in this paper. 

2. Principle of the Met. LR-AFM and its high-order 

interferometric nonlinearity error   

Since 2004 a metrological large range atomic force microscopy 
(Met. LR-AFM) has been built up at the PTB [2], which is serving 
as one of the main workhorses for dimensional nanometrology 
at the PTB.  The principle of the Met. LR-AFM is shown in figure 
1(a). The sample (S) is mounted on a piezo stage (PZT-stage) 

which is in turn fixed to a motion platform (Mirror corner) of a 
high precision mechanical stage referred to as a Nanomeasuring 
machine (NMM) [3]. The mirror corner is moved by stacked 
mechanical x-, y- and z-stages, which offer a motion range of 25 
mm, 25 mm and 5 mm, respectively. The 6 degree-of-freedoms 
(DOFs) motion of the mirror corners is measured by three 
interferometers and two autocollimators. In the setup, the AFM 
tip is located at the intersection point of three interferometer 
beams, thus, the design fully complies with the Abbe principle. 
The interferometers share one frequency stabilised He-Ne laser, 
whose optical frequency is calibrated by the iodine frequency 
stabilised laser at the PTB as 632 991 234 ± 5 fm, thus offering 
direct traceability for measuring the stage motions. 

The Met.LR-AFM measures in the so-called scanning sample 
principle. During measurements, the sample is scanned in the xy-
plane at the given speed, and is servo controlled along the z-axis 
to keep the AFM tip sample interaction constant. In such a way, 
the geometry of the nanostructure can be derived from the x-, 
y- and z-coordinates of the scanner, i.e. by the capacitive sensors 
embedded in the piezo stage and the interferometers of NMMs. 
Before the measurement, the capacitive sensor is traceably 
calibrated to the interferometers of the NMM. 

The principle of the nanometric displacement measuring 
interferometer built-in in the NMM is shown in figure 1(b). It is a 
Michelson type homodyne interferometer with plane reference 
mirror (RM) and measurement mirror (MM). The incident laser 
beam is split into two beams with s- and p- polarisations by a 
polarising beam splitter (PBS) forming the reference and 
measurement beams, respectively. The reflected reference 
beam (s-polarisation) is turned into a circular polarisation beam 
by a quarter wave plate (QWP) whose fast axis is oriented at 45°. 
After being reflected by the RM and passed the QWP the 2nd 
time, the reference beam is turned into a p-polarisation and thus 
passes through the PBS. Similarly, after the measurement beam 
(p-polarisation) passed through a QWP, being reflected at MM 
and then passed the QWP the 2nd time, it is changed into s- 
polarisation and is reflected at the PBS, and thus recombined 
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with the reference beam forming the interference. The 
recombined beam is divided by a beam splitter (BS) into two 
detection beams, which after passing a pair of polarisers placed 
with an angle of 45° to each other, generates a pair of 90° phase-
shifted signal Scos and Ssin. Such a signal pair ideally forms a 
circular Lissajous figure where the phase shift ( 𝜑 ) of the 
interferometer can be determined. The displacement of the MM 
can be calculated as: 

𝐿 =
λ

2𝑛
(𝑚 +

𝜑

2𝜋
𝜑)                                        (1) 

where, λ is the vacuum wavelength of the applied laser source; 
n is the air refractive index; m is the measured integer 
interference fringes; and 𝜑 is the measured phase indicating the 
fractional interference fringe. 
 

 
Figure 1. Schematic diagram showing the measurement principle of (a) 
the Met. LR-AFM; and (b) the homodyne interferometer embedded for 
measuring the displacements of the scanner motion. 

Ideally, the homodyne interferometer provides a pair of 
electrical signals (𝑢1, 𝑢2) with zero offset, identical amplitude, 

and exact 90 phase difference. However, polarization mixing, 
laser power offsets, laser beam misalignment, imperfection of 
electronic processing and error motion of stage will cause the 
Lissajous trajectory of two phase-quadrature signals to be 
distorted from the ideal circle, consequently leading to the well-
known issue of nonlinearity errors of interferometers. In our 

previous study, two distorted phase-quadrature signals (𝑢1
𝑑 , 𝑢2

𝑑) 
obtained by photo detectors were expressed as following [4]: 

𝑢1
𝑑 = 𝑢1 + 𝑝 

𝑢2
𝑑 =

1

𝑟
(𝑢2 𝑐𝑜𝑠 𝛼 − 𝑢1 𝑠𝑖𝑛 𝛼) + 𝑞                 (2) 

The Lissajous trajectory of (𝑢1
𝑑 , 𝑢2

𝑑) is a least squares fit to an 
ellipse for the calculation of fitting parameters of 𝑝, 𝑞, 𝑟  and 
𝛼, based on which the ideal vector (𝑢1, 𝑢2) can be recovered 

from the measured vector (𝑢1
𝑑 , 𝑢2

𝑑). By applying this method, 

also known as the Heydemann correction method [5], the 
nonlinearity error was effectively corrected with a residual 
amplitude below 0.3 nm in our previous metrological AFM type 
Veritekt C [4].  

However, in experimental measurements we found that the 
Heydemann correction method is insufficient to correct the 
interferometric nonlinearity error in the Met. LR-AFM. To 
illustrate this problem, figure 2(a) plots the measured Lissajous 
trajectory of the z-interferometer of the Met. LR-AFM, shown as 
measured raw signals (in black), Heydemann corrected signals 
(in red) and an ideally fitted circle (in blue). At first sight these 
signals seem to have a very good fit to the circular shape. 
However, a zoom-in view in figure 2(b) indicates a very strong 
shape deviation of the interferometer signals. It indicates that 

the measured phase-quadrature signal (𝑢1
𝑑 , 𝑢2

𝑑) can no more be 
described by equation 2, leading to the failure of the Heydemann 
correction method for this device. Consequently, it results in a 
kind of high order nonlinearity error. For this given example, the 
amplitude of such high order nonlinearity was measured > 1 nm, 
becoming one of the most significant error sources for the Met. 
LR-AFM for performing sub-nm accurate nanometrology. 

 

 
Figure 2. Lissajous trajectory of the z-interferometer of the Met. LR-AFM 
shown as (a) raw data, Heydemann corrected data and a fitted ideal 
circle; and (b) a zoom-in view showing the shape deviation of 
interferometer signals. 

3. Correction of high order nonlinearity error 

Generally speaking, there are two categories of methods for 
the correction of interferometric nonlinearity error. One is the 
theoretical correction method based on the model of the 
distorted interferometric signal, such as equation 2 applied in 
the Heydemann correction. Its advantage is that no external 
standards/sensors are needed for the correction. However, the 
disadvantage is that the correction will fail (significantly) if the 
model deviates from the real situation, as shown in figure 2. The 
other method is the correction method using external 
sensors/standards. It has advantages that it needs no theoretical 
model of the distorted interferometric signal, thus better 
applicable for correcting high order nonlinearity errors. 
However, external sensors/standards are needed for the 
correction whose quality will impact the correction 
performance, which will be demonstrated later in the paper. 

Due to the difficulty to (exactly) model the distorted 
interferometric signal for correcting high order nonlinearity 
error, we applied the external sensors/standards method in this 
research. Using this method, the selection and application of the 
external sensor/standard is key important. It should have high 
quality and be convenient for usage. In this paper, we use two 
kinds of sensors/standards: one is the embedded capacitive 
sensors in the piezo stage; the other is the use of a kind of 
physical artefacts (i.e. a good quality samples or material 
measures).  Our experiment shows that both of them are 
capable of (effectively) correcting the high order nonlinearity 
error. However, due to the limit of the paper length, only the 
correction method by applying the physical artefacts is detailed 
below. 
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The results of the correction method based on a physical 
artefact ― a glass flat is shown in figure 3. In the correction, the 
glass flat is intentionally mounted in the Met. LR-AFM with a 
slight tilting angle (about 0.6 °) in the xz plane, where the x-axis 
is fast scan axis. After an AFM topography image of the sample 
surface is obtained as shown in figure 3(a), it is fitted to a planar 
surface using a least squares fit. The residual form error between 
the measured and fitted surface topography is plotted in figure 
3(b). A periodical disturbance can easily be seen, which may be 
attributed to (i) the nonlinearity error of the z-interferometer; 
and/or (ii) a (rather unlikely) form error of the sample surface. In 
the data evaluation, we extract a segment of data with a height 
change Δz of 633 nm, which (exactly) equals the wavelength of  
the laser source, λlaser, as shown in figure 3(c). It can be seen that 
there are 8 periods of disturbance in the measured topography, 
which indicates the existence of 4th order nonlinearity error. 
Note that one interference fringe in a single pass interference 
indicates a length of λlaser /2.  

The nonlinearity error of the z-interferometer can be easily 
determined by performing a Fourier Transformation (FT) of the 
extracted profile marked in figure 3(c). The FT result is shown in 
figure 3(d). It contains frequency components which have 
frequencies   f = 2n/λlaser (where n = 1, 2, 3, 4, …), as marked in 
red. It can be regarded as the nonlinearity error of the z-
interferometer, as will be discussed in detail later. The remaining 
frequency components, i.e., those which have frequencies other 
than f = 2n/ λlaser are shown in black. They can be attributed to 
e.g. (i) surface topography of the sample; (ii) the measurement 
errors e.g. noise. After performing an inverse FT on the red 
marked frequency components while set the amplitude of black 
marked components to 0, a nonlinearity error curve of the z-
interferometer can be obtained, as indicated by the red line in 
figure 3(c).  

 
Figure 3. Correction of high order nonlinearity error of z-interferometer 
using a flat surface. (a) Measured raw data of a flat surface. (b) Flat 
surface after applying a planar fitting. (c) Measured (black) and 
calculated (red) high order nonlinearity error of z-interferometer.  (d) 
Fourier Transformation results, where the harmonic nonlinearity error 
of the z-interferometer is shown in red; 

Using the method described above, however, there is a 
fundamental question: “how does the surface quality of the 
physical artefact impact the nonlinearity correction?”. It is due 
to the fact that the sample surface may also contain frequency 
components which overlap with that of the nonlinearity error, 
leading to correction error. Our answer to this question is that 
such errors do exist, however, because only the frequency 
components of surface which exactly overlap with the periodical 
frequencies of nonlinearity errors will contribute, it is not 
significant. To experimentally confirm this issue, nonlinearity 
error of the z-interferometer characterised by using five 
different sample surfaces (made of silicon and glass), which have 

a roughness Ra of about 2 nm, is compared in figure 4(a). The 
result shows a good agreement with each other. The averaged 
result of five nonlinearity curves of figure 4(a) is shown in figure 
4 (b). The standard deviation of five measurements is also shown 
in figure 4(b) in purple colour, which has an amplitude mostly 
below 0.1 nm (about 0.2 nm at the maximum), showing the 
effectiveness of the developed method. 

 
Figure 4. Experiment result of high order nonlinearity correction using a 
flat surface shown as (a) the nonlinearity curves characterised by five 
normal glass and silicon sample surface with a Ra of about 2 nm; (b) the 
averaged nonlinearity curve of the curves shown in (a) and their standard 
deviation curve;(c) the nonlinearity curves characterised by a ultra-fine 
crystal silicon sample surface with a Ra of < 0.3 nm; (d) the averaged 
nonlinearity curve of the curves shown in (c) and their standard deviation 
curve 

To further investigate the surface quality of the sample on the 
nonlinearity correction performance, we had also characterised 
the nonlinearity error of the z-interferometer using an ultra-fine 
crystal silicon surface which has a surface roughness Ra of less 
than 0.3 nm. The measurements were performed on five 
different locations of the same surface with different 
measurement conditions (i.e., different AFM heads, tips, and 
scan parameters etc.). The obtained nonlinearity error curves 
are shown in figure 4(c-d). More stable nonlinearity curves with 
a standard deviation below 0.04 nm have been obtained.  

After the averaged nonlinearity curve has been calculated as 
shown in figure 4(b) or 4(d), they can be applied as a look-up 
table to correct the nonlinearity error of the interferometer. To 
illustrate the performance of such a correction, a measurement 
of the optical flat used in figure 3 is repeated after the 
nonlinearity correction method has been applied. The resulted 
topography is shown in figure 5 after removing its fit plane. It can 
be seen that the periodical disturbance shown in figure 3 has 
been fully removed, confirming the effectiveness of the 
proposed nonlinearity correction method.  

 
Figure 5. Measurement results of a flat surface after the correction of 
high order nonlinearity errors 

4. Error propagation of (residual) nonlinearity in step height 

and etching depth calibration 

It has been detailed in Section 3 that high order nonlinearity 
error of interferometers can be well characterised and corrected.  
For high precision dimensional nanometrology, however, the 
residual nonlinearity error even after the correction is still one 
of the dominant error sources. Consequently, the error 
propagation of (residual) nonlinearity in step height and etching 
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depth calibration is crucial. However, such an analysis is not so 
straight-forward because the nonlinearity error is a kind of 
nonlinear function of the coordinate of the measured pixels. 

To have an intuitive illustration on how the nonlinearity error 
impacts the step height and etch depth calibration, a specially 
designed experiment is performed. In this measurement, as 
shown in figure 6(a), a grating sample is well aligned along its fast 
scan axis (i.e., x-axis) without tilting angle, while it is slightly titled 
with an angle (measured as 0.44 °) along its slow scan axis (i.e., 
y-axis). The measured AFM image is depicted in figure 6(a) as the 
raw data. According to ISO5436, the height of the grating feature 
is evaluated line by line, where the height offset between the 
(selected segments of) top and bottom profiles are evaluated as 
the feature height. For simplicity, it is denoted as: 

ℎ = 𝑧𝑡(𝑥, 𝑦) − 𝑧𝑏(𝑥, 𝑦)                                     (3) 
where 𝑧𝑡(𝑥, 𝑦) and 𝑧𝑏(𝑥, 𝑦) indicate the z coordinate of the top 
and bottom profiles, respectively. The propagated error 
contribution of nonlinearity error on the feature height 
metrology is: 

𝑢 = 𝑁𝑧(𝑧𝑡(𝑥, 𝑦)) − 𝑁𝑧(𝑧𝑏(𝑥, 𝑦))                              (4) 
where 𝑁𝑧(𝑧)  indicate the nonlinearity error of the z-
interferometer at the position z. Using equation (4), it is thus 
possible to set up a numerical simulation model to investigate 
the error propagation using e.g., the Monto-Carlo simulation 
method. 

 
Figure 6. Measurement results of a study investigating the propagation 
of the nonlinearity error in step height calibration. See text for details 

 
In this experiment, as the sample is perfectly aligned along the 

x-axis, we can simplify the investigation by observing the 
nonlinearity error at a top profile (at 𝑥 = 𝑥𝑡 ) and a bottom 
profile (at 𝑥 = 𝑥𝑏) along the y-axis, as indicated in figure 6(a) by 
the black and red lines, respectively. Due to the inclination of the 
sample along the y-axis, its z-coordinate 𝑧𝑡(𝑥𝑡 , 𝑦) and  𝑧𝑏(𝑥𝑏 , 𝑦) 
varies with respect to y, as shown in figure 6(b). The changed z-
coordinates introduce different nonlinearity errors at the top 
and bottom profiles, as shown in figure 6(c) when the proposed 
correction of high order nonlinearity error is disabled. It finally 
leads to an error contribution in the height measurement, shown 
as a solid curve in blue in figure 6(d). The measured feature 
height variation is shown in circular marks. A very good 
agreement can be seen between the simulated and 
experimental results. It indicates that the nonlinearity error is 
the dominant error source which leads to the variation of the 
measured feature height. 
For a comparison, the variation of the measured feature height 
after applying the nonlinearity error correction method is shown 

in figure 6(e). It can be seen the measurement results become 
much more stable owing to the reduced nonlinearity error. 

4. Performance of step height and etch depth calibration after 

improvement 

To finally demonstrate the performance of the state-of-the-art 
Met. LR-AFM after improvement, the calibration results of a 
highly demanding industrial sample are plotted in figure 7. In this 
calibration, the sample is measured at 25 different locations. Six 
sets of measurements are repeated, performed with three 
different AFM heads (AFM1, AFM3 and AFM4) and six different 
AFM probes (3 with type PPP_NCLR and 3 with type PPP-NCHR, 
all from Nanosensors®). It can be seen that the results have 
excellent reproducibility. The standard deviation of the mean 
feature height of 6 sets of measurements reaches 0.02 nm, 
indicating the measurement stability and reproducibility of the 
metrology tool. The standard deviation of all 150 results (i.e., 6 

sets  25 results per set) is 0.08 nm, indicating both the 
reproducibility of the metrology tool and the sample uniformity.  
The preliminary measurement uncertainty of this calibration is 
estimated as 0.3 nm, which is a significant improvement 
compared to the previous result (about 1.0 ~ 2.0 nm). 

 

 
Figure 7. Metrology performance of the state-of-the-art Met. LR-AFM 

after improvement shown as the calibration result of a highly 
demanding industrial sample 

 
In summary, this paper introduces a challenging problem 

concerning the high order nonlinearity error of interferometers 
in the Met. LR-AFM of the PTB, where the well-known 
Heydemann correction method fails to properly correct. To solve 
this problem, a new correction method by using external 
sensors/standards has been developed. The experimental result 
show that it can effectively reduce the nonlinearity error down 
to 0.04 nm. Furthermore, the propagation of the (residual) 
nonlinearity error for the step height calibration is introduced. 
Finally, the metrology performance of the Met. LR-AFM in the 
calibration of a highly demanding industrial sample is 
demonstrated: the standard deviation of 6 sets of reproducible 
measurements reaches 0.02 nm. This shows a significant 
progress for accurate and traceable dimensional nanometrology. 

Note that, It is the nonlinearity error of the z-interferometer 
that is focused on in this paper. It is due to the fact that the 
performance of the z-interferometer is much more critical than 
the x- and y- interferometers in step height and etch depth 
calibrations. However, the method can be expanded for the 
interferometers of the other axes as well.  
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Abstract 
In this work we present an optical coherence tomography (OCT) setup for in-mould measurements, which is combined with a 
mechatronic actuator, that adjusts the position of an opto-electronic part (LED), which will be overmoulded with a lens-shaped 
structure to form a fiber optic transceiver (FOT). In particular, the lens increases the coupling efficiency of the LED, and precise 
positioning with respect to the mould (lens) will increase the overall product quality. This work is part of the EU-funded project FLOIM 
(Flexible Optical Injection Moulding of optoelectronic devices). 
The OCT measurement is applied before the overmoulding process, to find out the displacement of the LED. The calculated LED 
displacement is passed to the control unit of the mechatronic device, which in turn corrects the displacement by moving the sample. 
It is shown that the overall concept is feasible, and it is also pointed out where additional research is required. 
 
Keywords: Optical Coherence Tomography, high-precision injection moulding, in-mould sensors, optoelectronics 

 

1. Introduction 

Micro injection moulding has become increasingly important 
in mass production of high precision optical parts [1]. As for 
every optical element, surface quality, surface precision and 
material homogeneity are of crucial importance. 

Direct overmoulding of optoelectronic parts with optical 
elements offers significant advantages over conventional 
assembling. However, these advantages can only be used to the 
full, if the overmoulded structure is precisely aligned to the part 
it should serve. Therefore, a sensor/actuator system is needed, 
that is able to detect and correct the displacement between the 
part to be overmoulded and the mould. 

An elegant approach for displacement correction with a 
mechatronic fixture has already been presented [2]. In this work 
we describe the in-mould-sensor that delivers the sensoric data 
for getting a complete control cycle. Since traditional in-mould 
sensors cannot provide sufficient displacement data [3], a novel 
approach using optical coherence tomography (OCT) is used. 

It is shown, that the OCT sensor and the mechatronic fixture 
are capable of correcting the displacement with sufficient 
precision at high accuracy. In addition to the in-plane 
displacement the OCT measurement can provide information 
about the height of the sample and, if performed after the 
injection process, about inhomogeneities in the injected 
material, such as bubbles or cracks. This was a reason why OCT 
was preferred in this research project. However, this is not 
covered in this paper. 

2. Optical coherence tomography 

OCT is a non-contact, non-destructive, fast and robust 
measurement technology. It is capable of acquiring 3D data with 
micrometer resolution. In addition to medical applications in 
ophthalmology and dermatology [4, 5], more and more 

industrial applications have been established [6]. For this work 
so called spectral-domain-OCT (SD-OCT) has been used. 
 
2.1. Measurement principle SD-OCT 

The basic principle of OCT can be seen in figure 1. It is based 
on white-light interferometry, where the incoming broadband 
light beam is divided into a reference- and a sample beam. The 
light that is reflected both from the reference mirror and various 
positions on and inside the sample interfere with each other. In 
SD-OCT a spectrometer is used to detect the output of the 
interferometer, also called interferogram. It contains 
information about the inner structure of the sample. A couple of 
signal processing steps then provide a depth scan, or A-scan [7]. 
This procedure can be repeated while raster-scanning the beam 
over the sample to form a 3D data cube. Scanning along a 
straight line results in a cross-sectional-image, or B-scan. 

 
Figure 1. Principle of SD-OCT. BBLS: Broadband Lightsource, BS: 

Beamsplitter, LR: Lens in reference path, MR: Reference mirror, LS: Lens 
in sample path, S: Sample, Sp: Spectrometer, DG: Diffraction grating, SO: 
spectrometer objective lens system, LC: Linecamera, PC: Personal 
computer. 
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Typically the probe head of an SD-OCT setup contains an 
interferometer, galvanometer scanning mirrors and an objective 
lens. Depending on the geometric boundary conditions of the 
particular application probe heads can have varying designs. 

Other components, like the light source, the spectrometer, 
driver boards, power sources and the computer are placed in a 
separate housing. 

 
2.2. Description of the application 
Before starting to design the OCT setup, a set of specifications 
had to be determined, which mainly depended on the targeted 
samples, in this case a fiber optic transceiver (FOT). The general 
design of an FOT before the overmoulding step (view from top) 
is shown in figure 2. The leadframe helps to position the part in 
the mould and is cut away later. On the metal leadframe the die 
and the LED are mounted on top of each other. Some 
dimensions and other specifications are listed in table 1. 

 
Figure 2. FOT Schematic, view from top. Leadframe with die and LED 
stacked on each other. 
 
Table 1. FOT Specifications. 

Specifications of FOT  

Position tolerance relative to FOT 50 µm 
(X and Y direction) 

Fabrication tolerance 20 µm 

Angular tolerance 0.06° 

Refractive index of injected material 1.531 

Lateral dimensions < 1 mm squared 

Height (non overmoulded) < 500 µm 

Height (overmoulded) 2.5 mm 

 
2.3. In-mould OCT-setup 

For designing the OCT setup and the in-mould probe head the 
following boundary conditions had to be taken into account: 

Environmental conditions: A robust 19-inch-housing for 
industrial use was chosen to contain all components except for 
the probe head. Figure 3 shows the front-top view of the case, 
with the glass fiber and electrical cables leading to the probe 
head. 

Sample size: A maximum scanning area of 2 mm squared was 
sufficient for covering the whole sample. As depth range 4.2 mm 
was chosen, so that changes in optical path length due to the 
refractive index of the injected material could be covered. 

Mould design: due to the injection moulding process the 
mould has a fixed (lower) and a moveable (upper) part, the 
movement is in vertical direction. Since the OCT beam needed 
to illuminate the sample from above, the sample path was 
designed to enter the mould from the side and then make a 90 
degree bend. Therefore the head design had to be split into a 
fixed and a moveable part. As shown in figure 4 only the passive 
optical elements in the sample path (lens, mirror and viewport) 
were built into the moveable part. 

Mould dimensions and material: The cavity being located 
50 mm inside the mould resulted in a minimum sample path 
length of 80 mm. An objective lens with 50 mm focal length was 
chosen. The probe head material had to match the material of 
the mould, to reduce errors due to thermal expansion. 

 
Figure 3. 19”-housing for OCT components. 

 

 
Figure 4. CAD cross sectional image of probe head and part of the mould. 
The red dashed line marks the vertically moveable upper part. The 
orange line indicates the sample beam between the galvo scanners and 
the cavity. 

 
Figure 5 shows the manufactured probe head mounted on a 

3D-printed dummy mould, which includes the sample path. 
Table 2 lists the general specifications of the designed OCT 
system. 

 

 
Figure 5. Probe head with dummy mould and without cover. The added 
orange lines mark the beam paths (reference path in the front, sample 
path in the back). 
 
Table 2. OCT system specifications. 

Specifications of OCT system  

Type SD-OCT 

Wavelength 840 nm 

Bandwidth 65 nm 

Axial resolution 5 µm 

Lateral resolution 15 µm 

A-scan acquisition rate 60 kHz 

Volume-scan duration < 10 s 

Depth range 4.2 mm 

Lateral scan range (max) 5 mm squared 

3. OCT data processing 

As described in section 2.1 the 3D volume data is obtained by 
scanning the light beam across the surface in X- and Y-direction, 
while acquiring A-scans (Z-direction). Figure 6 shows the 
corresponding coordinate system of such a 3D image stack. The 
red bar indicates the region of depth layers that are used to 
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compute a sum image. This sum image is then compared to a 
reference image, as shown in figure 7. Since the mechatronic 
fixture only corrects in-plane displacement, the image 
processing focuses on orthogonal lateral and angular 
displacement. For the former cross-correlation of reference and 
current image proved to give best results. For the latter a routine 
comprising Canny edge-detection, followed by Hough-transform 
and stepwise search for the angular displacement was 
implemented. The experiments showed that angular 
displacement was beyond detectability, so only the lateral 
displacement needed to be compensated. The processing is 
described in figure 7. 

 

 
Figure 6. Coordinate system of 2D-Scan, sketched with real data B-Scans. 
The depth region that corresponds to the sum-image is indicated red. 

 
 

 
Figure 7. Processing of the OCT images to obtain displacement values. 

4. In-mould measurements 

The main task of this work was to combine the OCT sensor and 
the mechatronic fixture. So the OCT device was transported to 
Chemnitz, Germany, and set up in the labs of Fraunhofer IWU. 
Prior to these tests careful preparations have been made to 
allow a quick and smooth combination of the two parts. Since 
displacement correction required the sample to be moveable, it 
was decided to leave a 1 mm gap between upper and lower part 
of the mould. 

After a tactile measurement of the compliant mechanism, it 
was found that the wire erosion process, even with greatly 
reduced process parameters, leads to shape deviations of the 
solid cones and in particular the parallelism of the piezo actuator 
receptacles in the range of up to 30 µm due to the heat input. 
These deviations have a significant influence on the transmission 
accuracy of the actuator stroke. After assembling the injection 
mould, the positioning accuracy of the axes was therefore first 
measured, the influences of the sensor and control technology 
were investigated and then a compensation strategy was 
developed. 

 
4.1. Positioning accuracy of mechatronic fixture 

A Renishaw laser interferometer measuring system with a 
maximum measuring accuracy of 0.1 µm was used to measure 
the positioning accuracy of the mechatronic axes. For this 
purpose, the motion control system on the NI CompactRio 
module and the data from the direct measuring system around 

the mould core was used for position control. The two axes were 
each positioned around 0 with ±50 µm displacement. Figure 8 
visualises the results for the X- and Y-axes. 

The measurement was carried out under the conditions of 
positioning accuracy measurement of machine tools according 
to VDI3441 and ISO 230. A measuring point was approached at 
least five times from positive and negative directions and the 
measurement results were subsequently evaluated. 

 

 
Figure 8. Positioning accuracy according to VDI3441 and ISO230 

 
As the number of trials increases, it can be seen that a 

significant drift forms on the X-axis. This is due to the noise 
behaviour of a sensor on the X-axis, which could not be reduced 
even after reconfiguring the sensor and sensor controller setup 
several times. This noise led to the formation of a drift through 
the control concept, which still needs to be minimised in further 
optimisations. Due to this control drift, the X-axis reached a 
position deviation 𝑃𝑎𝑥 of 2.1 µm, whereas the Y-axis showed 
𝑃𝑎𝑦 of 0.95 µm. However, the position uncertainty is still taken 

into account via the standard deviation of the measured values. 
In this statistical consideration, the drift in the X-axis leads to a 
large position uncertainty 𝑃𝑥 of 8.3 µm, while in the Y-axis 𝑃𝑦 is 

only 2.1 µm. This also results from the small reversal margins of 
the Y-axis. Further measurements also showed that due to the 
manufacturing tolerances, the mechanisms resulted in higher 
parasitic movements, which must be eliminated by calibration. 

 
4.2. Calibration of mechatronic fixture vs. OCT 

For calibration, the coordinate systems of the OCT image and 
the two-axis mechatronic fixture were mathematically linked via 
a 2-by-2 transfer matrix B. This matrix connects the measured 
displacement of the OCT sensor with the displacement to be 
compensated by the actuators in the mechatronic fixture. It is 
determined indirectly, by its inverse matrix A, as shown in 
equations 1 and 2. 
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To evaluate the matrix elements, single axis movements of the 
mechatronic device were performed and compared with the 
displacement calculated from the OCT image with respect to a 
previously determined reference position. Based on these 
measurements, the transfer matrix was calculated. The inverse 
transfer matrix 𝐴−1  =  𝐵 can then be used to calculate the 
required adjustments for a displacement detected by the OCT 
sensor. 

 

 
Figure 9. Calibration of transfer matrix: positions of the actuator (red), 
distances detected by OCT (blue). (a) Actuator movement in x-direction. 
(b) Actuator movement in y-direction. (c) Two step displacement 
compensation for x-axis. (d) Two step displacement compensation for y-
axis. 

 
Figure 9 a) and b) show the actuator-induced displacements in 

µm and the calculated displacements in pixels for the x- and y-
axis. For the x-axis measurement, the data clearly shows the drift 
(as mentioned in section 4.1) of the piezo actuators. The final 
elements of the transfer matrix are given in equation 3. The 
diagonal elements of the transfer matrix give the pixel size 
within the scanned area: 1.18 µm/px for x- and 1.39 μm/px for 
y-direction. The non-zero value for a12 shows that there is a 
parasitic movement in x while moving the actuator in y-
direction. 

 

𝐵 = 𝐴−1 = (
1.18 0.21

0 1.39
) (3) 

 
4.3. Pre-injection OCT-measurements 

After the calibration process multiple test measurements 
were performed to gather information about the overall 
behaviour of the combined setup. A two step displacement 
correction test was performed to prove that the remaining 
displacement is small enough to comply with the FOT-
specifications. Therefore, different displacements were 

artificially induced, then detected and finally returned to the 
mechatronic fixture for compensation. The remaining 
displacement was again measured and compensated. As can be 
seen in figure 9 c) and d), after the first compensation step the 
displacement has already been compensated to an accuracy of 
below 5 pixels and after the second step the remaining 
displacement was below 1 pixel. This shows that the method is 
capable of performing the displacement compensation with 
sufficient precision. 

5. Conclusion 

This paper presents an innovative application of optical 
coherence tomography for performing in-mould measurements. 
It was shown that the OCT data can be used to extract the 
displacement of the sample and the mould and that these 
displacement values can be used as an input for a displacement 
correction device. The remaining displacement is small enough 
to meet the requirements of the final product. 

However, the acquired OCT data includes much more 
information that can be used for process and quality control. 
Apart from two lateral directions also the vertical surface 
position can be detected and analyzed with regard to flatness 
and tilting. In addition to pre-injection measurements also post-
injection measurements are possible. These would provide 
information about the success of the injection moulding process 
and the part quality, including material inhomogeneities and 
damage of the bonding wires due to the injection process. 

Although the described trials were successful, a few steps still 
have to be made in the future. First, the viewport for the OCT 
probe head was a flat sapphire window. For real in-mould 
measurements this viewport needs to have the negative shape 
of the lens. So far such a viewport has not yet been available. 
Second, before the injection moulding starts, the mould has to 
be closed. It is crucial that closing the mould does not cause 
additional displacement and the original displacement 
compensation is in vain. Finally, the whole compensation 
mechanism has yet to be built into an injection moulding 
machine to investigate process stability regarding applied 
pressure, temperature and closing forces. 
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Abstract 
High-speed roughness measurement is demanded by on-site quality inspection. The microprobe with an integrated silicon tip is a 
candidate probe for high-speed roughness measurement because of the superior dynamic properties and satisfying measurement 
accuracy. The microprobe tip geometry stability is inspected in this paper since the tip geometry has a great influence on the 
measurement uncertainty. A comb tip characterizer TSPN developed by PTB is used to determine the 2d tip profile variation. The 
results indicate that the tip end breaks when it collides with the artifact vertical structures and the tip geometry changes accordingly. 
These silicon tips are not stable enough and microprobes with a more durable tip are required for high-speed roughness 
measurements.  
       
Keywords: roughness measurement, piezoresistive, tip characterization 

 

1. Introduction   

Surface roughness affects the performance of a mechanical 
component and determines the component quality. On-site 
roughness inspection demands roughness measurement 
instruments with high throughput and sufficient precision.  

The key of improving the throughput and the traverse speed 
of a tactile stylus instrument, is a probe with better dynamic 
properties and qualified signal accuracy.  

Microprobe [1] is a promising candidate for high-speed 
roughness measurement. It consists of a 5 mm long silicon 
cantilever with a full bridge piezoresistive strain gauge on the 
back. The strain gauge can measure the cantilever bending of up 
to 200 µm with a nonlinearity below 0.3 % [2].  The 100 µm-high 
integrated silicon tip (see Fig. 1) allows the microprobe to access 
deep structures. The mass of the microprobe is about 0.1 mg, 
less than one-tenth of existing stylus probes. The superior 
dynamics enables the microprobe to measure steep structures 
with high fidelity and without tip flight at traverse speeds of up 
to 10 mm/s [3]. This traverse speed is much higher than the 
maximal traverse speed of the state-of-the-art stylus 
instruments.  

Besides dynamic properties, the stability of the probe tip 
geometry should also be considered in high-speed probe 
evaluation. The measured profile is the dilation result of the 
probe tip and the artifact surface. A stable tip is important for a 
reliable measurement result.  

To investigate the microprobe tip stability in the 
measurement, a tip characterizer with rectangular structures, 
named TSPN (“Tastspitzenprüfnormal” in German, which means 
probe tip test standard) is used in the following investigations to 
map the tip geometry.  

 
 
 

 

 
 
 
 

 

 
Figure 1. The integrated silicon tip of the microprobe is a 100 µm high 
octagonal cone with a tip radius of about 0.1 µm.  

 
 

2. Microprobe tip geometry stability      

2.1. Tip characterizer TSPN  
Tip characterization using rectangular features is an effective 

method to determine the tip geometry [4], as shown in Fig. 2. 
The steep sidewalls with sharp edges characterize the tip outline 
directly.  

 

   
 
Figure 2. Characterizing the tip geometry using a rectangular structure  
 

TSPN is a comb characterizer with multiple features developed 
by PTB (see Fig. 3). The microprobe is mounted on the head of a 
stylus instrument with 15° tilting angle to the artifact surface. 
During the measurement the microprobe tip traverses across 
the rectangular structures with the probing force of about 10 µN 
and the traverse speed of 25 µm/s. The tip geometry variation  

 

Tip 
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during the measurement can be characterized through analyzing 
the measured profile. As shown in Fig. 4, altogether seven 
rectangular structures are measured in the profile.  
 

 
 

Figure 3. Design of the comb tip characterizer TSPN with rectangular 
structures 

 
 
 

Figure 4. The measured profile of the tip characterizer TSPN using a 
microprobe 

 

2.2. Tip geometry analysis 

Seven tip profiles are acquired from the measured rectangular 
structures and compared in Fig. 5.  

The right profiles of the tip keep stable but the left profiles 
change gradually. It can be inferred that the left side of the tip 
collides with the side walls of the artifact rectangular structures 
and the tip end breaks again and again at each measurement.  

The end of the tip in profile 1 is about 0.4 µm deeper than the 
tip end in profile 2. It indicates that a 0.4 µm-high tip end is 
broken in the second measurement of the rectangular structure. 
Another 0.4 µm-high tip end is broken in the third measurement 
of the structure (Tip profile 3). The tip geometry keeps relatively 
stable in the measurements no. 5, 6 and 7. Altogether about a 1 
µm-high tip end is broken after seven measurements of the 
rectangular structures.  

 

 
 

Figure 5. Successive silicon microprobe tip profiles acquired from TSPN 
tip characterizer measurements.  

 

The measurement results imply that the silicon tip of the 
microprobe is not stable enough. Further measurements with 
more tip breakage prove the above results. For high-speed 
roughness measurement, a microprobe with a stabler tip is 
preferred.  

3. Summary   

As a probe for high-speed roughness measurements, not only 
superior dynamic properties and qualified signal accuracy, but 
also a stable tip geometry is required.  

Microprobes with an integrated silicon tip are a candidate 
probe for high-speed roughness measurement. The tip 
geometry is investigated using a comb tip characterizer. The 
result indicates that the tip end broke at each characterization 
measurement and the tip geometry changed considerably 
during the measurement of this tip characterizer with steep 
sidewalls. Measurement conditions (lower probing force and 
lower scanning speed) need to be found so that the tip does not 
break with every measurement. 

For high-speed roughness measurement a microprobe with a 
more durable tip is preferred.  
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Abstract 
During the last decade industrial computed tomography has become one of the most important metrological procedures for internal 
inspection, where it sees widespread application in additive manufacturing. Evaluating the CT volume data for defects is currently a 
lengthy process involving data acquisition, reconstruction, surface reconstruction, and nominal/actual comparison. The goal of the 
presented project is the development of a new pipeline for automated defect detection operating solely with projection data. Using 
this pipeline, the amount of necessary projections NP and therefore the measurement time of each object will be heavily reduced. 
Reference projection data of non-defect objects were generated using a multi-GPU Monte Carlo X-ray simulation. The innovative 
implementation of the Monte Carlo simulation on GPUs makes the photon number of 5x1011 required for a proper simulation of an 
X-ray projection feasible for the first time. This generated reference data was then compared to real data and the differences 
evaluated. With this new processing pipeline, it is now possible to achieve a defect analysis with less than six projection images, 
which decreases the minimum measurement time tm by nearly two magnitudes.  
 
Metrology, computed tomography, defect detection         

 

1. Introduction   

In recent years, several simulation applications for X-ray 
projections have been developed. One notable example is the 
general-purpose code system PENELOPE, which utilizes the 
Monte Carlo method for the simulation of coupled electron-
photon transport in arbitrary materials. It is widely used by 
radiation physicists, and is still being actively improved and 
updated. [1] Another example is the Analytical RT Inspection 
Simulation Tool (aRTist), a simulation program developed by 
Bundesanstalt für Materialforschung und -prüfung (BAM). The 
main program employs ray-tracing based on the exponential 
attenuation law [2], with an optional Monte Carlo program 
implemented to improve the consideration of scattering [3]. 
The common limitation among these projects was the balance 
between simulation time and accuracy. Through the use of 
multi-GPU parallelization, the software framework employed in 
this project presents a unique opportunity to achieve 
simulations with high accuracy within a realistic time frame. 

2. Methodology      

Hereinafter the methodology of the algorithm is presented. In a 
first step the experiment and simulation tools are presented. In 
a subsequent step the concept of the simulation, the defect 
recognition algorithm and the procedural steps are explained.  
   
2.1. Setup    
For the acquisition of the CT measurement data, a 
Metrotom 800 from Zeiss IMT was used. It consists of a 130 kV 
Hamamatsu X-ray source and a detector with a resolution of 
1536 x 1920 px and a pixel pitch of 127 µm. 

The simulation was done with a multi-GPU rack consisting of 
four GeForce RTX 3090 GPUs by Nvidia and a XEON Gold 6226R 
CPU by Intel. 
The software framework for simulation was the inhouse 
developed FLUX suite, which was implemented by Felix 
Fehlhaber.  
 
2.2. Concept of the simulation      
 
An X-ray pulse consists of a defined number of photons which 
have an energy level distribution determined by the X-ray source 
and its voltage and current settings. These photons penetrate 
the measured object and interact with the object on the atomic 
scale with various types of physical effects before the remaining 
photons are measured by the X-ray detector. 
This process can be mapped by a simulation. In each defined 
step size, the possible interactions of a photon with the 
surrounding atoms are calculated and executed according to a 
probability distribution. This is repeated many times for the 
photon during its path through the object material until it hits 
the detector.   To image the X-ray pulse in its entirety, this is 
repeated several trillion times. These are all very simple and 
independent calculations, which lend themselves accordingly to 
GPU parallelization. This parallelization could reduce the 
required computation time by three orders of magnitude, from 
several years to several hours. 
Relevant parameters for the simulation are the number of 
photons N, the energy spectra of the X-ray pulse, and the step 
size s. The phantom can be generated from a generic .step file, 
material information can be added in an intermediate step. 
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2.3. Concept of the pipeline     
  
A probability-based approach to determine the presence of 
defects was chosen since CT measurements exhibits strong 
stochastic deviations.  
The simulation und real projections are first registered and 
subsequently compared. After this initial step a set of different 
filters and probability transformations are applied to transform 
the projection data into a probability map. Whereby every pixel 
has a probability value ranging from 0 to 1 of whether this pixel 
belongs to a defect. 

 
 

Figure 1. Structure of the pipeline 

3. Results     

 
Figure 2. Reference object, w/o defects (left), with (right) 
 

 
Figure 3. Simulated w/o defects (left), real with defects (right) 
 

  
Figure 4. Recognized defects for 0° and 90° 

 

A set of vastly different test bodies were manufactured with and 
without artificial defects. In figure 2 these test bodies are 
displayed. The test body design exhibits a rectangular cuboid 
shape with a chamfer and a box size of 
20 mm x 60 mm x 100 mm, additionally the defect variant also 
consists of five drill hole of diameters 1 mm < d < 8 mm. The test 
bodies were milled from the material PEEK. The CAD design of 
the defect-free test body was also converted to a phantom and 
subsequently simulated (figure 3, left). 

4. Discussion      

The generated real defect projection data was compared with 
the simulated ideal data to determine if the artificial defects can 
be detected. For the simulation of each projection N = 5*1012 
photons with a step size of s = 0.1 mm and an X-ray voltage of 
U = 125 kV were used.  
It is shown in the evaluation of the real CT images that the 
defects are detectable. As seen in figure 4 the quality of the 
defect detection correlates strongly with projection angle and 
the corresponding penetration length. 
From the frontal position, all defects including the smallest were 
labeled correctly. Using the worst angle of 90°, the quality of 
defect detection is reduced. This is caused by the worsening of 
the signal to noise ratio, as signal gets weakened by long 
penetration length, while noise level stays the same. 
Due to the filters used in post-processing pipeline, the minimum 
size of each defect is 4 x 4 px. 
A combinatorial evaluation of different projection angles results 
in improved precision; at least three different projections (e.g. 
0°,45°,90°) are needed for this type of evaluation. 

5. Conclusion      

For the first time a pure Monte Carlo X-ray simulation for defect 
detection was evaluated. This was only feasible due to the 
benefits of the GPU acceleration and the massively reduced 
computation times.  
The presented simulation tool can be used for the creation of 
reference datasets of arbitrarily shaped objects and material 
compositions and shows potential in further fields of research. 
The newly developed algorithm enables determination of the 
likelihood of a defect on the basis of only a few images.  
The back-projection of these processed projection images allows 
for an estimation of the size and location of the defect which is 
necessary to establish a feedback loop with the manufacturing 
line. This very streamlined process can result in massively 
reduced measuring times for workpieces made from plastics 
since the amount of necessary projections was reduced by two 
magnitudes. 
Future work will demonstrate this on more real-world test cases, 
as well as further improve the sensitivity of the algorithm to 
reveal even smaller defects. 
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Micro milling is a micro manufacturing process that can be used to manufacture e.g. molds for micro forming processes or for 

prototyping of micro parts. The commonly used tools are micro end mills made from cemented carbide. As an alternative tool 
substrate, technical ceramics can be used. In previous studies, we successfully manufactured all-ceramic micro end mills made from 
four different ceramics: Alumina, yttria stabilized tetragonal zirconia polycrystal (Y-TZP), zirconia toughened alumina and silicon 
nitride. To evaluate their performance and select the most promising tool substrate, we deployed the different tools for machining 
of brass and commercially pure titanium, grade 2 (Ti2). The geometric accuracy of the micro milled structures, their roughness values, 
the process forces during micro milling and the tool wear after micro milling were examined. 

The results show that the micro end mills made of Y-TZP achieved the best results in both the easy to cut brass as well as the harder 
to cut Ti2. They were able to machine the Ti2 specimen without tool breakage, although they exhibited a high amount of tool wear. 
The alumina-based ceramics immediately broke off when machining Ti2. The silicon nitride tools milled high quality structures in Ti2 
at the beginning but suffered sudden tool breakages after a few millimeters of travel. 

 
Micro milling, ceramic tools, tool substrates, tool wear, cutting forces 

 

1. Introduction  

As one of the principal micro manufacturing processes, micro 
milling has been extensively researched and can produce three 
dimensional components in a wide range of materials [1]. 
Examples for micro components are e.g. micro molds and dies 
for biomedical components such as micro pumps or lab-on-a-
chip systems [2]. Ultra small micro end mills are usually made of 
fine-grained cemented carbide, commonly single edged to 
increase tool stiffness [3]. The cutting edge radius of the tools 
directly influences the minimum chip thickness, below which 
ploughing becomes more dominant than cutting. To increase 
surface quality and avoid ploughing, a lower minimum chip 
thickness and/or a sharper cutting edge, is beneficial [4]. 

Technical ceramics offer high hardness and abrasion 
resistance even at high temperatures, and are available with 
fine-grained structures allowing for sharp cutting edges [5]. 
Technical ceramics have successfully been tested by Bäcker et al. 
as substrates for all-ceramic end mills in conventional cutting 
processes [6]. However, they were not able to manufacture tools 
with diameters below 2 mm due the limits in their grinding setup 
accuracy. Also, all-ceramic end mills with diameters below 
200 µm are commercially not available or not being researched. 

To investigate the potential of all-ceramic micro end mills, we 
previously manufactured end mills with 100 µm diameter made 
of four different ceramics as tool substrates (alumina (Al2O3), 
yttria stabilized tetragonal zirconia polycrystal (Y-TZP/zirconia), 
zirconia toughened alumina (ZTA) and silicon nitride (Si3N4)). In 
our study, we found that the deviations from the target 
geometry of the alumina-based tools were very large, likely 
making them unsuitable as tool substrates. Sharp cutting edges 
were realized with zirconia, with the silicon nitride tools 
exhibiting a sort of 'chamfered' cutting edge [7]. 

In this study, we deploy the manufactured tools in easy-to-cut 
brass and hard-to-cut commercially pure titanium, grade 2 (Ti2) 

[8], to compare them and choose the most suitable ceramic 
substrate for micro milling. For this, the surface quality and 
roughness of the machined slots, the tool wear and the process 
forces were considered. 

2. Experimental setup 

The micro milling experiments were conducted on a high 
precision CNC 3-axis machine tool, see Figure 1, that is mounted 
on a passive vibration isolated granite base. The machining table 
is mounted on the stacked X-Y axes, which utilize air bearings 
and are driven by stepper motors with a resolution of 0.1 µm 
and positioning accuracy below 1 µm. The machine tool's air 
bearing spindle is vertically mounted on the Z-axis guided by 
cross-roller bearings. Available spindle speeds range from 
10 000 rpm to 50 000 rpm. The sample holder with the glued-on 
workpiece was bolted onto a Kistler1 type 9119AA1 
dynamometer used to measure the cutting forces. 

Workpiece materials were brass (CuZn40Pb2) and Ti2. The 

Figure 1: High precision CNC 3-axis machine tool used for the 
milling trials. 
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75 mm x 25 mm large samples were face-milled prior to the 
experiments. Based on previous experiments with cemented 
carbide tools, the cutting parameters were set as follows: 
Spindle speed n = 30 000 rpm, feed per tooth fz = 1.2 µm, depth 
of cut ap =  5 µm [9]. Four 25 mm long slots were machined for 
each tool in brass. For Ti2, slots were machined until tool failure. 
For each ceramic tool substrate, three tools were deployed in 
brass, and, due to the amount of tool breakages and wear, only 
two tools in Ti2. 

The tools used were ground with a special grinding setup on 
an ultra-precision lathe, see [7] for more detailed information. 
The micro end mills were 100 µm in diameter, single edged with 
a rake angle of 0°, orthogonal clearance angle of 20° and a minor 
cutting edge angle of 12°. The tool geometry at the flank face 
allows feed per tooth values of up to 2 µm, without the back of 
the flank face touching the workpiece. The four tool substrates 
are listed in Table 1 below, with a summary of all the information 
regarding the milling trials. 

Table 1: Experimental parameters of the milling trials. 

machining 
condition spindle speed 30 000 rpm 

 feed per tooth 1.2 µm 

 depth of cut 5 µm 

 feed travel 100 mm 
micro end mill 
specification tool substrate Al2O3 

  ZTA 

  Y-TZP 

  Si3N4 

 tool diameter 100 µm 

 rake angle 0° 

 orthogonal clearance angle 20° 

 minor cutting edge angle 12° 
workpiece 
material brass CuZn40Pb2 

  cp-titanium grade 2 
 
After the milling experiments, the tools and the micro milled 

structures were imaged by scanning electron microscopy (SEM) 
with a FEI1 Quanta 600 FEG. 

In addition to the SEM images, the surface topography of the 
micro milled structures was analysed utilizing a Nanofocus1 OEM 
confocal microscope with a 60x lens (NA = 0.9). Data processing 
was done with DigitalSurf1 MountainsMap. In the software, the 
profile roughness values Ra (gaussian filter, λc = 8 µm) were 
calculated along the centre of the slot, as well as the areal 
roughness values Sa, for an area covering 90 % of the slot width 
and 260 µm in length. 

The cutting forces measured with the dynamometer were 
amplified with three Kistler1 type 5011 charge amplifiers and 
digitized with a National Instruments1 USB-6210 data acquisition 
device. The sampling rate for all three channels was set to 
12 kHz. The post process filtering and analysis was done in 
National Instruments1 DIAdem: To eliminate noise from the AC 
mains and possible crosstalk above the dynamometer's resonant 
frequency, a bandpass filter (8th order Bessel filter, phase 
corrected) from 250 Hz to 3 500 Hz was employed. After 
filtering, the active cutting force was computed by vector 
addition of the forces in X- and Y-direction. The effective active 
cutting force was then calculated with a moving root mean 
square (RMS) average with a windowing size of ± 500 

revolutions (calculated from an FFT analysis). 

3. Micro milling experiments in brass 

Figure 2 displays one of each tool after deployment in brass, 
as well as the milled structures. The tools show no signs of wear, 
their shape with the large, visible grain breakouts around the 
entire tool tip is identical to the one before deployment [7]. 
However, even though brass is very easy to cut, one alumina and 
one ZTA tool suffered a catastrophic tool failure, where a large 
part of the cutting edge broke off after a few millimeters of 
travel. The milled slots show a lot of adhesions and even 
substructures, but are still of better quality than expected, 
considering the tool shape. The slot milled with the alumina tool 
on the bottom left of Figure 2 shows heavy smearing and 
adhesions. A possible explanation for this might be the dull 
cutting edge of the micro end mill. The cutting process was 
dominated by ploughing, and due to the low shear strength of 
brass the ploughed material was smeared across the slot 
bottom. This is especially evident at the slot sides, where the 
uncut chip thickness is very low. The amount of ploughed 
material in front of the cutting edge might also lead to an 
increased effective tool diameter, which would explain the 
increase in slot width versus the ZTA tool. 

The slot milled with the ZTA tool does show only few 
adhesions and no signs of smeared material. However, due to 
the grain breakouts at the cutting edge, a substructure appears 
at the sides of the slot. Two distinct steps can be discerned in the 
SEM image. It appears that the cutting edge was sharp enough 
to cut the material and avoid ploughing, but the actual cutting 
edge was moved slightly inward from the nominal position. 
Substructures also appeared in the trials with one alumina and 
another ZTA tool. 

Comparing the silicon nitride and zirconia tools in Figure 3, 
top, to the alumina and ZTA tools in Figure 2, top, the difference 
in shape becomes apparent. Both former tools have the correct 
tool shape and no large breakouts at the tool tip. However, the 
silicon nitride tool's cutting edge corners are visibly rounded due 
to some grain breakouts, with a cutting edge radius in the range 
of one to two micrometers, judging from the SEM images. In 
contrast, the cutting edges of the zirconia tool are sharper, with 
a radius below one micrometer. Because of the better tool shape 
and sharpness, a much better quality of the micro milled 

Figure 2: Alumina and ZTA micro end mills (top) and milled slots 
(bottom), each after milling trials in brass. 
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structures was expected. This can be seen in the bottom images 
of the slots in Figure 3, where the milling kinematics are clearly 
identifiable. Again, comparing the milled slots to the ones 
manufactured with the alumina and ZTA tools, no smearing and 
adhesions or substructures appear. This can be attributed to the 
sharper cutting edges of the silicon nitride and zirconia tool. In 
fact, the slot milled with the zirconia tool in the bottom right 
image shows C and D milling tracks that only occur with the 
sharp zirconia tools, but not for the slightly duller silicon nitride 
tools. Similarly to the alumina and ZTA tools, the tool shape is 
unchanged after deployment with no tool wear observed. 

In addition to the qualitative evaluation, Figure 4 displays the 
roughness values for the brass trials as a mean value over all 
three tools tested for each substrate. For the measurements, the 
first slot of each trial run was imaged at 12.5 mm travel. The 
roughness values are in the same range, apart from the silicon 
nitride tools. Both the Ra and Sa values are lower than for the 
other tools. This could be attributed to cutting edge sharpness: 
The silicon nitride tools are sharper than the alumina and ZTA 
tools, and thus have less or no ploughing. Yet they are duller 
than the zirconia tools, resulting in more shallow milling marks 
at the slot bottom due to the higher cutting edge radius. That 
effectively 'smoothens out' the generated surface as the 
waviness of the milling kinematics is reduced. The C and D tracks 
in Figure 3, bottom right, likely are the reason for the higher Ra 
values of the zirconia tools. 

Overall, the alumina and ZTA tools did mill the entire feed 
travel, apart from one tool of each substrate which had a large 

part of the cutting edge corner brake off after a few millimeters 
of travel. The milled slots exhibit adhesions and smearing due to 
severe ploughing and substructures dependent on the exact 
cutting edge shape of the tool. The silicon nitride and zirconia 
tools produce better quality structures, with the silicon nitride 
tools having the lowest roughness. The zirconia tools are the 
sharpest in the trials, resulting in C and D tracks on the slot 
bottoms, and therefore increased roughness. 

4. Milling experiments in Ti2 

From the milling trials in brass, in which one alumina and ZTA 
tool already broke off, it was not expected that the tools would 
be able to mill Ti2. This proved to be correct, as all four tools 
(two of each material) broke of immediately after workpiece 
contact. The low fracture toughness, the dull cutting edges and 
the incomplete tool shape, stemming from the large grain sizes 
of the substrates, in combination with the hard to cut Ti2 
resulted in too much load. Thus, it can be concluded that 
alumina and ZTA substrates with grain sizes larger than 1 µm to 
2 µm are not well suited for micro milling. 

The difficulty of machining Ti2 was also apparent for the silicon 
nitride and zirconia tools. The silicon nitride tools reached a feed 
travel of only 1.5 mm and 7.5 mm, respectively, before suffering 
a sudden tool breakage. Figure 4, top left, exemplarily shows the 
slot milled with the first silicon nitride tool shortly before the 
tool failure occurred. There is heavy smearing next to the left 
side wall, which was milled in back cutting and represents the up 
milled side of the slot. Adhesions can be seen over the entire slot 
width, but no geometric deviations from rapid tool wear can be 
seen. Judging by the amount of smears, it seems that the 
rounded cutting edge of the silicon tools as seen in Figure 3, top 
left, results in a large amount of ploughing when milling Ti2. The 
slot at the tool failure point is unremarkable as well for both 
tools, suggesting the tool substrate cannot tolerate the cyclical 
loads, resulting in a sudden tool failure without prior indications. 

The zirconia substrate did not fail for both tools deployed, but 
suffered severe tool wear, as can be seen in Figure 5, top right. 
The wear of the tool can be visually tracked by examining the 
milled slots: In the first slot in Figure 5 bottom left, the tool wear 
was minimal; while in the last slot in Figure 5, bottom right, the 
tool was mostly cutting with built-up edges (BUEs) and only a 

Figure 5: Slots and micro end mill after milling trials in Ti2: Slot milled 
with silicon nitride tool before tool failure (top left), slots milled with 
Y-TZP tool (bottom), and Y-TZP tool (top right). 

Figure 4: Roughness values Ra and Sa for the slots milled in brass 
versus the ceramic tool substrates (average over three trials). 

Figure 3: Silicon nitride and zirconia micro end mills (top) and milled 
slots (bottom), each after milling trials in brass. 
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very narrow slot was manufactured. The formation and collapse 
of the BUEs is depicted in Figure 6, where multiple BUE cycles 
can be identified. On the resulting cutting edge of the worn 
zirconia tool in Figure 5, top right, a large BUE can be identified 
that did not shear off. The approximate 45° angle of the resulting 
cutting edge explains the 'cone' shape of the structures in 
Figure 6, too. With no BUE attached to the tool tip, the tool 
barely contacts the workpiece at the most inward point of the 
cutting edge in a ploughing manner. Over multiple revolutions, 
enough material accumulates at the top part of the cutting edge 
corner to form a BUE. This then assumes the role of the cutting 
edge, removing more material and enlarging itself along the 45° 
angled cutting edge. Thus, the milled structure widens and on 
the BUE's collapse the 'cone' ends. At that point, the tool only 
contacts the workpiece at the most inward point of the cutting 
edge again, and the cycle repeats itself. 

In addition to the visual tracking of the tool wear through the 
deteriorating structure quality, this can also be seen in the 
measured cutting forces. Figure 7 shows the root mean square 
of the active force during the zirconia milling trial, with the 
average force per slot indicated by the orange markers. The 
forces decline in a linear manner, along with the increasing tool 
wear which results in less material being removed. The 
beginning of the tool wear in slot one can also be identified, as 
well as the start of the cyclic BUE formation after slot 8 and 9 by 
the sudden force drops. The increase in cutting force in the last 
slot coincides with the BUE formations shown in Figure 6, which 
removed more material than in the previous slots. 

Overall, milling of Ti2 with the zirconia tools is not feasible. 
Comparing the results for silicon nitride and zirconia, the trials 
showed that a higher fracture toughness is preferrable to avoid 
sudden tool failure, even at the cost of reduced hardness and 
higher tool wear. This is especially true for micro milling, where 
tool breakages are far more common than in conventional 
milling, e.g. due to the small diameters and unproportionally 
reduced torsional section moduli [10]. As it allows for a much 
more stable process with its predictable wear behavior, zirconia 
will be chosen as the tool substrate for all-ceramic micro end 

mills for future manufacture and deployment. 

5. Conclusion and outlook 

In this study, all-ceramic micro end mills made from four 
different ceramic substrates were used for milling trials in brass 
and Ti2 to evaluate their performance and choose the most 
suitable one. In the milling trials with brass, the alumina and ZTA 
tools showed low quality structures in the slot bottoms, and 
suffered immediate tool breakages in the Ti2 trials. Therefore, 
these materials are not well suited for micro end mills. 

The silicon nitride and zirconia tools showed promise in the 
brass trials, but the silicon nitride tools suffered sudden tool 
breakages without warning in the Ti2 trials. The zirconia tools 
did not break in the Ti2 trials, but exhibited severe tool wear. 
While neither of the ceramic substrates is suited for micro 
milling of Ti2, zirconia allows for a much more stable process 
than the silicon nitride tools and was thus chosen as tool 
substrate for further studies. 

In future studies, zirconia micro end mills will be deployed in 
different workpiece materials and the structure quality and the 
tool wear will be compared to cemented carbide tools. 
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Abstract 
Demands are increasing for micro-optics for various optical devices, such as digital cameras, smart phone, and automobile sensors. 
Most of the components are made of plastics, and however, glass lenses are also required for optical systems of high added value. 
The aspheric glass lenses are press-molded by ceramic dies and molds of tungsten carbide (WC) and silicon carbide (SiC). The dies 
and molds are mostly ground using diamond wheels. 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. Furthermore, the size 
of the dies and molds are becoming smaller, and the required accuracy is becoming higher. It is, therefore expected that the ceramic 
dies and molds could be finished precisely by development of a proper diamond cutting tool. In this study, engineering tool, or micro 
milling tools of polycrystalline diamond (PCD) are proposed and developed by micro electric discharge (EDM) for high efficiency and 
high precision machining tool of ceramics. In this cutting method, the materials are removed by an interrupted cutting and the tool 
wear can be decreased. It is therefore expected that much harder SiC can be cut with micro structured milling tool. In the fundamental 
cutting experiments, CVD-SiC molds were tested to cut, and the cutting performances of cutting force and surface roughness were 
evaluated. In the aspherical cutting test, the aspherical mold of CVD-SiC was cut and the highly efficient and high accurate cutting 
performance are shown.  
 
Keywords: polycrystalline diamond tool, CVD-SiC, precision cutting, milling, wire EDM.  
 
 

1. Introduction   

Micro aspheric glass lenses have been used in various devices, 
such as digital camera, smart and mobile phone with micro 
camera, DVD / CD pick-up system, optical transmission devices, 
and virtual reality devices. The aspheric glass lenses are 
generally mass produced at a high temperature of 400–800 °C 
by glass press-molding process using ceramic molds made of 
tungsten carbide (WC) or silicon carbide (SiC) [1][2]. In recent 
years, demands of CVD-SiC have been increasing for longer life 
and higher precision of molds, which have higher hardness, 
higher wear resistance, higher thermal shock resistance, and a 
super fine surface. The ceramic molds were conventionally 
ground using micro diamond wheels. The diamond wheel must 
be trued carefully on the machine before grinding, however the 
grinding wheel wore soon, and it was difficult to keep the original 
geometrical shape of the wheel [3][4][5]. In this study, a milling 
tool made of polycrystalline diamond (PCD) was developed to 
machine aspheric ceramic molds more precisely and more 
efficiently [6]. In the cutting experiments, a flat shape of CVD-SiC 
was cut with the developed milling tool installed to high 
precision/high speed air bearing spindle to evaluate the 
machining efficiency and the surface roughness. Finally, aspheric 
cutting experiments of CVD-SiC were carried out using the 
developed PCD milling tool.  

2. Development of PCD milling tool 

The PCD milling tool was fabricated using EDM process, as 
shown in Figure 1. The PCD is conductive material and can be 
machined using EDM process, as shown in Fig.1. The PCD wafer 
was bonded with a silver alloy onto a cemented carbide 

substrate and the bonded PCD plate was cut into small cylindrical 
plates by wire EDM. The PCD plate was bonded on to a cemented 
carbide shank with a silver alloy [7]. The end face and side face 
of the PCD chip was ground with a diamond wheel, and the 
cutting edges were ground by a sharp diamond wheel [8][9][10]. 
The PCD micro milling tool is shown in Figure 2. Table 1 shows 
the tool specifications.  
 

 

 
 
 
 
 
 
 
 
 
 

Figure 1. Machining process of the PCD milling tool 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The developed PCD milling tool 
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Table 1 Specifications of the developed PCD milling tool 
 

Material PCD (Polycrystalline diamond) 

Diameter Φ25 mm 

Number of cutting edge 300 

Rake angle -30 degrees 

Relief angle 60 degrees 

Depth 0.18 mm 

3. Experimental set-up and method 

In the fundamental cutting experiments, CVD-SiC workpieces 
were machined using the conventional diamond wheels and the 
developed PCD tool for comparing their characteristics. The tool 
was attached to a 4-axes (X, Y, Z, C) ultra-precision machine, 
ULG100D(SH3) (Toshiba machine) as shown in Figure 3. The CVD-
SiC workpieces were vacuum-chucked onto the workpiece table. 
The fundamental cutting test was performed by driving the tool 
in the X-axis direction, while rotating it at a rotational speed of 

10,000 min⁻¹. Cutting forces in the X-, Y-, and Z-axis directions 

were measured by a dynamometer (Kistler). 
Flat cutting of CVD-SiC was carried out using the tools. The 

work spindle was rotated at 100 min-1 and the tool was driven at 
10,000 min-1 in the X-axis direction to perform the machining. 
The surface roughness was measured by a white light 
interferometer.  

In the aspheric cutting test, the PCD tool was attached to 
perform ultra-precision machining of aspheric lens shapes. The 
machining was performed with simultaneous two-axis control of 
X and Z axes. The aspheric lens was machined by making 20 cuts 
with a depth of cut of 0.5 µm in a flat polished CVD-SiC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Fundamental cutting tests                     (b) Flat cutting tests 
Figure 3.  Views of ultraprecision cutting 

4. Experimental results 

4.1. Fundamental cutting tests 
   

Cutting conditions are shown in Table 2. Figure 4 shows the 
cutting forces of CVD-SiC by each diamond tool.  Cutting forces 
by the developed PCD tool were similar to that by #1200 wheel 
in gran size.  

To calculate the cutting efficiency of the tool, The specific 
machining energy, e was defined by the next equation: 

 
    e = (Ft·V) / (b·t·v)                                                                            (1) 
 
Ft is the cutting force, V is the tool speed, b is the tool width, t is 
the depth of cut, and v is the feed rate. The specific machining 
energy of each tool is shown in Figure 5. The specific machining 
energy is higher when the depth of cut is smaller, and this was 
because of the effect of tool edge roundness. 
 
 

Table 2  Cutting conditions of fundamental cutting tests 
 

 Cutting Grinding 

Workpiece 
 Grain size 

CVD-SiC 
26.9 µm 

Tool 
Grain size 

PCD milling tool Diamond wheels 
#2000, #1200, #400 

Diameter Φ25 mm Φ50 mm 
Rotation 10,000 min⁻¹ 5,000 min⁻¹ 

Depth of cut 1，5，15，25 µm 

Feed rate 10.0 mm/min (Down cut) 

Coolant White kerosene mist 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Cutting forces compared with each tool 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Specific machining energy compared with each tool 

 
Cutting conditions are shown in Table 3. Figure 6 shows 

measured surface roughness profiles of the machined CVD-SiC 
mold. Micro scratches were generated by the cutting edges of 
the PCD milling tool without a micro crack, which indicates that 
the cut surface was ductile mode. The surface roughness profiles 
after grinding and after cutting are shown in Figure 7. The PCD 
milling tool was harder than that of the diamond grinding wheels, 
and the tool parameters such as a rake angle, a relief angle, a 
pitch, and a flute hight were controlled based on the tool design. 
The cutting characteristics were then stable, and the surface 
roughness was lower.  

 
Table 3.  Cutting conditions of flat cutting 

 

 Cutting Grinding 

Workpiece 
Grain size 
Diameter 
Rotation 

CVD-SiC  
26.9 µm 
Φ9.7 mm 
10,000 min⁻¹ 

Tool PCD milling tool Diamond wheels 
Grain size  #1500 
Diameter Φ25 mm Φ27 mm 
Rotation 10,000 min⁻¹ 10,000 min⁻¹ 

Depth of cut 0.5 µm 

Feed rate 0.1 mm/min 

Coolant Water base coolant  White kerosene mist 
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(a) Cutting using PCD 

 
 
 
 
 
 
 
 
 
 
 

(b) Grinding using diamond wheel 
Figure 6.  Surface roughness profiles of machined mold of CVD-SiC 

(f=0.1mm/min, Radial position: 0.5 mm) 
 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Figure 7. Change of surface roughness in flat machining 

4.2. Aspherical cutting test 
 

Aspherical molds of CVD-SiC were cut using the developed 
milling tool. Cutting conditions are shown in Table 4. As a 
workpiece, CVD-SiC of 26.9 µm in grain size was used and its 
approximate radius curvature was 15 mm. Depth of cut was 0.5 
µm, cutting times was 20, and feed rate was 0.1 mm/min. 

The surface roughness of the machined aspherical mold cut 
using the developed milling tool was measured at radial position 
of 1, 4, and 8 mm with a white interferometer. Figure 8 shows 
the change of surface roughness for each radial position. Surface 
roughness of 4 - 6 nm Rz and 0.65 - 0.8 nm Ra were obtained 
using the developed PCD tool. 

Figure 9 shows the form accuracy of aspherical mold. The form 
profiles were measured by a non-contact laser probe scanner 
with a blue laser of short wavelength and calculated using the 
aspheric analysis program and a personal computer. A form 

accuracy after a primary cutting was 1.1 µm P-V because of the 

tool edge radius error and the tool position error. By analyzing 
these factors, the compensation machining was done and then, 

the form accuracy was improved to 0.25 µm P-V. 

 
 

Table 4. Cutting conditions for the aspheric catting 
 

Workpiece 
 Grain size 
 Approximate radius curvature 
 Rotation 

CVD-SiC 
 26.9 µm 
 15 mm R 

 100 min⁻¹ 

Tool 
 Diameter 
 Rotation  

PCD milling tool 
 Φ25 mm 

 10,000 min⁻¹ 

Depth of cut 
Cutting times 
Feed rate 

0.5 μm 
20 
0.1 mm/min 

Coolant Water base coolant  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Absolute values (Rz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Arithmetic average (Ra) 
Figure 8. Change of surface roughness in aspherical molds cutting using 
the developed PCD milling tool 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 9.  Aspherical form accuracy 
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5. Conclusions  

A milling tool made of polycrystalline diamond (PCD) were 
developed by wire EDM and grinding to machine aspheric 
ceramic molds more precisely and more efficiently. 
Fundamental cutting experiments show that the cutting force of 
the newly developed PCD tool was equivalent to that of a #1200 
diamond wheel. Surface roughness of the surface machined by 
the developed PCD tool was better than that of a conventional 
diamond wheel in the flat cutting experiment. In the aspherical 
cutting test, the molds of CVD-SiC were cut in the ductile mode 
with the PCD milling tool. Surface roughness of 4 - 6 nm Rz and 
0.65 – 0.8 nm Ra were obtained. The form accuracy of the 
aspheric mold obtained was 0.25 µm P-V. 
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Abstract 
This paper presents an alternative tool, driven rotary tool to perform ultra-precision cutting of tungsten carbide (WC), addressing 
poor tool life. Effects of various cutting parameters on the polycrystalline diamond tool wear and the roughness (Ra) of the 
workpieces were studied. A series of driven rotary cutting tests were conducted to verify the predicted critical ductile-brittle 
transition depth-of-cuts. The diamond tool wear and the profile roughness of the WC workpieces were measured and benchmarked 
against the result of stationary diamond tool. The results showed that the experimental critical depth of cut (3.2 μm) deviated from 
the predicted critical depth of cut (3.8 μm) at around 16%. The roughness of the workpiece machined by rotary cutting approach was 
as low as 76 nm. From the results, the developed driven rotary cutting technique showed a great potential in ultra-precision 
machining of WC and enhancing the tool life. 
 

Driven rotary cutting, ductile-mode machining, tungsten carbide, tool wear 

 

1. Introduction 

Tungsten carbide (WC) is widely used in various applications 
due to their superior wear resistance and high hardness [1]. For 
instance, WC are used to mould glass devices with micro or 
nanostructures in the optical industry [2]. However, WC are 
difficult to be machined because of their superior properties and 
their brittleness. Grinding process complemented by polishing, 
and electro-discharge machining are generally the only 
conventional and non-conventional operations, respectively, to 
machine WC. While the ultra-precision grinding can achieve 
ductile machining of WC, the operation is usually more complex 
and time consuming than cutting. Cutting seems more appealing 
to machine WC because it has higher material removal rate, 
more predictable than grinding and can produce good surface 
finish [3]. 

Cutting of WC in ductile zone, also known as ductile cutting, is 
important to produce good surface finish. Ductile cutting is a 
process at which the material removal is via plastic flow rather 
than brittle manner in order to produce crack-free surface [4]. 
Machining of brittle materials will transit from ductile into 
brittle-manner mechanism when the depth is beyond the critical 
value (𝑑𝑐) and this transition is not desirable as it will produce 
surface with fractured cracks, thus deteriorating the surface 
finish. There are many works which presented different 
equations to calculate the critical DOC (dc), and one of them is 
Bifano’s model [5] which presented Equation (1) as follow: 

𝑑𝑐 = 0.15 (
𝐸

𝐻
) (

𝐾𝑐

𝐻
)

2
  (1) 

 

where 𝐾𝑐 , 𝐻 and 𝐸 are the fracture toughness, hardness and 
Young’s Modulus, respectively.  

Diamond tools are widely used in ultraprecision machining of 
WC due to their  sharp cutting edges, high reliability and good 
wear resistance [6]. However, several researchers [2, 7] reported 
flank wear of the cutting tools due to adhesion, abrasion and 
diffusion, and even cracks at high cutting speed.  

On the other hand, driven-rotary tool (DRT) is a technique 
which rotates a round cutting tool using an external rotary 
spindle while machining workpiece, especially for ferrous metals 
and hard materials. The tool wear can be reduced due to lower 
tool temperature and shorter engagement time between the 
tool and the workpiece [8], as compared to stationary tool. 
However, there is no known work which used diamond tool for 
DRT method, nor is there known work which used DRT method 
in ultraprecison machining (UPM). Hence, this paper aims to be 
novel and explore the application of DRT method for cutting of 
WC and minimizing the diamond tool wear. 

2. Driven-Rotary-Tool Cutting  

In the driven-rotary-tool (DRT) cutting process, a round 
polycrystalline diamond (PCD) tool rotates while the tool rake 
face feeds orthogonally towards the WC sample. In this manner, 
the tool-workpiece contact time would be not only significantly 
reduced but also the tool wear would be evenly distributed. In 
this paper, the impact of tool rotational speed on the quality of 
machined WC sample would be studied with a series of plunge 
cutting tests. The test results shall be discussed in the later 
sections. 

 

 

Figure 1. Illustration of cutting WC sample using a driven rotary tool 

 
2.1. Predictive critical depth of cut 
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An indentation test using Vickers microhardness tester was 
carried out on WC sample (Grade EM10 [9]) to determine the its 
hardness (𝐻) and fracture toughness (𝐾𝑐), in order to determine 
the value of 𝑑𝑐  for possible ductile-mode cutting the WC sample 
with damage-free machined surface. When the brittle materials 
such as WC are indented, a median crack forms and the fracture 
toughness could be estimated from Equation (2) [9]. 

 

𝐾𝑐 = 0.016 (
𝐸

𝐻
)  0.5 (

𝑃

𝑐1.5
)  (2) 

 

where 𝑐 is the crack length of the median crack (3 m), as shown 
in Figure 2, under an indentation load 𝑃 of 2 kgf. Given that 𝐸 is 
550 GPa and measured 𝐻 and 𝐾𝑐  were 15.95 GPa and 13.8 
MPam0.5, respectively, the estimated 𝑑𝑐  by Equation (1) for WC 

sample was 3.8 m and shall be experimentally validated with a 
series of plunge cutting tests. 

 

 

Figure 2. Formation of median crack after indentation test at 2 kgf load. 

3. DRT Cutting Experiments and Results 

A series of plunge cuts were carried out on an ultra-precision 
CNC machine, shown in Figure 3, to validate the theoretical 

critical DOC of WC workpiece (EM10). The WC workpiece (12 
mm) was secured in the collet chuck and vacuum-clamped to 
CNC spindle. A round PCD tool with its geometry, shown in Table 
1, was driven by a tool rotary spindle. The spindle assembly was 
secured to the machine table. A round nose PCD tool, radius 0.4 
mm, was employed as stationary tool for a plunge cut. The 
parameters for plunge cut are described in Table 2.  

 

 

Figure 3. Experimental setup of plunge cut using DRT 
 

Plunge cut using the stationary PCD tool showed that the 
onset of ductile-brittle transition zone begun at DOC of 
approximately 3.2 μm. The ductile–brittle transition zone of test 
P1 is shown in Figure 4. At a small DOC, no cracks or pits were 
noticed, proving that the material removal was in ductile 
manner, leaving behind good surface finish. At the larger DOC, 
the material was removed via brittle fracture. Brittle mode of 

material removal caused the machined surface to have 
fractures, cracks, and pits. Therefore, the critical DOC for this WC 
sample was around 3.2 μm and deviated from the theoretical 
value (3.8 μm) at about 16% (0.6 μm). 

Table 1. Geometry of round PCD tool  
 

Tool material PCD 
 

 

Tool shape Round 

Tool diameter 8 mm 

Tool Rake angle 0 

Tilted angle  
(effective rake 
angle) 

-15 

Tool clearance 
angle 

7 

Table 2. Parameters of plunge cutting test. 
 

Coolant: Mist (Isopar)  

Test Tool Tool 
RPM 

Feedrate Plunge depth 
(mm) 

P1 
Round nose PCD 
insert, R0.4 mm 

0 

5 mm/min 
 

0 – 0.020 

P2 

Round PCD tool 

2500 0 – 0.015 

P3 1500 0 – 0.050 

P4 2000 

0 – 0.025 
P5 2500 

P6 3000 

P7 3500 

 

Figure 4. Ductile–brittle transition zone locates at DOC of 3.2 μm in the 
plunge test P1 (left). Pits and fractures occur at larger DOC (right).  
 

On the other hand, for plunge cutting tests using DRT method 
all the machined surfaces, shown in Figure 5, were observed 
with periodic grooves which arose due to the radial run-out of 

the round PCD tool (about 1 ~ 2 m). Fortunatrely, this run-out 
did not cause any fracture on the machine surface as the ductile-
mode cutting mechanism was not associated to DOC. Hence, the 
periodical grooves could be further removed via fine polishing 
process. The details of new cutting mechanism was explained 
below paragraphs.  

 

 

Figure 5. Periodic grooves arose due to tool radial run-out. 
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As the tool moved forward at a constant feed and rotated at a 
constant RPM, the point on the cutting edge with the largest 
radius would cut deepest into the workpiece at a constant 
frequency, whereas the remaining of the cutting edge would not 
cut as deep, therefore forming the periodic grooves. These 
periodic grooves may have caused the diffraction of visible light 
into rainbow colours [10] which is shown in Figure 6. The 
distance between consecutive grooves, 𝑑𝑔 could be estimated 

by Equation (3). 
 

𝑑𝑔 =  
𝑓𝑒𝑒𝑑𝑟𝑎𝑡𝑒 

𝑡𝑜𝑜𝑙 𝑅𝑃𝑀
  (3) 

 

 

Figure 6. Photographic images of machined grooves on WC sample 

 
At a low DOC, ploughing occurred and there was no effective 

workpiece material removal, as shown in Figure 7. The DOC was 
comparable to the tool edge radius and the relatively blunt tool 
introduced ploughing force [11] and suppressed chip formation 
[12]. However, at very large DOC, there was little to no fracture 
observed on almost all the surfaces, such as the surface shown 
in Figure 7. This phenomenon of ductile-mode machined 
surfaces were observed, despite of having DOC larger than 𝑑𝑐  of 

3.2 m. It could be explained by the instantaneous uncut chip 
thickness was now related to 𝑑𝑔  instead of the plunging DOC 

due to the change in cutting mechanism from orthogonal to 
oblique cutting. As 𝑑𝑔 was smaller than 𝑑𝑐  for plunge cutting 

tetst P2 – P7, the fracture-free surfaces could be explained. 
 

 

Figure 7. SEM images for plunge cut using DRT method; Ploughing was 

observed at small DOC of < 0.005 m (right), and little or no fracture 

were observed at large DOC of 0.045 m (left). 

Further study was also conducted to correlate the impact of 
DRT tool RPM on the machined surface roughness. Figure 8 
presented the measured average roughness, Ra by using stylus 
profilometer. It was observed that the Ra of the machined 
surfaces by DRT were better than the machined surface by 
stationary tool. Test P5 showed the lowest surface roughness of 

0.076 m using the tool RPM of 2500 rev/min. At the higher tool 
RPM (> 2500), the Ra increased due the possibility of tool 
dynamic unstability. Nevertheless, DRT was still able its 
capability to machine WC in ductile-mode cutting mechanism 
leaving fracture-free machined surfaces. 

 

 
Figure 8. Measured average roughness for plunge cutting tests (P1 ~ P7). 

4. Conclusion 

Cutting of tungsten carbide, WC using a round PCD tool with 
driven rotary tool (DRT) method has been carried out. The 
critical DOC of WC sample (EM10) was studied first both 
theoretically and experimentally. The experimental critical 
depth of cut (𝑑𝑐) was 3.2 μm whereas the theoretical 𝑑𝑐  was 3.8 
μm. In the plunge cut experiments, the effects of tool rotary 
speed on machined surface roughness were studied. The 
conclusions can be summarized as follows: 

 

 The ductile-brittle transition for DRT cutting process was 
dominated by the feedrate per tool RPM (𝑑𝑔) which should be 

kept below the cirtical 𝑑𝑐 , in order to obtain fracture-free 
machined surface. 

 Plunge depth should be kept large to suppress the formation 
of ploughing (material elastic recovery) on the machined 
surface. in this study, the recommended plunge depth should 
be > 0.005 mm. 

 An optimum tool RPM of 2500 rev/min was identified and 

resulted in lowest surface roughness of 0.076 m. 

 Although the tool run-out was not negligible in ultraprecision 
machining (UPM) and deteriorated the surface quality in the 
experiments, it still did not cause any fracture on the 
machined surface. The resulted periodical grooves could be 
removed with the means of fine polishing. 
 
In conclusion, the DRT method showed great potential in UPM 

of WC and further studies should be conducted to explore its full 
potential. 
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Abstract 
The requirements to surface finish, but also surface composition in the mechanical finishing of monocrystalline silicon are high and 
constantly increasing. Traditionally, optical surfaces are ground and then lapped to specification often reaching a surface roughness 
in the single digit nanometre range. Increasingly complex shapes, the need for high accuracy as well as the need for higher 
productivity and decreasing costs require novel approaches towards mechanical finishing. In this study, commercially available 
semiconductor-grade monocrystalline silicon is machined on a high precision milling machine with monocrystalline diamond tooling. 
A series of experiments are undertaken, varying the relevant process parameters such as type of tooling, depth of cut, cutting speed, 
stepdown and chip thickness. A Taguchi based design of experiments is used to reduce the number of experiments, with the aim of 
achieving a ductile cutting regime. The results are analysed with an ANOVA analysis. For this, the milled surfaces are characterised in 
process via an acoustic emission sensor. The milled surfaces are analysed via confocal laser scanning microscopy and the ISO 25178 
areal surface quality parameters such as Sa, Sq are determined. Furthermore, the areal material ratio Smr is used to quantify the 
intact surface ratio. Scanning electron microscopy is used to qualitatively characterize the surfaces, but also to identify surface 
damages such as grooves, breakouts and pitting. The specimen exhibits a high gloss and reflectance. The undamaged surface in 
combination with a small median chip thickness is indicative of a ductile cutting regime. 
 
 
Milling, diamond, ductile cutting regime, mirror finishing, silicon   

 

1. Introduction   

In 2012, the optical elements market was estimated at $3.6 
billion and is expected to grow to $12.3 billion by 2019 [1]. 
Growing demands on the workpiece surface increase the cost of 
machine tools, tooling, and machining time. Monocrystalline 
silicon is chosen as a lens material for IR and X-ray applications 
due to its low thermal expansion, low density, and relatively low 
cost [2]. Furthermore, it is one of the building blocks of today's 
semiconductor technology [3].  
Currently, chemical or mechanical polishing [4], [5], lapping [6], 
[7]or diamond turning [8], [2] can achieve high quality surface 
[9], [10] for quality control of packaged chips by ultrasonic 
microscopy.  
Single-point diamond turning (SPDT) has been using the 
transition phenomenon from brittleness to ductility [11], [12] to 
achieve high-quality surfaces in brittle, hard materials. 
Unfortunately, this process is characterized by low productivity, 
high part cost, [13] and limited dimensional freedom due to the 
accessibility of the diamond tool.  
For a number of brittle materials, such as germanium, [14] glass, 
[15] as well as softer non-ferrous materials, e.g. aluminium, [16] 
mirror-finish milling has been possible with monocrystalline 
diamond tools. Recently, a ductile cutting regime superfinishing 
in both face and side milling of monocrystalline silicon has been 
shown [17]. As wafer thickness is constantly decreasing, chips 
are prone to warping. In order to analyse packaged chips, a 
freeform superfinishing process is needed. The following papers 
aims at transferring the ductile cutting process towards freeform 
milling. 

2. Methodology & Experimental     

The milling experiments were conducted on a Kern Micro HD 
precision CNC machining centre. The machine has linear 
guideways with micro gap hydrostatic bearing surfaces, linear 
motors, and glass scales with nanometric resolution, which 
enables a positioning control well below 1 µm and constant feed 
rates with low vibrations. The machine is equipped with an HSK 
40 high speed spindle (42000 min-1, 15.6 kW) manufactured by 
Fischer, CH. The sample specimen (semiconductor grade 
commercial monocrystalline Si wafers, 700µm thickness) were 
superglued to a face milled piece of aluminium (EN AWT 5081). 
Roughing was performed with a 8 mm polycrystalline diamond 
(PCD) tool (Dixi Polytools, CH), and semi finishing with a 6 mm 
PCD ball endmill (Matzdorf, GER). The used NC code was written 
in Heidenhain plain text on the TNC 640 control. A contour 
smoothing cycle of 0.0005 mm was active during the operation. 
The milling was performed under flood coolant, the coolant used 
is a GTL oil (Oelheld SintroGrind TC-X 1500). The finishing was 
performed with both a 6 mm monocrystalline diamond (MCD) 
ball endmill (Contour Fine Diamonds, NL) as well as the 6 mm 
PCD ball endmill from the semi finishing operation. The tools 
were held in Regofix PowRgrip toolholders, runout was verified 
to less than 2 µm after setting the tool. Tests were performed in 
a temperature-controlled environment. Before taking a cut, a 
spindle warm-up period of 300 seconds was completed. To 
further reduce thermal influences, the work piece temperature 
was stabilized by applying tempered flood coolant for 10 
minutes before the experiment. Measurements were taken 
after cleaning the sample in an ultrasonic bath with isopropyl 
alcohol. All quantitative measurements were recorded with a 
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Confovis Duo Vario confocal laser scanning microscope (CLSM), 
whereas qualitative analysis was done with a Thermo Fischer 
Phenom XL scanning electron microscope (SEM). 

 
In order to achieve comparable experimental results, the 

sample specimen was prepared identically. For this, the 
aluminium fixture is machined flat with a generic DLC coated 
endmill. A level surface (flatness < 1 µm) with a roughness of Sa 
0.15 µm was achieved. After milling, the surface is cleaned with 
isopropyl alcohol and the sample specimen is superglued (Ergo 
5210) to the aluminium surface. A weight of 100 g is placed on 
the specimen during hardening to ensure contact. The sample 
specimen is located with the built-in touch probe (Blum TC 52 
LF). The tools are measured after chemical cleaning with the 
equipped Blum LC50 laser. Runout is verified via the laser to 
better than 1 µm on the shaft directly above the cutting edge. 
To account for unwanted thermal expansion of the spindle, a 
warm-up period of 300 s is performed before measuring. 

2.1 Design of Experiments 

A Taguchi-based Design of Experiment approach was used in 
the planning of the experiment series. In order to limit the time 
per parameter set to an acceptable timeframe, the width of cut 
(distance between two parallel passes) was chosen based on a 
numeric calculation of the cusp height (less than 5 nm) and fixed 
at 0.009 mm. A first experiment series, undertaken with a 6 mm 
ball endmill (angulation: 45°) was performed by varying the 
cutting speed, the median chip thickness, and the depth of cut 
along 4 levels. A second experiment series explores the 
relationship between cutting speed and median chip thickness 
with a PCD tool. Table 1 lists the analysed parameters in the two 
experiment series. 
 
Table 1: The parameters for the two experiment series 

Parameter Experiment 1 Experiment 2 

Parameter 1 Cutting Speed (Vc) Cutting Speed (Vc) 

Parameter 2 
Median Chip Thickness 

(Hm) 
Median Chip Thickness 

(Hm) 

Parameter 3 Depth of Cut (DOC) - 

 
Because the endmill is kept at a low radial engagement, the 

median chip thickness is much lower than the calculated feed 
per tooth. It is calculated via equation 1. [18] Here, the median 
chip thickness (Hm) is a function of the engagement angle (ϕ), 
the stepover (ae), the diameter of the tool (D) and the feed per 
tooth (Fz). 

 

𝐻𝑚 =
114.6

𝜑
∗
𝑎𝑒

𝐷
∗ 𝐹𝑧 (1)  

 
For testing purposes, a flat surface is milled with parallel offset 

passes. This enables an easier analysis with optical instruments, 
and also shows qualitative errors in visual inspection, moreover 
reducing the influence of machine positioning errors by only 
having a single moving axis at a time. The transfer from a planar, 
ball milled surface towards lightly curved surfaces is usually 
trivial. 

2.2 First experiment series - MCD 

The parameters cutting speed, depth of cut and median chip 
thickness have the most significant influence towards achieving 
a ductile cutting regime. For this reason, a scoping experiment is 
undertaken, exploring their relationship in the ball milling of 
monocrystalline silicon. Table 2 lists the analysed parameters as 

well as their corresponding levels. A fully orthogonal test matrix 
(T16) was used.  

 
Table 2: The analysed parameters and their corresponding levels in the 
first experiment series. 

Parameter Level 1 Level 2 Level 3 Level 4 

Vc in m/min 138.06 276.12 414.19 552.25 

Hm in nm 10 20 40 100 

DOC in µm 0.5 1 1.5 2 

 

The cutting speed Vc is the actual cutting speed at the 
engagement point of the spherical tool with an angulation of 
45°. Especially in regard to the lower depth of cut levels, two 
offset passes were milled at 2 µm depth of cut to ensure an 
accurate final pass at the stated depth.  

The cutting speed was chosen to fit within the lower (10000 
min-1) and upper end (40000 min-1) of the sensibly available 
spindle rotational speed. During the experiment, acoustic 
emission data is recorded. The recorded data is transformed via 
an FFT (method: Welch, window: 2048) into a PSD (power 
spectral density). The integral of the PSD is used as a quality 
criterion. After cleaning in isopropyl alcohol and drying in 
vacuum exicator, the samples are analysed in the SEM and 
CLSM. In addition to a qualitative visual inspection of the 
surface, the optically measured arithmetic areal surface 
roughness (Sa), the quadratic areal surface roughness (Sq) and 
the areal material ratio (Smr) are calculated from the CLSM data. 

2.3 Second experiment series - PCD 

The second experiment series analysed the cutting parameters 
cutting speed and chip thickness. Because the first experiment 
series already explored the cutting depth, it was fixed at 2 µm. 
Moreover, the cutting speed was limited towards low noise 
rotational speeds on the high-speed spindle. A PCD tool (6 mm 
diameter, ball endmill) was used.  Table 3 lists the analysed 
parameters for the second experiment series. A fully orthogonal 
test matrix (T10) was used to build up the experiment. 

 
Table 3: The analysed parameters and their corresponding levels in the 
second experiment series. 

Parameter Level 1 Level 2 Level 3 Level 4 Level 5 

Vc in m/min 351.89 492.64    

Hm in nm 10 20 40 80 160 

 
The cleaned samples are analysed in an identical fashion to the 

first experiment series. 

3. Results and Discussion      

The first experiment series showed a matte, smooth surface in 
visual inspection. Figure 1 shows the achieved surface roughness 
Sa and Sq and the corresponding median chip thickness, 
whereas Figure 2 shows the achieved surface roughness in 
relation to the cutting speed. An ANOVA analysis shows that no 
single factor has a large influence over the whole experiment 
series (see Table 4). The correlation of the parameters (R-
squared) towards the quality parameter is unindicative of a close 
correlation. A correlation of the recorded AE data is inconclusive 
regarding an ANOVA analysis. The sum of the PSD data 
correlates with the recorded roughness data, although the 
correlation is not very strong (0.45). Due to scarcity of the 
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paper’s length, the authors refrained from printing the 
corresponding chart. 

 
 

 
Figure 1: The areal surface roughness parameters at different median 
chip thickness in the first experiment series. 

 
Taking a closer look, it can be seen that especially at median 

and high cutting speeds (compare Figure 2), the roughness 
increases with higher median chip thicknesses, thus forming the 
base for the chosen cutting speed in the second experiment 
series. A likely explanation why this effect is absent at the lower 
cutting speeds is the initial wear behaviour on the MCD tool, 
introducing a lot of nonlinear deviations into the results, but also 
tool-workpiece vibrations at certain frequencies. 

 
Table 4: The ANOVA analysis for the firsts experiment series. The 
roughness parameter Sq was chosen as a quality parameter. 

  Sum_sq Pr(>F) 

Vc 1.02E-03 0.177 

Hm 1.23E-03 0.141 

DOC 4.57E-07 0.976 

R-squared 0.274   

 
Figure 4 shows SEM micrographs of the created surfaces. It can 

be seen that the surface has certain areas with surface defects 
(a, c) and certain areas show a lower amount of surface damage. 
Analysing the surface with the areal surface roughness 
parameters such as Sa, Sq is a good indicator for overall 
smoothness, but gives little information on how the surface is 
composed. Mathematically, the height difference between 
lowest and highest point has a much larger influence on these 
values than the overall structure and width of the defects. The 
ISO 25178 offers a plethora of different parameters to describe 
the surface.  

 

Figure 2: The areal surface roughness parameters at different cutting 
speeds in the first experiment series.  

Parameters such as the auto correlation length (Str) do not 
produce a sensible result on shallow, fine structures, whereas 

the areal material ratio, Smr does show a surprisingly good fit 
towards analysing a surface in regard to the cutting mode. 
Generally speaking, the roughness of a surface is mostly defined 
by the tool sharpness and radius waviness, while breakouts in 
the surface have a low impact, whereas the parameters Smr is 
drastically altered by larger or more common breakouts. 

 

Figure 3: The areal material ratio at different median chip thickness in 
the first experiment series. 

It is clear, that a fully ductile cutting regime was not achieved 
during the first experiment series, as the surface roughness, 
areal material ratio but also the qualitative look of the surface 
(see Figure 4, a-c) show clear brittle fractures and large 
variations without any correlation towards the median chip 
thickness. Most likely, the rake angle of the tool at 0° is not 
negative enough to induce enough hydrostatic stress. During 
SEM observation of the results, the semi-finished regions (Figure 
4d) show a clear ductile cut behaviour, as a metal-like side flow 
of the material can be seen in the form of prows. For this reason, 
the second experiment series focused on milling not with a MCD 
tool, but the PCD ball endmill form semi finishing.  

 

 
Figure 4: SEM micrographs of 3 areas of interest in the first experiment 
series: Highest surface roughness at a) 5000x magnification b) 1000x 
magnification. c) lowest achieved surface roughness, 5000x 
magnification d) semi-finishing with PCD tool at 10000x magnification. 
Note the metal like, ductile side flow of the material.  

The second experiment series showed a slightly glossy surface 
with regular, visible feed lines. The surface roughness is roughly 
20 nm lower than on the first experiment series, with a lower 
variation (see Figure 5). The areal material ratio (Figure 6) clearly 
distinguishes between flawless milled parameter sets (see 
Figure 7 a-b) whereas a too high median chip thickness leads 
towards very high Smr values (Figure 7 c-d).  
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Table 5: The ANOVA analysis for the second experiment series. The 
areal material ratio Smr was chosen as a quality parameter. 

 sum_sq Pr(>F) 

Vc 111.14 0.073879 

Hm 1056.527 0.000342 

R-squared 0,869  
 
A conducted ANOVA analysis (quality parameter: Smr) shows 

a strong influence of the median chip thickness with a very high 
correlation (R-squared 0.869). 

 

 
Figure 5: The areal surface roughness parameters at different median 
chip thickness in the second experiment series. 

It can be seen, that the surface roughness (Figure 5) does not 
vary significantly during the experiment series, most likely 
because the lower sharpness PCD tool is clearly imprinting 
(compare Figure 7) the cutting edge waviness onto the sample 
surface.  

 
Figure 6: The areal material ratio at different median chip thickness in 
the second experiment series. 

The low Smr values at a median chip thickness below 40 nm as 
well as the qualitative surface under the scanning electron 
microscope point towards a ductile cutting regime, matching 
previous research while face milling [17].  

 
Figure 7: SEM micrographs at two magnifications of: a-b) 
the parameter set with the lowest Smr c-d) the parameter 
set with the highest Smr 

4. Conclusion      

The milled samples exhibit a matte (MCD) and glossy (PCD) 
surface. The surface roughness, but also a qualitative analysis 
under the scanning electron microscope point towards a ductile 
cutting regime, if the median chip thickness stays below 40 nm 
as no surface damage is visible. The conducted ANOVA analysis 
shows a significant influence from the median chip thickness. 
Further experiments should be conducted with a MCD tool with 
negative rake, enabling a ductile cutting regime while lowering 
the surface roughness because of a decreased cutting edge 
radius and waviness. 

 
 

 
Figure 8: The milled sample. The ball end milled region is highlighted 

with a red square. Note the much clearer reflection in this area 
compared to the rest of the sample specimen. 
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Abstract 
Discontinuous microstructures are increasingly being used in optical applications to provide technical surfaces with additional 
functionalities, for example in retroreflective arrays. Due to their essential high shape accuracy, surface quality and dimensional 
precision, these structures are typically generated in monolithic surfaces by diamond machining. 
While rotationally symmetrical structures can easily be created in a turning process, grooved structures have to be created by milling. 
However, conventional machining processes are not suitable for the production of discontinuous microstructures, hence Diamond 
Micro Chiselling (DMC) was developed as a sophisticated discontinuous diamond machining process. This process demands a high 
level of machine tool performance and process stability. Moreover, the machinable pattern size is limited by the current kinematics. 
Thus, large-area microstructure arrays need to be manufactured in several small segments, which subsequently have to be precisely 
assembled. This process is tedious and cost-intensive, as well as not capable of achieving the identical level of quality as a single 
monolithic microstructure array. 
To overcome these process limitations, the kinematics and process control of DMC were modified in order to enable the production 
of microstructures in the entire workspace of the machine tool. This would enable the machining of large scale monolithic surfaces 
and make the assembly of several small segments obsolete. For this purpose, a multi-axis positioning system consisting of two 
goniometers and three piezoelectric linear actuators was developed and integrated into a 5-axis ultra-precision machine tool. In 
addition, the CAD/CAM software developed in-house was extended to enable the production of large-area retroreflector arrays in 
monolithic mould inserts. With these changes, the machinable area of the DMC process has been increased by more than 500%. 
 
 
ultra-precision machining, discontinuous microstructures, monolithic surface  

 

1. Introduction 

The continuous functionalisation of technical surfaces in 
optical applications by discontinuous microstructures [1, 2] is 
rapidly increasing the complexity of design and machining. In 
optical applications, discontinuous microstructures are used, for 
example, in retroreflective arrays, micro-Fresnel lens arrays, 
directional micro grating arrays, as well as in the electronics 
industry and for microfluidics devices [3, 4, 5]. However, direct 
manufacturing of discontinuous microstructures is not possible 
with conventional machining processes (e.g. turning or milling) 
because of limitations of the kinematics or in the degrees of 
freedom of the machine tool [6]. For this reason, Diamond Micro 
Chiseling (DMC) has been previously implemented to 
manufacture such structures on flat [3] and curved surfaces [7].  

DMC in turn sets high demands on the machine tool and 
process stability for the machining of microstructure arrays, 
especially when producing structures on large-scale area. 
Therefore, the microstructure arrays are often manufactured in 
individual segments and then assembled into a coherent array. 
However, this assembly process is not only tedious and time-
consuming, but also requires the highest precision to achieve a 
tolerance of 10 µm or better. Nevertheless, even with the best 
possible assembly, undesirable seams are visible in the final 
product, reducing product quality. Another reason for 
manufacturing only small retroreflector arrays with a total area 

≤ 100 mm² is the limited working space of the ultra-precision 
machine tool when using the DMC process kinematics. 

By swapping workpiece and tool position, several restrictions 
of the DMC kinematics, like the required re-positioning after a 
rotation of the workpiece, can be conquered and the 
structurable workspace is significantly increased. However, an 
additional tool positioning system is mandatory for this purpose 
to set and maintain the required tool orientation. Such a system 
was developed based on two rotary and three linear axes which 
are mounted on the main axis of the machine tool. The new 
kinematic allows the diamond tool to be rotated around its Tool 
Centre Point (TCP) and enables repositioning in the complete 
positioning range of the ultra-precision machine tool. Due to the 
integration of the five additional axes into the ultra-precision 
machine tool, the manufacturing quality has to be investigated 
in detail subsequently, as there will be a change in the machine 
stiffness. Due to the modified process kinematics, a review of 
the already developed set-up processes will be carried out and, 
if necessary, adapted and tested accordingly. 

2. Tool positioning system 

The change of the process kinematics demands an exchange 
of the workpiece and tool position. Therefore, the workpiece is 
attached onto the Z-axis of the ultra-precision machine, while 
the tool is attached to the main spindle at a defined angle, which 
must be varied according to the structure angle of the facet 
surface. For this purpose, the positioning system consists of two 
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goniometers (WT100 and WT85) and three piezo linear 
actuators (Q-545.140) from Physik Instrumente (PI) GmbH & Co. 
KG. The goniometers are used to adjust the structure angle, 
while the linear actuators are needed to position the TCP in the 
pivot point of the goniometers. Without this translational 
adjustment capability, the machine axes would have to perform 
a large repositioning in multiple machine axes after each 
rotation of the tool on the main spindle. 

These piezo linear actuators allow the TCP to be adjusted in 
the Cartesian spatial coordinates X, Y and Z with a positioning 
accuracy of < 1 μm. The goniometers are equipped with an angle 
measurement system and stepper motors with a computational 
resolution of 2.11 μrad. As illustrated in Figure 1, the tool 
positioning system was integrated into a Nanotech 350FG [8] 
ultra-precision machine tool (Moore Nanotechnology Systems, 
LLC) for further testing. 

 
Figure 1. Tool positioning system on main spindle of the ultraprecision 
machine tool Nanotech 350FG. 

3. Tool alignment  

3.1. Clearance angle  
 In order to avoid immediate damage to the tool during the 

first cutting operation the clearance angle of the tool has to be 
set first. Since the tool design specifies a clearance angle of 
approx. 2°, which is guaranteed by the tool manufacturer with a 
deviation of ≤ 0.1°, an adjustment to ≤ 0.1° is sufficient and can 
be set up via the C-axis of the ultra-precision machine tool.  

Since measuring the diamond edge itself is a technological 
challenge, the tool shank was chosen as a reference surface. In 
the tool manufacturing process, the tool shank is ground and the 
soldered diamond is subsequently processed. Therefore, it was 
assumed that the tool shank as reference surface has sufficient 
flatness to conclude the present clearance angle. To measure 
the tilt of the tool shank, a capacitive displacement sensor was 
used, which has a measuring accuracy in the nm-range. 

Figure 2a shows the measurement setup in the ultra-precision 
machine and Figure 2b shows the tilt measurement using the 
capacitive displacement sensor along the tool shank. 

During the measurement, the Y-axis of the ultra-precision 
machine is moved up and down (Figure 2b, 1.), while the current 
distance of the tool shank to the capacitive displacement sensor 
was determined at the reversal points (Figure 2b, 2.). Using 
these distance values, the calculated angle can be compensated 
by the C-axis of the ultra-precision machine (Figure 2b, 3.). This 
allowed the angle of the tool shank to be precisely set with a 
deviation of ≤ 0.1°. 

 
Figure 2. Measuring setup for determining and compensating the tool 
clearance angle. 

3.2. XYZ position 

The alignment of the XYZ-position of the TCP has been divided 
into several steps. First, the Z-position is set up. Then the XY- 
offset of the TCP with respect to the rotational axis of the C-axis 
is  coarsely  set.  Finally,  the  XYZ-offset  of  the  tool  is  precisely 
determined and compensated by generating test structures.  

The Z-position of the TCP in the machine coordinate system 
was carried out by increasing the probing depth on the 
workpiece surface. This results in small indentations on contact. 
Z0 can be calculated by referencing the actual with the 
anticipated number of indentations from the NC-program. 
Figure 3 shows the generated indentations at different 
goniometer angle positions in a scanning electron microscope 
(SEM) image. An adjustment of the Z-position is reliably possible 
by this method. However, Figure 3 also shows that after 
successfully setting all tool positions and angles, the Z-position 
should be checked again due to possible changes in the Z0 
position. 

 
Figure 3. Indentations generated to measure the tool Z position for 
different goniometer angular positions. 

The displacement of the TCP in the XY-plane during a rotation 
around the C-axis can be determined using special reference 
structures. Despite the fact that this method of setup was 
sufficient for the previous DMC kinematics, it turned out that the 
deviations are not distributed evenly over the angle of rotation 
of the C-axis. However, for a rough compensation of the TCP 
displacement, this method is fast and reliable. Therefore, it was 
applied for the two angular positions of the C-axis at 0° and 180°. 
The generated structures can then be recorded via a SEM and 
evaluated by image processing in MATLAB®. For compensation, 
the determined position deviations are compensated through 
the X'- and Y'-axes of the tool positioning system. Figure 4 shows 
two reference structures which in a) still show a deviation in the 
XY-plane and in b) show deviations below 1 µm. reaching this 
order of alignment precision, the next step of the tool alignment 
process commences. 
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Figure 4. Reference structures for setting up the tool position in the XY 
plane. 

For fine adjustment of the XYZ-offset, a compensation matrix 
was implemented in the CAD/CAM system for the specific 
angular positions of the C-axis for generating retroreflector 
arrays, i.e. three-sided cavities with facets oriented at 0°, 120° 
and 240°. The same program was used as for setting up the Z0-
position, but with Y-offsets of 20 µm between each 
C-orientation to avoid overlaps. This results is depicted in the 
following Figure 5.  

 
Figure 5. Measurement of the XYZ-deviations by image processing in 
MATLAB® at the generated structures. 

With the SEM image shown in Figure 5, the XYZ-offset can be 
measured relatively from 0° to 240° and 120° by image 
processing in MATLAB®. Due to the known values from the 
CAD/CAM program, the deviations are directly taken into 
account in the NC-code generation and considered in the 
position calculation of the tool path. Achieving a deviation of 
< 2 µm the next step in the setup process was started, in which 
the ultrafine adjustment of the XY-offset was determined via 
individually cut cavities.  

The offset for the relative displacement in the XY-plane was 
determined at the corner points of a machined three sided 
cavity for the angular positions 0°, 120° and 240°. The offset of 
C = 240° in relation to C = 0° is shown in Figure 6a and the offset 
of C = 120° in relation to C = 0° in Figure 6b. 

 
Figure 6. Measurement of the XY deviations at generated cavities. 

In order to achieve an optimal result in the final retroreflector 
array and to avoid any chips in the cavity, a slight overlap of the 
corner points is intended and ensures that the chip is released 
and the highest possible lighting efficiency achieved. Therefore, 
also this part of the setup had to be done iteratively until a 
sufficient accuracy in the tool positioning was achieved. Once a 

tool  positioning  deviation  of  < 0.5 µm  was  detected,  a  small 
retroreflector  array  was  machined  and  used  to  measure  the 
structure angle along the outer facet surfaces in relation to the 
top surface. 

3.3. Structure angle 

The structure angle is determined via the lateral and vertical 
extent of the facets. Because the uncertainty of the angle 
directly relates to the size of the facet, the longest possible 
distance should be used in this case. In this context, it was found 
that the structure angle can only be reliably determined on the 
basis of generated cavities with at least 500 µm width. A 3D laser 
scanning microscope (Keyence VK-X1000) was used, which is 
able to measure the steep sides of the optically reflecting facet 
surfaces.  

Nevertheless, the measurements of the structure angle still 
showed a deviation of ± 0.1°. Thus, several test structures were 
measured to calculate a mean value of the predominant 
structure angle.  

Afterwards, the resulting angle was compared with the 
nominal value and a compensation was performed using the 
goniometers. 

4. Machining experiments and results 

After the tool positioning setup was completed, two 
retroreflector arrays were machined at different positions in the 
working space. The centres of the retroreflector arrays to be cut 
were shifted in the X-axis by 54 mm and in the Y-axis by 102 mm 
from Figure 7a to Figure 7b. 

 
Figure 7. Machined retroreflector arrays with a centre of the arrays at 
a) X = 0 mm; Y = 0 mm and b) X = 54 mm; Y = 102 mm. 

The generated retroreflector arrays show a consistent 
manufacturing quality at both positions (see Figure 7). The facet 
surfaces are formed correctly and only few residual chips can be 
seen. This can be compensated by a further iteration of the fine 
adjustment of the XYZ-offset. The spanned working space of the 
arrays shown in Figure 7 corresponds to a theoretically 
structurable area of 5,508 mm² and thus significantly exceeds 
the previously structurable areas of max. 900 mm². With this 
promising result, a final validation was started by cutting large-
area retroreflector arrays into a mould insert.  

 
Figure 8. Machined mould insert with two cut micro-retroreflector 
arrays á 5x5 mm². 

Two retroreflector arrays with a structure width of 250 µm 
and an area of 5x5 mm² each, were cut at the outer areas of the 
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mould insert. Figure 8 shows the manufactured mould insert 
made of nickel silver. The cutting process of the array 1 and 2 
from Figure 8 was carried out in one workpiece clamping. The 
arrays were cut consecutively with the same tool and identical 
NC program. The only difference between the arrays is their 
diverging position in the working space. 

The difference in manufacturing quality of both arrays is 
negligible. Figure 9 shows an SEM image of the generated 
retroreflector array 1. On the facet surfaces, some minor defects 
are visible at the outer edges. These defects are only visible at 
the outer edges because they have been removed within the 
optical surface during machining. The defects are located exactly 
at the edge from one side of the corner cube to the other and 
could indicate that the diamond tool alignment was not yet 
optimised. 

 
Figure 9. SEM image of the generated retroreflector array in area 1 at 
100x magnification. 

A closer look at the facet surfaces in Figure 10 indicates a slight 
waviness on the optical functional surfaces. This waviness 
probably is the result of instabilities in the machining process. 
Due to the stacking of several axes on the air-bearing main 
spindle, a displacement of the tool tip can occur even with 
cutting forces in the 1 Newton range or below. Additionally, low 
stiffness of the experimental setup could have led to a stick-slip 
effect, resulting in a wavy pattern. The actively controlled piezo 
linear actuators could also have had an influence on the 
generated structures. 

 
Figure 10. SEM image of the generated retroreflector array in area 1 at 
3000x magnification. 

5. Summary and outlook 

It has been successfully demonstrated that a multi-axis tool 
positioning system can be used in a complex ultra-precision 
machining process. For a safe and precise tool alignment, the 

tool position was detected with several tactile, optical and 
capacitive measuring systems, either directly or via reference 
structures, and subsequently compensated by the multi-axis 
tool positioning system. The detection of the structure angle has 
turned out to be a major challenge, as this could only be 
detected with a laser confocal microscope due to the reflexivity 
and slope of the surfaces. However, it has been shown that this 
measuring method requires further testing with alternative 
measuring equipment in order to obtain a reliable measured 
value. The general tool position in the spatial directions X, Y and 
Z, could be sufficiently determined by image analysis of pictures 
from a scanning electron microscope and compensated for by 
the linear axes to < 250 nm position deviation. The results of the 
new machining kinematics demonstrate that the use of the new 
tool positioning system in the production of discontinuous 
microstructures, using retroreflector arrays as an example, 
made it possible to increase the structurable area in the working 
space of the ultraprecision machine by more than 500 %. 

To investigate the defects in the optical facet surfaces, 
stiffness investigations will be carried out in future work. In 
addition, it will be investigated how a reduction of the actively 
controlled additional axes contributes to an improved 
manufacturing quality. Furthermore, the production of several 
mould inserts distributed in the entire workspace is planned in 
order to prove the production quality of the new process 
kinematics qualitatively and quantitatively. Finally, extensive 
examinations of the optical performance mould inserts will be 
conducted. 
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Abstract 
Aspheric optical elements have been widely used in vision systems. They are made traditionally by grinding and polishing on CNC 
machines. The final shape is achieved by polishing with different correcting strategies.  The efficiency and repeatability of the 
polishing process is not high enough yet. This paper proposes a method based on a CNC controlled machine for the polishing of 
rotationally symmetric aspheric optical elements. A ring-shaped elastic polishing tool is used in the polishing process. The position 
and axis angle of the polishing tool are calculated according to the Preston’s equation and an error compensation algorithm. The 
angle between the axis of the polishing tool and the normal of the workpiece surface will kept constant. The contact area between 
the polishing tool and the workpiece will be controlled to be approximately the same over the whole surface. The rotational speed 
of the workpiece and the feed speed of the polishing tool are precisely controlled to realize the uniform removal of the workpiece 
material during pre-polishing. In the finish polishing, the surface form error data measured by the profiler are used to calculate the 
feed speed and the pressure for form error compensation. In this way, the closed-loop compensation of the form error could be 
realized. The experiment results show that the form error PV 0.40 μm, RMS 0.11 um and the surface roughness Ra 4 nm could be 
achieved with a test work piece made of H-K9L optical glass. 

 
keywords:  aspheric,polishing , error compensation , form error 

                                                                                                                    

1. Introduction 

With the development of optical technology, optical 
aspherical mirrors have unique advantages in optical 
components, and have been used more and more widely in the 
field of vision systems, such as lithography projection lenses, 
digital camera lenses and so on. 

For the ultra-precision polishing technology of aspheric 
surface, there are several common processing technologies, 
such as magnetorheological processing, airbag polishing, ion 
beam polishing and so on[1]. Among them, the airbag polishing 
technology was jointly put forward by the London Optical 
Laboratory and the British Zeeko Company in 2000[2], which 
uses spherical airbags filled with low-pressure gas instead of 
small-diameter grinding discs for polishing. The polishing 
process is a precession process, that , while the airbag rotates, 
it also wobbles in different positions to obtain the Gaussian 
shape removal function. 

The machining error compensation technology is mainly 
divided into two kinds, one is the compensation based on the 
modification of the machining program, the other is the 
compensation based on the controller. Okafor[3] obtains the 
corresponding absolute coordinate error by measuring the 
relative coordinates of the machine tool space, and the error 
compensation processing is carried out by interpolation, and 
the final accuracy is improved by 2-4 times. By establishing a 
lathe error model including spindle offset, Donmez[4] inputs 
the error signal obtained by the laser measuring instrument 
into the controller through the Icano module, and realizes the 
real-time error compensation function. 

Based on the actual production and processing process, this 
paper studies the polishing process and error compensation 

technology of aspherical optical components, and realizes the 
automation, digitization and high efficiency of the processing of 
rotationally symmetric aspherical components.  

2. Aspheric polishing and compensation principle 

2.1  Principle of point contact polishing process 
Figure 1 shows a schematic diagram of polishing convex and 

concave aspheric surfaces. The polishing head is installed on the 
tool shaft, which can rotate around the axis of the tool shaft at 
a speed 𝑛𝑇, swing around the center point 𝑂𝐵 of the B-axis at 
an angular velocity 𝜔𝐵, and feed at a speed 𝑣𝑋 in the X direction, 
the workpiece to be processed is installed on the workpiece 
shaft, It can be rotated about the spindle axis at speed 𝑛𝐿 and 
fed at speed 𝑣𝑍 in the Z direction.    

                     
(a) Convex element polishing  (b) Concave element polishing 
1-elastic polishing head; 2-polyurethane polishing film; 3-rubber mold; 
4-workpiece 
Figure 1 Schematic diagram of the principle of aspheric point contact 
polishing 

 
In theory, the contact between the polishing head and the 

workpiece is a point contact. In the process of aspheric 
polishing, the annular elastic polishing head is used for polishing. 
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The angle between the axis of the polishing head and the 
normal of the workpiece surface remains constant, and the area 
of each contact point between the polishing head and the 
workpiece is approximately the same. 

 
2.2  Equivalent removal model of aspheric polishing materials 

Figure 2 shows a schematic diagram of trajectory shaping 
polishing of convex aspheric surface with annular elastic 
polishing head. Point P is any point on the workpiece surface, 
the coordinate system xoz is the workpiece coordinate system, 
and the origin of the coordinate system coincides with the 
vertex of the workpiece surface. 

.  
1-elastic polishing head; 2-polyurethane polishing film; 3-rubber mold; 
4-workpiece 
Figure 2 Schematic diagram of polishing of rotational symmetrical 
aspheric surface 

 
From the perspective of differential calculus, the processing 

volume dV of the polishing head on the workpiece surface can 
be approximated as the volume of a cylinder with a length of 
2πxn(x), a width of dh and a height of dx per unit time,  that is: 

dV = 2πxn(x)dhdx                                                                     (1)                             
In the formula: dh is the amount of single removals during 

polishing. 
Considering two points 𝑃1(𝑥1, 𝑦1) and  𝑃2(𝑥2, 𝑦2) at different 

positions, to ensure that the volume of material removed per 
unit time at the two points is the same, it is necessary to satisfy: 

2π𝑥1𝑛(𝑥1)𝑑ℎ𝑑𝑥 = 2𝜋𝑥2𝑛(𝑥2)𝑑ℎ𝑑𝑥                                      (2) 
The above expression is equivalent to: 
xn(x) = C                                                                                     (3) 
In formula (3): C is a constant. 
From this, the relationship between the workpiece speed n(x) 

and the machining position x in Figure 3 can be obtained. When 
the machining position is x → 0, the workpiece speed is n → ∞, 
which cannot be realized in actual machining. Therefore, the 
speed at 𝑥0 is taken as the speed of the workpiece at x = 0. The 
maximum speed, that is, the theoretical speed curve is shifted 
to the left by 𝑥0 distance. The solid line is the actual speed curve 
of the workpiece, and the dotted line is the theoretical speed 
curve of the workpiece. 

 
Abscissa: machining position x, unit: mm;  
Ordinate: workpiece speed n(x), unit: r/min 
Figure 3  Diagram of the relationship between workpiece speed and 
machining position 

Then the actual speed curve satisfies the equation: 
(x + 𝑥0)n(x + 𝑥0)=C                                                                  (4) 

Assuming that the maximum speed of the workpiece is 𝑛𝑚𝑎𝑥  
and the minimum speed of the workpiece is 𝑛𝑚𝑖𝑛, the analysis 
curve can be obtained: 

𝑥0𝑛𝑚𝑎𝑥 = 𝑥∅/2𝑛𝑚𝑖𝑛=𝐶   

𝑥∅/2 − 𝑥0 = ∅/2                                                                         (5) 

In the formula: ∅  is the clear aperture of the rotationally 
symmetric aspheric surface. 

The solution is as follows: 

𝑥0 =
∅𝑛𝑚𝑖𝑛

2(𝑛𝑚𝑎𝑥−𝑛𝑚𝑖𝑛)
                                                                        (6) 

Combining equations (4), (5), and (6), we can get: 

 n(x) = n(x + 𝑥0) =
∅⋅𝑛𝑚𝑎𝑥⋅𝑛𝑚𝑖𝑛

∅𝑛𝑚𝑖𝑛+2𝑥(𝑛𝑚𝑎𝑥−𝑛𝑚𝑖𝑛)
                              (7) 

In CNC polishing, the polishing head moves horizontally in the 
X direction. Assuming that the feed rate of the polishing wheel 
in the X direction is F(x), and the workpiece rotates once, the 
polishing wheel advances ∆x  in the X direction, then the 
relationship between F(x) and workpiece speed n(x) is shown 
in formula (8): 

 F(x) = n(x) ⋅ ∆x                                                                         (8) 
In the formula: ∆x is the processing step. 
It can be seen from the formula (8) that the feed speed of the 

polishing wheel in the X direction is proportional to the 
rotational speed of the workpiece during machining. The feed 
speed of each processing point on the workpiece surface can be 
obtained by combining formulas (7) and (8): 

F(x) =
∅⋅𝑛𝑚𝑎𝑥⋅𝑛𝑚𝑖𝑛⋅∆𝑥

∅𝑛𝑚𝑖𝑛+2𝑥(𝑛𝑚𝑎𝑥−𝑛𝑚𝑖𝑛)
                                                        (9) 

 
2.3  Preston hypothesis  

In 1927, Preston[5] put forward the famous Preston 
hypothesis. He thought that to a large extent, the material 
removal rate in optical polishing process can be described as a 
linear equation : 

 
dz

dt
= KV(x, y, t)P(x, y, t)                                                            (10) 

In the formula: dz/dt —Material removal per unit time of 

polishing； K—Preston constant, which is related to various 

factors such as polishing die material, workpiece material, 

polishing fluid and so on；  V(x,y,t)— Instantaneous relative 

velocity of polishing at a certain point of the workpiece；

P(x,y,t)—Instantaneous polishing pressure at a certain point of 

the workpiece。 

According to the Preston hypothesis, under the condition that 
the relative speed and pressure between the machined position 
and the machining tool are known, the material removal 
amount ∆z(x, y)  of the machined position within the 
processing time t can be calculated: 

∆z(x, y) = 𝑧0(𝑥, 𝑦) − 𝑧(𝑥, 𝑦) = 𝐾 ∫ 𝑉(𝑥, 𝑦, 𝑡)
𝑡

0
𝑃(𝑥, 𝑦, 𝑡)𝑑𝑡(11)                                                         

In the formula:  𝑧0(𝑥, 𝑦)—Workpiece surface height at time 

t=0； z(x, y)—Height of workpiece surface at time t. 

It can be obtained from equation (11) that the amount of 
material removal at each point can be determined by 
controlling the relative velocity, pressure and polishing 
residence time at each point. 

 
2.4  Error compensation algorithm for aspheric polishing 

In the actual polishing process, because of the random error 
and systematic error, the material removal of each point on the 
workpiece can not be guaranteed by the variable speed and 
feed speed polishing method, and there will be a certain surface 
shape error in the actual measurement. Therefore, it is very 
important to study the error compensation algorithm in the 
process of aspheric polishing. According to the principle of 
Preston equation and the actual machining situation, the 
compensation scheme based on NC code modification is mainly 
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adopted. At present, two ideas are proposed to compensate 
the error in the process of rotary symmetric aspheric polishing. 

In the polishing process, due to the existence of different 
points of material removal is not completely consistent, such as 
Figure 4. Therefore, the feed speed of the polishing head at 
each point on the workpiece is modified by the feed speed 
compensation factor, so as to achieve the same amount of 
material removal at each point. 

 
Abscissa:  workpiece coordinate position x, unit: mm;  
Ordinate:  workpiece surface error Delta z(x)(difference between 
theoretical curve and actual curve), unit: um 
Figure 4  Schematic diagram of aspheric polishing error 

 
The expression of the compensation factor is: 

k(x) = a + b[1 −
∆𝑧(𝑥)−∆𝑧𝑚𝑖𝑛

∆𝑧𝑚𝑎𝑥−∆𝑧𝑚𝑖𝑛
]                                               (12)                             

Where: 

 ∆z(x)—The error value of the surface shape measured by 

the profiler after the best fitting of each point of the workpiece； 

 ∆𝑧𝑚𝑎𝑥—The surface shape error at the highest point of the 

error curve is generally positive； 

∆𝑧𝑚𝑖𝑛 —The surface shape error at the lowest point of the 

error curve is generally negative； 

 a, b—Adjustment coefficient. 
Therefore, the calculation method of feed speed after 

compensation is： 

𝐹′(𝑥) = 𝑘(𝑥) ∙ 𝐹(𝑥)                                                                 (13) 
For aspheric surfaces with large aspheric degree, there will 

also be less removal of edge materials during polishing. The 
experimental results show that the correction effect by feed 
speed is not ideal. In view of this situation, an approximate 
linear correction scheme for the compression amount of the 
polishing head at the edge of the workpiece is proposed. The 
correction algorithm is as follows: 

∆Z = c +
𝑑−𝑐

𝑥2−𝑥1
(𝑥 − 𝑥1)                                                          (14) 

Where: 
 𝑥1, 𝑥2 is for the start and end coordinates of the area to be 

corrected； 

 c, d is the amount of compression to be set at the start and 

end of the area to be corrected； 

Therefore, the calculation method of Z coordinate after 
compensation is: 

Z = 𝑍0 + ∆𝑍                                                                               (15) 

Where： 𝑍0- Initial Z coordinate value. 

3. Polishing and Compensation Experiment 

The workpiece processed in this experiment is a rotationally 
symmetrical aspheric optical element with hairy embryo 
diameter 15 mm. The maximum asphericity of the aspheric 
surface is 0.73. It is a small and steep aspheric surface, so it is 
difficult to process.  

The polishing equipment adopts the LPS200 optical CNC 
polishing machine developed by ourselves, and its appearance 
is rendered as shown in Figure 5. The polishing equipment is a 
X, Z, B three-axis CNC machine tool, which adopts a full closed-
loop CNC system. The key functional components of the 
polishing machine are: tool axis system, workpiece axis system, 
precision pendulum head with resolution 1 arcsec, high-speed 
motorized spindle with rotational speed 12000 r/min, PA9000 

CNC operating system and constant temperature polishing fluid 
circulation filtration supply system.  

 
Figure 5  LPS200 Optical NC polishing Machine tool 

  
In the aspect of polishing tools, a self-designed annular elastic 

polishing head is used to ensure the pressure of the polishing 
head by adding oil to the sealing oil plug. Compared with rigid 
polishing, its advantage lies in the flexible contact between the 
polishing head and the workpiece surface. The adaptive ability 
of the polishing head on the curved surface with great curvature 
change is improved, and the contact pressure between the 
polishing head and the workpiece is basically constant. And the 
surface of the workpiece will not leave machining marks after 
polishing, and its appearance is as shown by Figure 6. 

 
1- Polyurethane polishing film；2- Seal oil plug；3- Pressure 
regulating oil plug  
Figure 6  Physical drawing of elastic polishing head 

 
In the aspect of machining software, combined with the 

previous research on polishing compensation algorithm and 
actual machining verification, a CAM software based on 
aspheric polishing is designed and developed. The main 
function of the CAM software is to realize the machining 
trajectory planning and compensation machining function in 
the machining process of aspheric components. After inputting 
the relevant parameters of polishing head and aspheric surface 
in the software, the machining program for the first polishing 
can be generated, and the actual polishing site is shown in 
Figure 7. 

 
1- Elastic polishing head；2- Polishing liquid outlet pipe；3- Bonding 

tooling；4- Polishing workpiece 
Figure 7  Field drawing of polishing process 

 
After the first polishing, the British Talyor-Hobson profiler is 

used to detect the surface shape error of the workpiece. Figure 
8 shows the detection curve when the filter length of the first 
polishing is 0.2. 
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Abscissa:  workpiece coordinate position x, unit: mm; 
Ordinate: workpiece surface error Delta z(x) (difference between 
theoretical curve and actual curve), unit: um 
Figure 8  Error curve after first polishing 

 
As can be seen from the figure, the PV value of the surface 

shape error is about 13.895 μm, the middle part of the curve is 
low and the edge part is high, and the feed speed compensation 
and polishing pressure compensation are carried out on the 
curve at the same time. The left picture in Figure 9 shows the 
NC code before partial compensation, and the right picture 
shows the NC code after the corresponding part compensation. 

  
(a) Before compensation                   (b) After compensation 
Figure 9 Pre-compensation and post-compensation NC codes 

 
After several rounds of compensation processing, the final 

test results are shown in Figure 10. 

 
Abscissa: workpiece coordinate position x, unit: mm; 
Ordinate: workpiece surface error Delta z(x) (difference between 
theoretical curve and actual curve), unit: um 
Figure 10 Final error curve 

 
It can be seen that the PV value of the surface shape error 

converges to 0.40 μm, and the root mean square value of the 
surface shape error RMS converges to 0.11 μm, which achieves 
a higher machining accuracy. The surface roughness of the 
polished workpiece is detected by a profiler, and the test result 
is as shown by Figure 11. 

 
Abscissa: workpiece coordinate position x, unit: mm;  
Ordinate: surface roughness value , unit: um 
Figure 11 Inspection diagram of workpiece surface roughness 

 
It can be seen that the overall surface roughness Ra of the 

polished workpiece is 4 nm, which meets the requirements of 
finish. 

4. Conclusions 

The above results show that the polishing motion mode of 
variable speed and variable feed speed and the compensation 
scheme based on feed speed and polishing pressure are feasible, 

and higher machining accuracy can be achieved. What needs to 
be further studied are: 1) optimize the error compensation 
algorithm to accelerate the error convergence speed and 
further improve the polishing efficiency; 2) study and optimize 
the shape of the material removal function during polishing to 
find a more suitable residence time algorithm. 
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For micro end mills, the commonly used micro end mill substrates are cemented carbides. As an alternative, all-ceramic micro end 

mills are recently being researched. Zirconia in particular has shown promise in achievable micro end mill geometry and cutting edge 
sharpness. However, the micro end mill grinding process cannot be adopted from cemented carbide. There, the grinding wheels 
exhibit a self-sharpening wear behavior. In contrast, grinding zirconia results in quick dulling of the grinding wheels. This in turn 
affects the sharpness of the manufactured all-ceramic micro end mills' cutting edges and limits the achievable structure quality in 
micro milling. As a result, the grinding wheels need to be trued and sharpened before/after micro end mill manufacture to achieve 
high cutting edge sharpness and a reproducible geometry. This study establishes a dressing setup and compares four different dress-
ing tools. The performance is evaluated by means of the resulting grinding wheel condition. This is done qualitatively via SEM images 
as well as quantitatively via atomic force microscopy measurements of the micro end mills' cutting edge radii. In the experiments, 
pure silicon showed the best results. The dressing routine was integrated into the micro end mill production and the grinding wheel 
wear could largely be compensated. 

 

Micro milling, tool grinding, ceramic micro end mills, grinding wheel dressing and sharpening  

 

1. Introduction  

Micro milling with ultra small cemented carbide micro end 
mills is an established micro process for prototyping needs (e.g. 
lab-on-a-chip systems) and small series manufacturing of indi-
vidualized products such as molds and casts for micro forming 
processes [1]. The process is very flexible when it comes to work-
piece materials and achievable geometries, in addition to being 
rather inexpensive for low parts volumes when compared to 
other micro processes such as injection molding [2]. Nearly all 
micro end mills are made out of cemented carbide due to its high 
strength and wear resistance, which is especially important for 
small tool diameters [3]. As an alternative, technical ceramics of-
fer good material properties, e. g. high chemical resistance and 
high hardness even at elevated temperatures [4]. As such, they 
may allow to improve micro end mill performance by addition-
ally utilizing their small grain sizes and their advantageous ma-
terial structure. Yet, all-ceramic micro end mills are not widely 
used or deeply researched up to now. At our institute, all-ce-
ramic micro end mills are being manufactured. In comparison to 
alumina and silicon nitride, micro end mills made from zirconia 
(Y-TZP) exhibited the best geometric accuracy and cutting edge 
sharpness after manufacturing [5], which was slightly worse 
than that of cemented carbide micro end mills. 

However, in the initial grinding experiments without dressing, 
a deteriorating overall quality and sharpness of the micro end 
mills with the number of manufactured micro end mills became 
apparent. This is illustrated in Figure 1, where a new grinding 
wheel is compared to a used one after about 20 ground micro 
end mills: Looking at the circumferential surface at the top, the 
worn out wheel on the right has almost no protruding diamond 
grits left, while the initial amount of grits can be seen on the new 
surface of the wheel on the left. In addition to this, the corner 
between the radial and axial face of the grinding wheel becomes 
rounded and 'blurred' with increasing wear, whereas it is a clear 
line on the new grinding wheel. Overall, most grits have been 
pulled out of the binder, leading to a dull wheel and a high 

amount of friction. The grinding forces and the thermal loads in-
crease, and as a result the surface quality of the micro end mills 
decreases. A self-sharpening behavior as observed when grind-
ing cemented carbides is not present. As a result, the surface 
quality and the micro end mills' cutting edge sharpness de-
creases. This in turn affects the cutting process during micro mill-
ing and the achievable surface quality [6]. Increasing the 
diamond grit size of the grinding wheels to a large extent to re-
duce wear would decrease the cutting edge sharpness. As a high 
cutting edge sharpness is the primary objective for micro end 
mill production, this is not a feasible approach. Hence, there is 
the necessity to dress the wheels, to achieve a high cutting edge 
sharpness and a reproducible geometry of the micro end mills. 

This study presents the modification of a grinding unit for the 
manufacturing of all-ceramic micro end mills to allow for dress-
ing in between micro end mill manufacture. The wear rate of the 
grinding wheels is analyzed and four different dressing tools are 
compared in terms of their performance. 

2. Experimental setup 

The ceramic substrates used as micro end mill blanks 
(Ø3 mm h6 x 39 mm) were made of yttria stabilized tetragonal 
zirconia polycrystal (zirconia/Y-TZP) supplied by Situs Techni-
cals1. Due to its fine grain structure and the transformation 
toughening mechanism, this ceramic has shown to be well suited 

Figure 1: Comparison of a new (left) and a used (right) grinding wheel 
viewed at 45° (SEM images). 
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as base material for micro end mills. The target geometry of the 
tools can be achieved and sharp cutting edges can be realized 
via grinding [5]. To allow for the wheel dressing in this study, the 
existing grinding unit had to be modified. Figure 2 depicts this 
new setup. The grinding unit was mounted on an ultra‐precision 
lathe LT‐Ultra1 MTC 250. Two grinding spindles equipped with 
diamond grinding wheels were used to manufacture micro end 
mills clamped in a shrink fit holder on the machine tool's spindle. 
The two grinding wheels were a resin‐bonded wheel with grit 
#800 and an nickel bonded wheel with grit #4800 from DISCO HI-
TEC1. The wheel speeds were set to 10 000 rpm and 16 000 rpm, 
resulting in cutting speeds of 30 m/s and 46 m/s, respectively.  

The coarse grinding wheel was driven by the hydrodynamic 
spindle of the old setup, as it was only used for bulk material 
removal and was not dressed. The modified unit was equipped 
with an NSK1 PMS-3020K high speed spindle driving the fine 
grinding wheel. The PMS-3020K spindle is driven by an air tur-
bine and features precision ground rolling bearings which can 
withstand higher process forces from grinding and dressing the 
wheel. The spindle is capable of spindle speeds up to 20 000 rpm 
at runouts below 1 µm. The grinding wheel was mounted on an 
accommodating grindstone flange. The spindle was then affixed 
in a split type holder to the side of the grinding unit. In addition, 
an industrial LEOB unit by HBM Technologie1 was used as mini-
mum quantity lubrication system, allowing to set a repeatable 
application volume of grinding fluid with a micrometre dial. As 
grinding fluid, Petrofer1 ISOCOOL 600 emulsion (5 % concentra-
tion) was used. The emulsion is slightly alkaline (≈ 9.4 pH), which 
reduces the stress on the grinding wheels by 'softening' the ce-
ramic material [7]. 

The dressing unit itself consisted of a mounting plate affixed 
to the right side of the spindle housing. This solution did not in-
terfere with the micro end mill grinding process itself and was in 
direct proximity to the fine grinding wheel on the right side of 
the grinding unit. Further, no additional linear axis was needed 
as the machine tool's axes could be used for the dressing proce-
dure. A piezo disc was placed on the back of the mounting plate 
as an acoustic emission sensor. This was used to detect the con-
tact between the grinding wheel and the dressing tool. The volt-
age signal from the piezo disc was amplified with a Kemo1 
preamplifier and digitized through a National Instruments1 USB-
6210 data acquisition device. The signal was then high pass fil-
tered (10 Hz) and displayed in LabView1. The grinding wheel was 
moved to the dressing tool in 1 µm steps. Upon contact, a dis-
tinctive peak appears in the signal that can easily be identified 
by the operator. 

As mentioned before, the machine tool's X-axis was used as 

infeed while dressing, but no additional feed movement was 
possible due to the axis configuration of the lathe. Also, no ro-
tary dressing tools were used as they would need to have very 
low runout to not damage the grinding wheels. Such a bearing 
solution would have been very complex and could not have been 
realized within the spacial constraints. Thus, the four static 
dressing tools shown in Figure 3 were used: A multigrain dia-
mond dressing tool (diamond grit size D91, dresser volume 
ø4 mm x 8 mm), a tapered single crystal diamond (scd) dressing 
tool (cone aperture angle 60°, tip radius 0.1 mm), a piece of pure 
silicon (cut from a silicon wafer to 15 mm x 15 mm) and a con-
ventional sharpening stone (ceramic binder with grit #500 abra-
sives, cut to 15 mm x 45 mm). The sharpening stone and the 
silicon wafer pieces were placed on aluminium blocks with ad-
hesive. These blocks were then bolted onto the mounting plate, 
while the two diamond dressing tools were clamped by two slid-
ing blocks as seen in Figure 2. 

For each dressing experiment, a new grinding wheel was 
mounted and the wheel positioning parameters were adjusted 
by grinding cemented carbide test cylinders and a cemented car-
bide micro end mill afterwards. This procedure ensures the cor-
rect micro end mill geometry after exchanging the grinding 
wheel. After that, three ceramic micro end mills were ground, 
and the grinding wheel subsequently dressed according to the 
experimental run. Following this, another ceramic micro end mill 
was ground which, in conjunction with the last micro end mill 
ground before dressing, was used to judge the dressing effi-
ciency. All micro end mills were characterized via AFM after 
manufacture, and the grinding wheels were imaged with the 
SEM. The parameters of the experiments are listed in Table 1. 
Each dressing tool was tested with two different dressing 
depths. These were chosen according to the dressing tool's 
properties, as not to damage the thin grinding wheels. Thus, the 
harder scd dresser has the lowest dressing depth and the softer 
sharpening stone the highest. The infeed was kept constant for 
all dressers at 0.06 mm/min, which corresponds to the infeed of 
the micro end mill grinding routine. 

The grinding wheels were imaged before and after dressing by 
scanning electron microscopy (SEM) with a FEI1 Quanta 600 FEG. 
To avoid charging of the substrates, the acceleration voltage was 
kept at 5kV, with a working distance of 10 mm using the SE de-
tector. Prior to SEM imaging, an ultrasonic bath with isopropyl 
alcohol was used to clean the substrates. The grinding wheels 
were imaged from an angled view at 45° looking at both the axial 
and radial surfaces. The micro end mills were quantitatively 
characterized by atomic force microscopy (AFM) using a Nano-
surf1 NaniteAFM integrated into a desktop sized machine tool. 

Figure 2: Modified grinding unit for all-ceramic micro end mill manu-
facture with wheel dressing setup. 

Figure 3: The four dressing tools used in this study: a) multigrain 
dresser, b) scd dresser, c) pure silicon and d) sharpening stone.
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This allows clamping of the micro end mills in the machine tool's 
spindle, and positioning them angularly with a stepper motor for 
subsequent measurement [8]. The measurement area covered 
15 µm x 8 µm, starting next to the tip of the cutting edge. Due to 
the high resolution of the AFM, the cutting edge geometry of the 
micro end mills could be accurately replicated. From the meas-
ured surface data, the overall cutting edge radius was deter-
mined using an evaluation algorithm [9]. 

3. Dressing experiments 

To determine the necessary dressing intervals, five micro end 
mills were ground with one grinding wheel and characterized via 
AFM after manufacture. Figure 4 shows the algorithmically cal-
culated cutting edge radius from the AFM measurements of the 
micro end mills and a linear fit according to [9]. The measured 
cutting edge radii show an increasing trend with the micro end 
mill count, although the second micro end mill represents an 
outlier. It has a higher cutting edge radius which may be due to 
a local defect in the ceramic micro end mill blank. Overall, an 
average increase in cutting edge radius after five manufactured 
micro end mills of about 20 % can be seen. With the above data 
for the grinding wheel wear and the resulting increase in cutting 
edge radius, a dressing interval of three micro end mills was cho-
sen for the experiments. The increase in cutting edge radius 
from grinding three tools is high enough to be detected, and low 
enough to have a practicable number of experiments. 

The multigrain diamond dresser is not included in the follow-
ing results and discussion, as no ceramic micro end mills could 
be ground after dressing the grinding wheel with it. The micro 
end mills suffered such severe breakouts during grinding that 
the desired geometry could not be reached. Different dressing 
depths were tested (1 µm, 3 µm, 5 µm) with the same result. The 
grinding wheel topography after dressing with the multi-grain 
diamond tool as examined with the SEM is shown in Figure 5, 
left. A very uneven topography can be identified on the circum-
ferential surface of the grinding wheel. The top half shows heavy 
signs of wear with no grains protruding and a smeared section, 
while the bottom half remains mostly untouched aside from 
some smaller grooves. It seems only the top half was in contact 

with a diamond grit of the dressing tool, owing to the grain con-
centration of the dresser. Because the part in contact with the 
diamond dresser is heavily worn, it can be concluded that this 
dressing tool is not suitable for the intended application. 

The results of the dressing runs with the other dressers are 
shown in Figure 6. Here, the change in cutting edge radius from 
the micro end mill ground before wheel dressing to the one 
ground after wheel dressing (i.e. the third and fourth all-ceramic 
micro end mill, respectively) is shown for both dressing depths 
tested. A negative change indicates an improvement of the cut-
ting edge radius after dressing, i.e. a decrease, and a positive 
change an increase in cutting edge radius. The scd dresser leads 
to a large increase in cutting edge radius with the lower dressing 
depth, and a moderate increase for the larger one. It is possible, 
that the lower dressing depth leads to a wheel state where the 
diamond grains are still protruding from the binder to be 
crushed or pulled out, while the larger one also leads to removal 
of the binder. This could then result in more friction during 
grinding and thus an increase in cutting edge radius after wheel 
dressing for the lower dressing depth, while this not so pro-
nounced for the higher dressing depth. 

The results for dressing with the sharpening stone are re-
versed to the scd dresser's, with a moderate increase for the 
lower dressing depth and a larger increase for the higher one. A 
potential explanation for this behavior can be found in the ad-
hesive layer that appears on the grinding wheel's surface after 
dressing. This is shown for the grinding wheel dressed with the 
higher dressing depth in Figure 5, right. This layer, which likely is 
the binder material of the sharpening stone, appears on the axial 
surface of the grinding wheel. It measures 25 µm in width, which 
is equivalent to the dressing depth. The adhesive layer covers 
the grains with almost none protruding, and some burnishing 
can be seen around the edges towards the circumferential sur-
face of the grinding wheel. Thus, with increasing dressing depth, 
the amount of adhesions increases and more friction is gener-
ated during grinding due to the covered grits. Overall, no im-
provement to the cutting edge radius of the ground micro end 
mills was made with either dressing tool for both depth settings. 

Figure 4: Cutting edge radius of ground micro end mills measured with-
out wheel dressing versus the number ground. Displayed with 95% 
confidence intervals and least-squares regression fit. 

Figure 5: Grinding wheel topography after dressing with the multi-
grain diamond tool (left) and the sharpening stone (right), viewed at 
45° (SEM images). 

Figure 6: Change in cutting edge radius of the micro end mills after a 
dressing run with the different dressing tools. 

Table 1: Dressing depths for the different dressing tools 

dressing tool 
dressing depth / µm 

low high 

scd dresser 1 3 

sharpening stone 10 25 

pure silicon 5 15 
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Lastly, the pure silicon was able to keep the cutting edge radius 
level for the lower dressing depth. For the higher dressing depth, 
a reduction of the cutting edge radius of about 35 µm was 
achieved. It appears that the material is hard enough to dress 
the grinding wheel unlike the sharpening stone, but soft enough 
not to crush the diamond grits as the scd dresser. While the re-
duction in cutting edge radius is not enough to return a worn 
grinding wheel to its initial state, it can equalize the occurring 
wear of each micro end mill produced. Apart from the quantita-
tive improvement of the cutting edge radius, a slight qualitative 
improvement can also be seen in the cutting edge profile. Fig-
ure 7 shows the cutting edge radius profiles of the two micro 
end mills before and after dressing with the pure silicon. The 
bottom graph is more uniform, the radius is not oscillating as 
much and the values are more closely 'packed together'. 

Overall, the pure silicon was the only dresser tested that did 
not worsen the grinding wheel wear, but instead resulted in an 
improved cutting edge radius of the manufactured micro end 
mill. Therefore, it was chosen as dressing tool for the all-ceramic 
micro end mill production for further tests. The dressing was in-
tegrated into the micro end mill production process and a dress-
ing run performed after each end mill manufactured. To validate 
the findings and to test the new grinding procedure, the change 
in cutting edge radius of two all-ceramic micro end mills with the 
wheel dressed in between was measured for a total of six end 
mill pairs. Figure 8 shows the change in cutting edge radius 
measured for each micro end mill pair. The positive and negative 
values roughly balance each other out, and the result is a stable 
wear state of the grinding wheel. As such, the wheel wear could 
be compensated to a large extent when compared to the old 
grinding unit without wheel dressing in Figure 4. 

4. Conclusion and outlook 

In this study, the impact of grinding wheel wear on the cutting 
edge sharpness of all-ceramic micro end mills was determined. 
A dressing setup was established and four different dressing 
tools were tested for their ability to reduce the wear induced 
increase of the ground micro end mills' cutting edge radii. The 

multigrain diamond dresser was not suited for this, as the grind-
ing wheel surface was unevenly dressed and partly worn after 
the dressing runs. For the scd dresser and the sharpening stone 
the increase in cutting edge radius was dependent on the dress-
ing depth, but no reduction could be achieved. For the pure sili-
con, the higher dressing depth achieved a reduction in cutting 
edge radius. Additionally, a slight qualitative improvement of 
the cutting edge profile was achieved. 

With the pure silicon, the dressing procedure was integrated 
into the micro end mill production and the change in cutting 
edge radius before and after dressing monitored over six pairs 
of ground micro end mills. No overall increase was evident, thus 
the impact of grinding wheel wear on cutting edge radius could 
be largely compensated. In future studies, this will be monitored 
for a larger number of  micro end mills and investigated whether 
multiple dressing runs can further improve the results. 
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Abstract 
In micro manufacturing, the influence of the tool spindle on the process and tool dynamics is predominant. Furthermore, the cutting 
tools used possess low stiffnesses due to their size. In order to improve part quality, it is necessary to know whether the tool path is 
influenced by process-machine-interactions, process-tool-interactions or a single factor. In this contribution, a coupled simulation 
model is set up to analyse the influences of cutting forces, tool dynamics, and spindle dynamics on the tool motion in grinding with 
micro pencil grinding tools. For this purpose, an axisymmetric dynamic spindle model is coupled with a three-dimensional dynamic 
tool model. Cutting forces are measured and implemented as a boundary condition within the coupled simulation model. Using this 
model, the tool motion is compared for three different cases: without the implementation of cutting forces, with the implementation 
of cutting forces but without variation of the cutting forces due to interactions, and with the implementation of cutting forces and 
interactions. The results show that in grinding with micro pencil grinding tools, the tool motion is influenced by the cutting forces 
and the spindle dynamics. However, the spindle dynamics are not significantly influenced by the tool deformation and cutting forces. 
It can be concluded that in grinding with micro pencil grinding tools, only process-tool-interactions and an influence of the spindle 
dynamics can be observed, but no process-machine-interactions. 
 
 
Micromachining, Finite element method (FEM), Spindle, Vibration 

1. Introduction 

Process-machine interactions (PMI) can affect both the ma-
chine tool, especially the tool spindle, and the process result [1]. 
Therefore, the investigation and suppression of PMI has already 
been extensively studied in macro machining [2]. However, mi-
cro machining differs, among other things, in the changed di-
mensional ratios between tool spindle, tool and chip. For this 
reason, methods for studying PMI in macro machining cannot be 
readily applied to micro machining [3]. Instead, the tool spindle 
and the tool must be considered as separate aspects [4] to allow 
differentiation between spindle influence, tool influence, PMI, 
and process-tool interaction (PTI). 

With the help of a simulation-based investigation of the tool 
spindle, the tool and the process forces, it is possible to investi-
gate the influence of individual parameters and their effects on 
PMI/PTI. However, in contrast to simulation-based investiga-
tions of micro milling [5, 6], it is difficult to integrate a suitable 
model to consider grinding forces due to the geometrically un-
defined cutting edges of the grinding tool. The implementation 
of measured grinding forces allows the cutting forces to be taken 
into account and thus the individual influences and interactions 
to be determined and differentiated. 

Further, due to the geometrically undefined cutting edges, the 
grit geometry must be either measured [7] and converted to a 
suitable model, or a specific grit shape must be assumed. Several 
works focus on the investigation of the grit shapes. For example, 
in [8], a finite-element-model is used to model grinding forces in 
micro grinding. Herein spherical, ellipsoidal, pyramid-shaped, 
and frustum-pyramid-shaped grits are compared to analyse the 
influence of the grits’ shape on the generated forces. In [9], four 

different grit shapes (sphere, truncated cone, cone) are com-
pared to analyse the generated workpiece surface. 

This paper describes a method to investigate the process-tool 
interaction during grinding with micro pencil grinding tools. For 
this purpose, grinding forces are measured and integrated into 
a simulation model of a tool spindle and a tool. With the help of 
the simulation model, the influence of the tool spindle and the 
cutting forces on the tool motion is investigated. Furthermore, a 
distinction is made as to whether this is the result of individual 
parameter influences, PTI or PMI. 

2. Methods 

2.1. Measurement of cutting forces 
Electroless plated micro pencil grinding tools were used for the 

experiments. The tools consisted of a steel base body with a di-
ameter of 20 µm. The base body was used as a substrate for the 
abrasive layer. This abrasive layer consisted of a nickel-phospho-
rous alloy matrix containing cubic boron nitride (cBN) grits with 
a nominal size of 5-10 μm. The layer thickness was approxi-
mately 15 µm, giving an effective tool diameter of 50 µm. A cav-
ity was incorporated in the center of the front face of the tool. 
This was to prevent contact between the workpiece and the tool 
near the rotational axis and hence to prevent ploughing and the 
formation of substructures at the slot bottom [10]. The abrasive 
layer had a density of 8.5 g/cm3 [11], a Young’s modulus of 
180 GPa [12], and a Possion’s ratio of 0.315 [12]. A schematic 
view of the tool is given in figure 1a). The experimental investi-
gations were carried out on a four-axes desktop-sized machine 
tool. An air bearing spindle (schematic view is given in figure 1b)) 
with a spindle rotational speed range between 15,000 min-1 and 
160,000 min-1 was used. The cutting forces were measured using 
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a dynamometer (Kistler1, MiniDyn Type 9119AA1; sensitivity < 2 
mN, natural frequency < 6 kHz). 16MnCr5 (660 HV 30) was used 
as the workpiece material and an immersion cooling lubrication 
was used [13]. 
 

 
Figure 1. Schematic view of the tool and the machine tool spindle  

 
Pendulum grinding was carried out using three different rota-

tional speeds: 30,000 min-1, 90,000 min-1, and 150,000 min-1. 
The cutting depth for all cuts was kept constant at 0.5 µm. Ten 
cuts per slot were machined, giving a final target slot depth of 
5 µm. All measurements were repeated three times. Before 
each measurement, the rotational speed was kept constant until 
a possible (further) thermal growth could be ruled out. Figure 2 
shows the measured cutting forces in 𝑥-,𝑦-, and 𝑧-direction. As 
can be seen, the axial forces (𝑧-direction) are larger than the lat-
eral forces by approximately one magnitude. Additionally, the 
standard deviation is rather high. 
 

 
Figure 2. Measured cutting forces (mean values) 

 

2.2. Simulation setup 
The simulation setup consists of an axisymmetric finite ele-

ment model of the machine tool spindle, a supplementary finite 
element model of the inlet restricted air bearings and a three-
dimensional dynamic tool model. An additional boundary condi-
tion is implemented for the application of the cutting forces. A 
schematic view of the micro pencil grinding tool and the mod-
elled machine tool spindle is given in figure 1. 

The finite element model of the air bearings is based on the 
work in [14] and is used to compute the corresponding dynamic 
stiffness and damping coefficients of the bearings. The finite el-
ement model of the tool spindle, more precisely of the rotor ex-
cluding the tool, is based on the work in [15] and is used as foun-
dation for this work. Axisymmetric finite elements are used for 
the modelling of the rotor. The drive motor, as in electromag-
netic effects, is not modelled. The mass unbalance force {𝑓𝑢} is 
defined in the 𝑥-𝑦-plane by the following equation: 
 

{𝑓𝑢} =  𝑚𝜀 {
Ω̇ sin(Ω𝑡) + Ω2 cos(Ω𝑡)

−Ω̇ cos(Ω𝑡) + Ω2 sin(Ω𝑡)
} (1) 

 

where 𝑚 is the rotating unbalanced mass, 𝜀 is the eccentricity, 

Ω is the angular velocity, and Ω̇ is the rotational acceleration. 
The value of the unbalance force was determined and validated 
in [15]. A comparison between the measured cutting forces in 𝑥- 
and 𝑦-direction and the unbalance force is shown in table 1. As 
can be seen, the cutting forces are small compared to the unbal-
ance force at all rotational speeds, implying that the cutting 
forces may only play a minor role regarding the rotor`s motion. 

The dynamic tool model is set up using standard three-dimen-
sional finite elements in order to model the grits and for the ap-
plication of unevenly distributed cutting forces. The measured 
cutting forces are applied at the end face of the micro pencil 
grinding tool. Since the grinding forces are implemented as a 
measured boundary condition, they also include force compo-
nents resulting from ploughing. Overall, it can be assumed that 
multiple grits are in contact with the workpiece. Here, five grits 
were modelled and distributed equidistantly over the circumfer-
ence of the tool. As the subject of interest in this study is the 
interaction between tool and workpiece and not the exact sur-
face generation, a simple cube shape can be assumed for the 
grits without the need to investigate different grit shapes, unlike 
in [8] and [9]. 

 
Table 1. Comparison between averaged measured cutting forces and un-
balance forces 
 

rotational 
speed/min-1 

cutting forces 
(magnitude)/N 

unbalance 
force/N 

ratio 

30,000 0.036 0.41 0.088 

90,000 0.042 3.69 0.011 

150,000 0.042 10.24 0.004 

 
2.3. Implementation of cutting forces 

The measured cutting forces already include PMI/PTI effects 
as they cannot be omitted during experiments. However, the 
percentage by which the PMI/PTI effects affect these measured 
cutting force values is unknown. As such, it is necessary to model 
the ideal cutting forces (no change of forces due to PMI/PTI ef-
fects and tool deformation) to differentiate between PTI due to 
the sole consideration of cutting forces and PMI/PTI due to cut-
ting forces and additional PMI/PTI (caused by ongoing cutting 
force variations due to tool deformations and vice versa). 

To model the ideal cutting forces, the measured cutting forces 
are curve fitted. Assuming that the ideal cutting forces have a 
periodic pattern, they can be modelled using a sum of sines 
model, which is given by: 

 

𝑓(𝑥) = ∑ 𝑎𝑖 ⋅ sin(𝑏𝑖𝑥 + 𝑐𝑖)
𝑛

𝑖=1
 (2) 

 
where 𝑎 is the amplitude, 𝑏 is the frequency, 𝑐 is the phase 

constant for each sine wave term, and 𝑛 is the number of terms 
in the series. For this analysis, the parameters are fitted using 
the MATLAB1 curve fitting toolbox1. For the measured cutting 
forces shown in figure 3, the computed curve fitting values are: 
𝑎1 = 0.10, 𝑏1 = 19.6, 𝑐1 = −2.76, and 𝑛 is chosen as 1. 

 

 
Figure 3. Measured cutting forces and fitted cutting force curve in 𝑦-di-
rection at a rotational speed of 30,000 min-1 
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Additional simulations are set up, where the measured cutting 
forces are scaled up to investigate the effects of higher cutting 
forces, for example due to higher depths of cut. Here, the scaling 
factors were chosen between 2 and 5 (integer numbers only). 

3. Results 

In the following sections, the term motion represents the to-
tality of deformation (bending, compression, etc.) and rigid-
body motion due to all applied forces (including unbalance 
forces). The term tool deformation refers to the deformation of 
the tool due to applied cutting forces. 

Figure 4 shows a comparison between the motion in 𝑦-direc-
tion with and without the consideration of cutting forces and 
PMI/PTI effects at four different mesh nodes. Three different ro-
tational speeds are evaluated. For each rotational speed, six bars 
are shown. From left to right, these bars show the maximum mo-
tion amplitude without cutting forces (only rotordynamic effects 
considered), with the measured cutting forces, and with the 
scaled measured cutting forces to simulate the effects of higher 
depths of cuts. The motion in 𝑥-direction is similar, both in terms 
of overall behaviour and amplitude, and thus not shown here. 

The highest motion amplitudes are found at 90,000 min-1 due 
to an eigenfrequency of the rotor near this speed (at approxi-
mately 78,000 min-1). The influence of the spindle dynamics on 
the process dynamics without the consideration of clamping and 
tool shaft roundness errors can be determined from the maxi-
mum motion amplitudes at node 1 at no cutting forces (mind the 

different scales). The corresponding amplitudes are 0.05 µm, 
1.47 µm, and 0.57 µm for the three depicted rotational speeds. 
Thus, it can be stated that the rotordynamic behaviour of the 
spindle shaft influences the tool motion. Whether this influence 
is significant depends on the selected tool diameter (for the 
modelled tool radius of 25 µm, the resulting change of maximum 
motion amplitude is 5.9 % at a speed of 90,000 min-1) and the 
requirements of the application to be manufactured. At node 1 
(tool tip location), it can be seen that the maximum motion am-
plitude changes when comparing the cases without cutting 
forces and measured cutting forces, showing a process-tool-in-
teraction. While the amplitude change is small in absolute units 
(< 0.5 µm at all rotational speeds), the relative amplitude change 
at 30,000 min-1 and 90,000 min-1 is clearly observable. Addition-
ally, when comparing the case without cutting forces with the 
cases with scaled cutting forces, it can be seen that the change 
in terms of maximum motion amplitude becomes significant at 
all rotational speeds. This indicates that the effect of process-
tool-interactions rises with increasing cutting forces. At nodes 2 
and 3, it can be seen that the overall trend is similar to that of 
node 1. The differences are that the maximum motion ampli-
tude reduces in terms of absolute values and in terms of range 
between no cutting forces and cutting forces. At node 4 (rotor 
at front bearing location), the difference between the motion 
amplitudes is less than 0.1 µm between no cutting forces (only 
rotordynamic effects considered) and 5x scaled cutting forces, 
independent of the rotational speed. 

 

 
Figure 4. Comparison between the motion with and without the consideration of cutting forces and PMI/PTI effects at four different mesh nodes 
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Further, at 90,000 min-1, the graph shows that the maximum 

motion amplitude decreases with increasing cutting forces. This 
trend is limited to this specific spindle speed and node location 
and can be attributed to the rotor’s bending behaviour. This 
shows that the rotor’s motion itself is not significantly influenced 
by the cutting forces. This result also corresponds with the com-
parison between cutting forces and the unbalance force given in 
table 1. 

It still must be determined to what extent the results from fig-
ure 4 are based on the variation of the cutting forces due to 
PMI/PTI effects or on the sole consideration of cutting forces. 
For this purpose, table 2 lists the maximum motion amplitude at 
evaluation node 1 with measured (variation of cutting forces 
due to PMI/PTI effects) and ideal cutting forces (determined as 
described in section 2.3). The ratio between the results without 
and with the consideration of PMI/PTI is close to 1, independent 
of the rotational speed. This suggests that the observed PTI is 
mainly based on the consideration of the cutting forces but not 
on the variation of the cutting forces due to additional PMI/PTI 
effects. 

 
Table 2. Comparison of the tool motion in 𝑦-direction at node 1 with 
measured (variation of forces due to PMI/PTI and tool deformation) and 
ideal cutting forces (no variation of cutting forces) 
 

rotational 
speed/min-1 

motion amplitude/µm  
no variation of  cutting 
forces due to PTI 

motion amplitude/µm 
variation of cutting 
forces due to PTI 

ratio 

30,000 0.55 0.58 0.95 

90,000 1.59 1.75 0.91 

150,000 0.82 0.81 1.01 

4. Conclusion and outlook 

This paper investigated the interaction between tool and 
workpiece in grinding with micro pencil grinding tools. For this 
purpose, a coupled simulation model was set up: a dynamic spin-
dle model coupled with a three-dimensional dynamic tool 
model. Cutting forces were measured and included process-ma-
chine-interaction (PMI) and/or process-tool-interaction (PTI) ef-
fects as they cannot be omitted during experiments. Idealized 
cutting forces were computed by curve fitting. For both cases, 
the forces were implemented as a boundary condition within 
the coupled simulation model. The motion of the tool and the 
spindle shaft with and without the consideration of cutting 
forces and PMI/PTI effects at different mesh nodes was com-
pared. 

The following conclusions can be drawn: 
- The rotordynamic behaviour of the spindle shaft influences 

the movement of the tool. Depending on the selected tool 
diameter and application, this influence can be significant. 

- Even with scaled cutting forces, no significant influence of 
the grinding forces on the spindle dynamics (node 4) can be 
observed. This shows that in grinding with micro pencil 
grinding tools, only a process-tool-interaction is observed 
but no process-machine-interaction. 

- Numerical results indicate that the observed PTI is mainly 
based on the consideration of the cutting forces but not on 
the variation of the cutting forces due to additional PMI/PTI 
effects (ongoing cutting force variations due to tool defor-
mation and vice versa). 

With the conclusions drawn from this analysis, future works 
can consider the influence of the spindle dynamics without the 
need to include the full dynamic machine model. As such, the 
spindle dynamics can be included in terms of a computed or 
measured boundary condition in more complex micro grinding 

simulations, such as kinematic and chip formation simulations 
used to model the generated workpiece surface. Further, the in-
fluence of the number of grits, the grit distribution, and the grit 
shape on the tool deformation and motion can be analysed with-
out the need to include the full dynamic machine model. 
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Abstract 
Modern machine tools are highly capable of ultra-precise tool positioning to manufacture desired structures conforming to intended 
design requirements. However, elastic recovery of machined surfaces creates a roadblock toward the goal of achieving high form 
accuracy as shown by a 63.0% post-scratching elastic recovery on single-crystal calcium fluoride. While ultrasonic elliptical vibration-
assisted machining (UEVAM) is a proven success at promoting ductile-mode cutting and improving form accuracy, an 18.6% elastic 
recovery of the machined surface was still prevalent. The integration of UEVAM with a relatively new method to improve the 
machinability of brittle materials by pre-coating the sample surface further reduces the deviation of the machined surface from the 
designed profile to 5.0%. In addition to affecting form accuracy, the elastic recovered material also led to the increase in thrust forces 
by 21.1% without the influence of the coating. It was suggested that the coating intensified the concentration of stress in the primary 
deformation zone to activate secondary slip systems that accounted for a large proportion of the cutting energy in the region, which 
consequently reduced the stress acting on the machined surface leading to lower deformation of the subsurface and its recovery. 
This work presents an optimistic combination of advanced techniques to augment the form accuracy in ultra-precision machining. 
 
Keywords: ultra-precision machining, calcium fluoride, epoxy coating, vibration-assisted machining, form accuracy   

1. Introduction 

Advances in ultra-precision machining technology can fulfil the 
stringent requirements of precision engineering products, which 
include surface finishing and form accuracy. However, the elastic 
recovery of the machined surface remains an issue resulting in 
the deviation of the final surface from the intended design. Thus, 
this work aims to evaluate the integration of two advanced 
methods to augment micro-cutting and address this issue. 

Ultrasonic elliptical vibration-assisted machining (UEVAM) is 
well established to bring micro-cutting with multiple benefits 
[1]. One critical outcome is the improved surface finish on brittle 
materials [2] owing to the incremental material removal in each 
elliptical motion of the cutting tool. On the cutting of brittle 
materials, a recent finding in coating the sample surface prior to 
cutting was reported to also enhance ductile-mode cutting due 
to additional stresses induced into the workpiece by the 
deformed coating layer [3]. It is consequently of interest to 
capitalize on the effectiveness of UEVAM to promote ductile-
mode cutting and the change in stress during cutting of the 
coated workpiece to address the issue of elastic recovery on the 
machined surface. Therefore, this work will perform a series of 
experiments by first validating the elastic recovery of CaF2, 
followed by micro-cutting tests to evaluate the integration of 
vibration-assisted cutting and the pre-coating of the workpiece. 

2. Experiments      

2.1. Micro-scratch tests 
An MCT3 micro-scratch tester from Anton Paar was employed 

to perform linear-load scratching on the (100) plane of a CaF2 
sample. The benefit of using this system is that all 
measurements were relative to the initial sample surface. A pre-

scan of the workpiece determined the initial surface before the 
scratch test where the penetration depth was measured relative 
to the initial surface. Subsequently, a post-scan of the groove 
was applied to determined the elastically recovered surface. The 
load linearly increased from 0.03–2 N over a 1 mm scratch length 
while the penetration depth was concurrently measured during 
the scratch. A Rockwell indenter with a radius of 100 μm was 
used for the scratch tests at a constant scratch speed of 10 
mm/min.   

 
2.2. Micro-cutting tests 

Micro-cutting on the CaF2 sample was performed on a Toshiba 
ULG-100 ultra-precision machine center. Diamond turning was 
first performed using a 1.6 mm round-nosed single-crystal 
diamond cutting tool to prepare a flat sample surface prior to 
further testing. A feed of 1 μm/rev  and a nominal cutting depth 
of 10 μm was set to trim the surface with oil mist as coolant.  

Subsequently, an elaborate sequence of procedures was 
employed to effectively study the machining accuracy of the 
integrated methodology. The cutting setup (Figure 1(a)) was 
equipped with a Kistler 9256C1 dynamometer and Type 5051 
amplifiers to measure cutting forces and an ultrasonic elliptical 
vibration-assisted machining (UEVAM) tool holder.  

Plunge-cutting under the conventional cutting condition was 
performed to determine the critical uncut chip thickness (i.e., 
the ductile–brittle transition) prior to further testing using the 
ultrasonic vibration-assisted machining setup. A 0.4 mm round-
nosed polycrystalline diamond (PCD) cutting tool (Figure 1(c)) 
was set to penetrate the CaF2 sample at a tapered angle to a final 
depth of 2 μm. Subsequently, the machined groove was 
evaluated using a laser confocal microscope (Olympus LEXT 
OLS5000) to determine the effective depth where cracks begin 
to appear as 0.3 μm as shown in the scanned profile of the 
plunge-cut (Figure 2). This ductile–brittle transition point was 
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then used as a reference cutting depth for the selection of 
parameters in subsequent UEVAM tests. 

 
 

Figure 1. Cutting experiments: (a) Ultrasonic elliptical vibration-assisted 
cutting setup; (b) illustration of tool-vibration; (c) round-nosed cutting 
tool edge 

 

 
 

Figure 2. Measured plunge-cut profile and identification of the critical 
uncut chip thickness 

 
2.3. Vibration-assisted cutting      

The two-part type bisphenol-amine epoxy resin was mixed and 
left to cure on half of the sample (Figure 3(a)) for 30 mins leaving 
the other half uncoated (Figure 3(b)). Subsequently, the layer of 
epoxy was diamond turned to produce a coating with a thickness 
of approximately 4 μm on the CaF2 surface as measured using 
the laser confocal microscope (Figure 3(c)). As UEVAM is 
expected to yield ductile-mode cutting with higher cutting 
depths (i.e., greater than 0.3 μm), vibration-assisted cutting 
tests were performed along the same cutting direction of the 
coated and uncoated regions of the single crystal at a constant 
depth of 0.5 μm and cutting speed of 50 mm/min. Additionally, 
tests were performed with varying amplitudes (0, 1, and 2 μm) 
of the ultrasonic elliptical motion occurring at 38.87 kHz. The 
elliptical motion of the tool was two-dimensional where the tool 
vibrated along the axes of the cutting and thrust forces as shown 
in Figure 1(b). Lastly, the profile of the groove was measured 
using the laser confocal microscope to be compared with the 
intended geometry.    

3. Results and discussion      

3.1. Elastic recovery 
The elastic recovery was calculated relative to the reference 

profile (Ri), penetration depth (Pd), and the residual depth (Rd) 
as follows:  

𝐸𝑟 =
𝑃𝑑 − 𝑅𝑖

𝑃𝑑
× 100% 

(1) 

 
 

Figure 3. Epoxy coating preparation: (a) illustration of coated regions; (b) 
measured coating thickness 

 
Figure 4 depicts the top view of scratched grooves (Figure 4(a)) 

and the measured penetration depths and final surface profile 
(Figure 4(b)). The deformed surface is observed to elastically 
recover by a consistent 63%, which demonstrates the potential 
hindrance of the natural material characteristics to affect the 
machining accuracy. In the meantime, it is important to recall 
that the scratch indenter had a 100 μm radius, which would 
manifest as a significantly large negative rake angled tool when 
scratching at these depths. Hence, the elastic recovery derived 
from the scratch tests cannot be directly associated with the 
recovery from machining.  

 
 

Figure 4. Linear-load scratches, S1 and S2: (a) laser scanned optical top 
view of the grooves; (b) measured penetration depths (Pd), final surface 
profile (Rd), and the % recovery of the surface (Er) 

 
3.2. Groove profile 

Figure 5(a) depicts the micro-groove produced by integrating 
UEVAM with the coating where the cross-sectional line profile of 
the groove is reflected in Figure 5(b). Imperfect machined 
surfaces of the grooves are visible from the top view images, 
which appear as an irregular surface with randomly occurring 
peaks and valleys throughout the curvature of the tool 
impression. While these micro-features may be often associated 
with micro-crack formation, the profile is repeatable between 
grooves (i.e., the same profile appears for different grooves 
under different cutting conditions). Hence, these irregularities 
on the surface are attributed to the poor surface quality of the 
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PCD cutting tool resembling abrasives of a microgrinding tool 
and should not affect the subject of discussion on the effect of 
an applied coating on machining form accuracy. 

 
 

Figure 5. Orthogonal ultrasonic vibration-assisted cutting with and 
without coating: (a) top view surface height profile of the machined 
grooves; (b) cross-sectional line measurement of the groove profile 

 
The width of the groove produced by UEVAM and the coating 

is evidently larger than the groove produced solely by UEVAM 
(Figure 5(a)). The final depth of the groove produced by the 
latter measures to an average of 0.407 ± 0.004 μm, which 
corresponds to an elastic recovery of 18.6%.  

On the other hand, the groove produced by vibration-assisted 
cutting of the coated sample has a machined depth of 0.475 ± 
0.001 μm that correspond to a 5.0% deviation of the surface 
from the intended geometry. This simple test result 
demonstrates the benefit of coupling the two augmentations for 
micro-cutting in addressing a critical aspect of ultra-precision 
machining – form accuracy.  

 
3.3. Machining forces 

Figure 6 shows the machining forces, which have been 
processed by applying a fast Fourier transform (FFT) low-pass 
filter to remove ultrasonic vibration-induced signals and display 
data below a frequency of 1.1 kHz. As expected, the cutting 
forces were recorded to be higher by 64.8% (Figure 6) for the 
coated sample due to the additional layer of material being 
removed.  

Interestingly, the thrust forces show an opposite trend where 
the coating resulted in a 21.1% decrease in thrust force, which is 
unlike the observations in a conventional cutting where the 
cutting of the coated sample results in the increase of both 
cutting and thrust forces [3]. While the thrust forces during 
vibration-assisted cutting are largely associated with friction [4], 
the solidified coating is unlikely to promote the reduction in 
coefficient of friction at the tool-chip interface and the 
machined surface. Instead, a similarity in the percentage of the 
elastically recovered groove surface and the reduction in thrust 
forces suggests that the phenomenon may be correlated.  

Figure 7 illustrates a breakdown of the two-dimensional 
elliptical vibration-assisted orthogonal cutting process where 
the tool engages the workpiece with the defined cutting depth 
at the start of the cycle in Figure 7(a). The elliptical motion of the 
vibration drives the tool forward to remove material (Figure 

7(b)) before the tool retracts away from the workpiece in Figure 
7(c). In the final step of the cycle, the tool advances forward 
once again to the new starting position of the subsequent 
vibratory cycle (Figure 7(d)). Figure 7(c) also includes the 
elastically recovered machined surface, which results in the 
plunging of the tool into the additional layer as it prepares for 
the subsequent cycle. 

 
 

Figure 6. Measured cutting (Fc) and thrust (Ft) forces during: (a) 
ultrasonic elliptical vibration-assisted machining (UEVAM), and (b) 
UEVAM of the sample coated with epoxy resin 

 
In this scenario of UEVAM, the plunging of the tool likely 

induces the additional thrust forces that were recorded in Figure 
6. However, the implementation of the coating alongside 
UEVAM results in lower elastic recovery of the machined 
surface, and the reduced thrust forces will be induced onto the 
cutting tool. Cutting forces were also likely to be affected by the 
elastically recovered surface, which should reveal larger cutting 
forces in UEVAM as compared to UEVAM with the coating. 
However, the layer of epoxy coating (4 μm) ahead of the cutting 
direction, which is significantly thicker than the undeformed 
chip thickness (0.5 μm), would indefinitely induce a substantial 
amount of cutting forces as reflected in Figure 6(b).  
 
3.4. Integrated effect 

At this juncture, the benefit of the integrated augmentation to 
micro-cutting in improving machining form accuracy was 
established and validated through surface measurements and 
observation in thrust forces. Hence, it is important to 
understand the potential cause for this positive result. 

The elastic recovery, otherwise known as the spring back 
(Equation 2), was previously modelled as a function of the work 
material hardness (H) and modulus of elasticity (E) [5, 6].  

𝑠 = 𝑘1𝑟
𝐻

𝐸
 

(2) 

where k1 is a scaling constant and r is the tool-edge radius. For 
the elastic recovery to decrease, the modulus of elasticity has to 
substantially increase. The tool-edge radius may be assumed to 
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be constant as the same cutting tool was used for the orthogonal 
micro-cutting experiments. Thus, the spring back would depend 
on the hardness and elastic modulus.  

 
 

Figure 7. Step-by-step illustration of the orthogonal ultrasonic elliptical 
vibration-assisted machining cycle with additional considerations for the 
elastically recovered surface: (a) initial position of a cycle; (b) material 
removal; (c) tool pull-back; (d) re-entry to initial position 

 
The latter is correlated to interatomic bonding forces, which 

are strongly affected by temperature. Assuming that the 
machined surface temperature remains the same under the 
different cutting conditions, the modulus of elasticity would 
remain constant and the spring back will be proportional to the 
material hardness. The larger spring back of the surface 
machined by UEVAM without the coating indicates that the 
surface is mechanically harder, which could have been the result 
of subsurface damage after cutting such as lattice distortion.  

Work hardening of the machined surface can be attributed to 
subsurface damage in the form of lattice distortions or the 
nucleation of a large density of dislocations [7]. Intuitively, a 
larger volume of subsurface damaged material would 
correspond to a harder surface. Interestingly, it was previously 
reported that the conventionally cut CaF2 surface with the 
coating had a 45% reduction in thickness of the subsurface 
damaged layer [8]. While the reported degree of improvement 
may differ from the subsurface damage by UEVAM, the 
relationship between the subsurface damage and hardness may 
be immediately drawn to explain the reduction in elastic 
recovery. 

Subsurface damage is largely a result of the activation of slip 
systems under the stress induced during deformation beginning 
with the primary slip system. While a major portion of the 
cutting energy is converted into plastic deformation in the 
primary deformation zone of the cutting process, a subset of the 
energy also affects the primary slip system in the subsurface 
region (Figure 8(a)). The coating alters the flow of this stress by 
inducing additional stresses into the primary deformation zone, 
which potentially activates secondary slip systems in the region 
and concentrates a larger proportion of the cutting energy into 
the primary deformation zone (Figure 8(b)). The remaining 
energy is then insufficient to affect slip systems in the tertiary 
deformation zone, and therefore reduces the deformation of 
the subsurface. This results in lower subsurface damage in the 
machined surface, which adequately explains the reduction in 
elastic recovery (Equation 2). The proposed theory will require 
further validation beyond this work, but the results of the 

integrated manufacturing technique are proven to be beneficial 
to improving the form accuracy in ultra-precision machining. 

 
 

Figure 8. Schematic illustrating the proportion of energy consumed in 
the different deformation zones during cutting: (a) flow chart for the 
dissipation of stored elastic strain energy to the primary deformation 
zone (PDZ), secondary deformation zone (SDZ), and tertiary deformation 
zone (TDZ); (b) 2D schematic of the deformation zones during cutting 

4. Conclusions      

The integration of ultrasonic elliptical vibration-assisted 
machining (UEVAM) and the pre-coating of the workpiece in 
micro-cutting of single-crystal calcium fluoride was proven to 
successfully improve the form accuracy. The surface prepared by 
UEVAM had a larger deviation from the designed geometry by 
18.4% as compared to the integration, which boasted a minor 
deviation of 5%. The impact of the elastically recovered surface 
was evident from the 21.1% increase in thrust forces by UEVAM. 
The effect of the coating was proposed to promote the 
activation of secondary slip systems in the primary deformation 
zone, which consumes more cutting energy and reduces the 
energy for deformation of the machined surface and its 
corresponding elastic recovery. The benefit of the integration is 
evidently capable of augmenting ultra-precision machining 
technology.  
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Abstract 
Fast tool servo (FTS) diamond turning is a promising technique for high-precision generation of freeform optics with remarkable 
efficiency. However, the conventional constant scheme for control point sampling fails to consider the surface variation, which might 
lose some details of the surface profile and result in low form accuracy and non-uniform surface quality. Facing this issue, this 
manuscript proposes a novel optimization method for control points sampling, which restrains the deviations and contains as much 
of the surface details. In the optimization method, the sampling intervals between two adjacent control points are actively adjusted 
to adapt the surface variation of the desired surface. By adopting this method, the sampling induced interpolation error between the 
control points is restrained within the tolerance and eliminates lack/over-definition of control points in the machining area. The 
feasibility of the proposed optimization method is demonstrated by both theoretical prediction and fabrication experiment of 
sinusoid freeform surface. Compared with the conventional sampling method, both the predicted and measured form error of the 
proposed method are remarkably reduced about 35 % with the same amount of control points. This technique provides a new route 
to sampling control points in FTS diamond turning to achieve high accuracy and flexible fabrication of freeform surface machining. 
 
Keywords: Fast tool servo, optimization sampling method, control points, desired tolerance 

 

1. Introduction 

Freeform optical surface, designed with little to no symmetry, 
is generally regarded as a disruptive evolution of optical 
systems, since it constitutes a powerful tool offering the 
possibility to enhance the optical performance or compact the 
volume of optical systems required by conventional designs, or 
a combination of these two attractive features [1]. Recently, the 
increasing applications of freeform optics in imaging and non-
imaging optical systems stimulate demands on the fabrication of 
intricate surfaces with high accuarcy and efficiency [2]. Fast tool 
servo (FTS) diamond turning is regarded as one of the most 
promising techniques due to its superior capability on sub-micro 
form error, nanoscale roughness and high machining efficiency. 
Recently, massive effort has been made to obtain the optimal 
processing conditions and improve the accuarcy and efficiency, 
including the optimization machining parameters [2-3], 
determination of toolpath [4-5], and static and dynamic motion 
induced error compensation [4, 6]. With the aid of these 
techniques, the form accuracy and surface integrity in FTS 
diamond turning have been remarkably improved on a wide 
range of engineering materials. 

In diamond turning process, the relative motion between the 
diamond tool and the workpiece is utilized to carve out the 
shape of the desired surface. Different from the conventional 
slow tool servo (STS) diamond turning, in which the motions of 
the axes are fully controlled by the machine tool and the tool 
position is determined by linear-interpolation with the adjacent 
control points on a spiral toolpath, the separated FTS adopts an 
independent system with a novel strategy to drive the diamond 
tool for flexibility and fast-response, as shown in Fig. 1. As an 
independent driven unit, the FTS controller is equipped with a 
signal amplifier and a successive of control units, which are 
employed to collect the notification and feedback, adjust signal 

deviation and enable the diamond tool. Besides, the 
unidirectional communication between the machine tool and 
the FTS controller further enhances the requirements on 
processing capacity and rapid response. In general, the tool 
position determined by the separate FTS controller is based on 
two-dimensional (2D) interpolation utilizing the adjacent control 
points. Deriving from this, the layout and storage of control 
points in the FTS controller have to be satisfied with at least two 
pivotal requirements: (a) the amount of the control points 
should be limited to be easily operated by the FTS control 
system; and (b) the control points should be well-organized for 
fast positioning and easy search. 
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Figure 1. The hardware configuration and control flow of the 
independent FTS diamond turning. 

Generally, two kinds of sampling methods are mainly used in 
F/STS diamond turning. One is the constant-angle sampling 
strategy (CASS) and the other one is the constant-arc-length 
sampling (CALS). Considering the requirement on data order, 
CASS is a more common method. The interpolation error is 
highly dependent on the distance between the cutting point and 
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the center point due to the increasing arc-length between two 
adjacent control points. To guarantee sufficient control points at 
the largest radius, angular subdivision should be conducted, 
which, in turn, results in over-defined control points 
concentrated around the center point, greatly increasing 
machining cycle time and program file size. In addition, it will 
significantly slow down the response of the control system due 
to the intricate interpolation and servo time, which easily leads 
to the asynchronization of the physical motions of the slides. To 
reduce the number of control points, achieve uniform sampling 
and rapid response, in STS or conventional FTS diamond turning, 
the CALS as well as the hybrid sampling strategy combining the 
CASS and CALS were proposed [7]. However, these strategies 
were no long suitable for the independent FTS controller. 

Another important factor in the form error is due to the 
surface profile. For the freeform optics, the surface variation 
may lead to remarkable interpolation error with respect to 
different cutting points. Thus, the CASS or CALS sampling 
methods, regardless of surface variation, inevitably result in 
heterogeneous distribution of interpolation errors on the final 
machined surface. Recently, to improve the quality of F/STS 
machined freeform surfaces, an adaptive diamond turning 
method, fully considering the side-feeding and forward sampling 
of control points to fit the surface variation, was proposed and 
demonstrated [5]. Although the adaptive diamond turning may 
be superior in generating more accurate surfaces, the 
computation load is significantly increased, compared with the 
common CASS and CALS sampling methods. In addition, this 
method, re-locating the control points from the spiral pattern, 
induces high-frequency vibration in x-axis, which might not be 
suitable for most commercial one-dimensional (1D) FTS. 

Facing this issue, a novel sampling strategy should be 
introduced to satisfy the requirements of the independent FTS 
controller. Since the constant stepover without consideration of 
surface variation may not be suitable for freeform optics, 
especially for some surfaces with significant fluctuation, in this 
research, a variable stepover along the cutting-froward and side-
feeding directions is introduced into control points sampling to 
improve the surface accuracy. Then, the adaptive control point 
sampling (ACPS) strategy is proposed with consideration of 
interpolation error corresponding the surface profile variation. 
To demonstrate the feasibility and superiority of this method, 
both numerical simulation and diamond turning experiment 
were conducted. The present study provides a new route to 
improve the surface form accuracy and machining efficiency in 
freeform optics fabrication. 

2. Methodology 

2.1. FTS control system and strategy 
In F/STS diamond turning, the turning operation is generally 

conducted in the cylindrical coordinate system (ρ, θ, z), in which 
the diamond tool follows a spiral motion. The relative motion 
along the tangent line is referred as cutting forward direction, 
while the polar axis directions are regarded as side-feeding 
direction. The servo motion along the z-axis is utilized to carve 
out the contour of the disgined surface. For the conventional 
STS, the spatial three coordinates, including ρ, θ and z, are 
determined in toolpath generation and the motions of x-, y- and 
z-axes follow each instruction to complete the whole machining 
process. However, in the separated FTS diamond turning, the 
control strategy is completely different from that in the 
conventional STS diamond turning, since the FTS controller has 
gained enhanced capability to achieve remarkable processing 
capability and ultra-fast response. Thus, in the FTS controller, a 
complete description of the machined surface profile, consisted 

with control points or functions, is elaborately organized and 
stored, rather than the spiral pattern. 

In order to distinguish the motions of the machine tool and the 
FTS unit in z-axis, the motion of FTS in z-axis is usually called w-
axis. In FTS turning operation, the real-time x-/c-axes positions 
are monitored by the grating encoders equipped on the machine 
tool, which are immediately sent to the FTS controller. The x-/c-
axes positions are employed as input for the FTS command 
generator, which is regarded as the reference location for 
searching the nearby control points. In general, there are mainly 
two kinds of sampling methods for locating control points, which 
take both accuracy and availability into consideration, namely 
ring method and mesh method, as shown in Fig. 2. For the ring 
method, as shown in Fig. 2(a), the control points are placed on a 
series of concentric circles with a constant pitch between them. 
On each circle, the control points are uniformly distributed along 
the arc with a constant angle Δθ. The adjacent concentric circles 
pitch Δρ and the constant-angle Δθ are two geometrical 
parameters for control point sampling. Similarly, the control 
points generated by mesh method form a rectangular pattern, 
where Δx and Δy are the pitches between two adjacent points 
along the x- and y-axes. After the nearby control points are 
found out, the tool position is determined by 2D interpolation, 
which is further adjusted and amplified by the PID controller to 
drive the w-axis. 

Δρ

Δx

Δy

x

y

(a) (b)  
Figure 2. Schematic diagram of layouts of control points generated by 
(a) ring method, and (b) mesh method. 

2.2. Optimization method for the independent FTS 
For a specified freeform surface with determined diamond 

tool geometry, the primary controllable factors that governing 
the final surface accuracy are the interpolation method, 
sampling density and the side-feeding induced residual tool 
marks, as illustrated in Fig. 3. As an important section in final 
surface form error, the interpolation method does not exert the 
same independence as other factors, which commonly influence 
the form accuracy with surface profile variation and control 
point density. Along the forward cutting direction as shown in 
Fig. 3(a), the interpolation error between two adjacent control 
points will lead to two kinds of interpolation errors in term of 
the positive/negative of the deviations: (a) the convexity 
induced over-cutting effect (negative), and (b) the concavity 
induced less-cutting effect (positive). Although some improved 
interpolation methods could effectively minimize the deviations, 
the computation load is increased by several order than the 
most commonly used linear method [8]. On the other hand, the 
side-feeding motion will always lead to positive tool residual tool 
marks, as shown in Fig. 3(b). 

In the FTS turning, the side-feeding motion induced form error 
can be eliminated by decreasing the motion rate in x-axis, which 
is thought to be un-acceptable in conventional STS due to the 
efficiency. However, since the spindle speed in FTS (100~600 
rpm) is usually tens/hundreds of times faster than that used in 
the conventional STS (5~30 rpm), the decrased motion rate in x-
axis does not lead to significant reduction on machining 
efficiency. Thus, the sampling interval on the whole machined 
surface should be carefully adjusted to cover each micro-feature 
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on the machined surface. Thus, the constant interval between 
the adjacent control point is no longer suitable for intricated 
surface profiles, especially large-aperture freeform optics. In the 
ACPS, the sampling interval, including the ring method and mesh 
method, is deliberately determined to adapt to surface 
variations. By carefully adjusting the control points, the 
interpolation error is always limited within the acceptable range 
on the machined surface, which can realize the full potentials of 
each control point. Thus, a much larger sampling interval can be 
adopted with slight curvature variation and vice versa. Through 
this method, the optimization can remarkably cut down the 
volume of the control points when comparing the conventional 
sampling method with the comparable surface accuracy. 
z

θ
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Desired profile

Interpolation

Diamond tool

Control point

Diamond tool

Side-feeding direction
Forward direction

Desired profile

(a) (b)  
Figure 3. Schematic diagram of form error generation in (a) the forward 
cutting direction, and (b) the side-feeding direction. 

2.3. Control point determination 
As mentioned above, in both ring pattern and mesh pattern, 

two geometrical parameters are needed to be optimized to 
simultaneously satisfy the form error tolerance along two 
directions. Since the ACPS will not change the original 
organization of the control points, i.e. equivalent control points 
per revolution, the optimization process for the two parameters 
are divided into two steps to enhance the arithmetic robustness. 
The next part takes the mesh sampling pattern as an example. 
Since the two geometrical parameters (Δx and Δy) have the 
equivalence property, the order of optimization does not 
matter. Thus, in the following section, the optimization is 
conducted with Δx and Δy consecutively. 
Δxmin

Δymin z

pm,n pm,n+1 pm,n+2 ......

z

pm,n pm,n+1 pm,n+2 ...... pm,n+3

(a) (b)  
Figure 4. Schematic diagrams of optimization process (a) initialization of 
control point, and (b) determination principle. 

At initial stage, the machine area is homogeneously divided in 
small squares with Δxmin and Δymin along x- and y-axes, which are 
treated as the smallest unit for Δx and Δy, as shown in Fig. 4(a). 
The initial sampling control points are marked with the number 
of row and column and the desired surface can be express as zm,n 
= f(xm,n, ym,n). Then, the optimization for Δx is initialized from p1,1 
to pm,1, as shown in Fig. 4(b). For instance, the control points pm,n 
and pm,n+2 are selected from the sequence. Based on the 1D 
linear interpolation, the predicted value zm,n+1’ at the position of 
xm,n+1 can be obtained and the deviation between the actual 
value zm,n+1 and zm,n+1’ can be calculated as εm,n+1 = | zm,n+1 – 
zm,n+1’|. If the obtained deviation εm,n+1 is larger than the 
acceptable tolerance εx, the initial point pm,n+1 is chosen as the 
determined control point, which is further utilized as the initial 
point to determine the next control point. On the other case, 
when the obtained deviation εm,n+1 is less than the acceptable 
tolerance εx, the next point (zm,n+3) along the mth row is 
abstracted and calculated the deviations at the positions of 
xm,n+1 and xm,n+2. If either of the calculated deviations (xm,n+1, 
xm,n+2) fails to satisfy the requirement on tolerance, the control 

point is set at the point of pm,n+2. However, considering the data 
organization, the minimum Δx should be selected from the 
columns (Δxm,n = min Δx1~max,n). Similar optimization operation is 
conducted along the y-axis to determine the appropriate 
sampling interval Δy based on the surface profile. 
2.4. Experimental setup and conditions 

To characterize the ACTS method, a typical sinusoidal micro-
structured surface was utilized for demonstration by both 
numerical prediction and experiment. The surface profile can be 
mathematically described as z(x,y) = Asin(2πfxx) + Bsin(2πfyy). 
The amplitude and the spatial frequency were set as A = B = 0.5 
μm and fx = fy = 10 mm−1. The side-feeding rate was set as fv = 5 
μm/rev and 1 μm/rev for the rough and final diamond turning 
operations. The tool used in the experiment was a commercial 
natural single-crystalline diamond tool with nose radius of Rt = 
0.083 mm, rake angle of 0° and clearance angle of 8°. 

The diamond turning experiments were conducted on a multi-
axis ultra-precision lathe Nanoform X (AMETEK Precitech Inc., 
USA). The hardware configuration of the setup is shown in Fig. 
5(a). After machining, the machined surface was cleaned by 
acetone and alcohol to remove the attached chips. The optical 
image of the machined surface is shown in Fig. 5(b). The optical 
profilometer (Zygo Nexview, AMETEK Zygo Corp., USA) was 
employed to capture the micro-morphologies of the machined 
surface, which was further introduced into the mathematical 
software for further analysis. 

Spindle

Diamond Tool

Workpiece

 
Figure 5. (a) Hardware configuration of the FTS diamond turning and (b) 
the optical images of the demonstration optical surface. 

3. Result and discussion 

3.1. Theoretical prediction of control point sampling 
In the ACPS optimization, the tolerances of the interpolation 

errors and initial minimum step were set as εx = εy = 10 nm and 
Δxmin = Δymin = 50 nm, which can be fulfilled the requirements for 
most of the optical applications. The ACPS control point pattern 
with the corresponding micro-structure surface is illustrated in 
Fig. 6(a). In order to have intuitive comparison, the conventional 
equidistant mesh sampling method, with the same number of 
control point, is further illustrated in Fig. 6(b). To get a better 
description of the features of the sampling, the projected 
control point clouds for conventional and ACPS mesh sampling 
are shown in Fig. 6(c) and 6(d). Different from the control point 
pattern with constant interval in Fig. 6(c), the ASCS control point 
pattern, in Fig. 6(d), possesses variable sampling intervals, which 
are closely related with the variation of local surface variation. 
3.2. Theoretical investigation of surface generation 

To further investigate the feasibility of the proposed ACPS 
method, numerical prediction of the machined surface was 
conducted for both ACPS and conventional mesh sampling 
methods to determine the final surface form errors. By removing 
the desired surface profile, the error maps by numerical 
prediction for the ACPS method and conventional mesh method 
are illustrated in Fig. 7(a) and 7(b), respectively. From the 
results, the distribution of form error was highly dependent on 
the surface profile variation, concentrated near the concavity or 
convexity and illustrating non-uniform error distribution. To 
have a clear view of the error, the obtained error maps are 
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observed from xz-plane as shown in Fig. 7(c) and 7(d). By 
comparison, the form error on ACPS method surface was 
constrained in a narrow band within ±19.632 nm, while the form 
error by conventional mesh sampling approximately follows 
harmonic curves, covering within ±30.072 nm. This suggested 
that the ACPS method has largely reduced the surface error, 
which is about 65.3 % of the error by conventional sampling. 
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Figure 6. Schematic diamgram of (a) the demonstration surface and (b) 
the corresponding control points, (c) and (d) the projected conventional 
control points and the ACPS for the F/STS. 
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Figure 7. Theoretical prediction of the machined surface by (a) ACPS, and 
(b) conventional mesh sampling, and the corresponding error maps in 
xz-plane by (c) ACPS, and (d) conventional sampling. 

3.3. Surface characterization and discussion 
The obtained micro-morphologies of the machined surfaces by 

using ACPS and conventional mesh sampling method are 
captured and shown in Fig. 8(a) and 8(b). After removing the 
desired surface profile, the corresponding error maps are shown 
in Fig. 8(c) and 8(d). From the result, it is clear that significant 
reduction of form error is achieved on the machined surface 
with ACPS method, which well agree with the numerical 
prediction in Fig. 7(a). The error map obtained from the 
machined surface by conventional mesh sampling method 
involves remarkable concavity and convexity in Fig. 8(d), which 
was similar with the theoretical prediction result shown in Fig. 
7(d). However, the measured PV-values results are larger than 
those of the numerical prediction. It might be due to the other 
potential factors affecting the final form error, such as tool 
shape error. Based on the above result, the feasibility of the 
ACPS method was demonstrated for achieving uniform surface 
quality and constraining form error. The comparison between 
two machined surfaces is listed in Table 1. 

Table 1 Surface characteristics of the machined surfaces 

 ACPS method Conventional method 

Number of control point 17161 

PV-value /nm 66.4545 106.5578 

RMS /nm 11.0402 16.9140 

Surface roughness Sa /nm 4.5 5.2 
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Figure 8. Measured machined surface by (a) ACPS, (b) conventional 
sampling, and the corresponding form error of the diamond turned 
surface obtained by (c) ACPS, and (d) conventional sampling method. 

4. Conclusions 

A novel ACSP method for FTS diamond turning is proposed for 
generation of intricated freeform optics to improve the form 
accuracy and enhance the efficiency simultaneously. Different 
from the conventional STS diamond turning, the control points 
on the machined area are sampled in concentric or mesh 
patterns. By computation of the interpolation error along both 
directions, the optimal sampling interval, adaptive to the surface 
profile variation, can be precisely determined. In addition, a 
theoretical comparison of the machined surface in both ACSP 
and conventional uniform sampling was conducted. The 
numerical results indicated that the ACSP can remarkably 
improve the surface form accuarcy and surface roughness with 
same amount of control points. Finally, cutting tests were 
conducted, which presented well agreement with the predicted 
results. 
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Abstract 
The fabrication of thin-walled structures has shown to be challenging with conventional machining techniques, especially due to the 
dynamics of high rotational tools. As structures continue to shrink in size, high aspect ratio features like micro fins become harder to 
generate due to the scale of the machining dynamics compared to the feature size. To avoid this, skiving presents itself as an ideal 
process to produce such thin and intricate features. The process creates the fins by “slicing” into the material without removing it, 
increasing the surface area of the material with a finite volume. However, fabrication of thin fins less than 50 um using conventional 
CNC tools, proves to be challenging due to limitations in both the machine and materials. As such, skiving using a diamond tool on an 
ultraprecision machine is proposed. Using a single setup, these micro fins can now be directly produced on the surface of the 
substrate, ensuring minimal geometrical deviations. In this paper, the fabrication of micro fins is discussed, along with the 
accompanying limitations and challenges.  
 
Ultra-precision, Diamond, Micromachining  

 

1. Introduction 

Thin-walled structures have always posed a myriad of 
challenges in terms of fabrication. In machining, these are 
usually associated with the low rigidity of the features, leading 
to deformation and vibrations which inherently affect the 
overall precision and finishing of the parts [1]. This is especially 
critical when the features machined are scaled down in size, not 
only reducing the overall tolerances of the features, but also 
lowering the rigidity due to the thinness of the material. These 
result in sensitive features that can be easily damaged. As such, 
alternative manufacturing processes are required to produce 
such intricate features.  

To create high aspect ratio fins, skiving has been the de facto 
technique widely used in the production of heat radiators. These 
fins are produced on a specialized 3-axis machine that can slice 
into the substrate material to form the newly sliced material at 
an angle away from the base of the substrate without removing 
it. This allows for extremely thin fins to be formed very close to 
each other with minimal material wastage. Thus, this technique 
circumvents the dynamic issues present in alternative machining 
processes. 

However, traditional skiving processes are unable to generate 
more intricate fins thinner than 50 µm due limitations in terms 
of the accuracy and compliance of the machines used, as well as 
the sharpness of the tools used to slice into the substrate.  

To address these issues, the proposed diamond micro skiving 
processes serve as an interesting alternative to produce micro 
fins tenths of microns in thickness. Using a unique setup on a 5-
axis Ultra Precision Machine (UPM), a flat edged diamond tool is 
used, allowing the process to overcome the physical limitations 
present in conventional skiving processes [2]. 

In this study, the generation of micro fins are investigated 
using two forms of diamond skiving. This is followed by the 
experimental results and an analysis, as well as a discussion on 
the various factors affecting the diamond skiving process. 

2. Diamond skiving      

Diamond skiving employs the use of a diamond tool to 
selectively slice a layer of material without removing it. This 
leaves a sliver of material on the desired surface, creating micro 
features which are difficult to directly produce using 
conventional material removal techniques. To enable this on the 
UPM with a controlled rake angle, the tool is set upon the 
machine as shown in Figure 1, with the rake face of the tool 
parallel to the Y- axis, facing the -X direction.  

The mechanics of the feature generation by skiving is akin to 
that of material flow in conventional machining processes. 
However, as only a sliver of material is required to be left upon 
the surface, there are a couple of strategies which can be 
adopted to generate the desired features on the surface of the 
workpiece depending on the geometry of the features, as shown 
in Figure 2.  

The first technique involves entry of the material surface at an 
angle, at which the front clearance of the tool does not affect 
the subsequent features, for the thickness of the fin. After 
which, the tool travels horizontally along the surface of the 
substrate to create the micro fin. This process is straight forward 
and can be initiated at any point on the surface. It also does not 
require thick stock material to create taller fins. However, the 
drawback is that the density of the fins will be affected as the 
subsequent fins have to be sufficiently spaced from the initial 
fin.  

The next technique only requires the entry motion of the tool 
into the surface of the workpiece at an angle which is sufficient 
to not interfere with the front clearance of the tool. This allows 
for the micro fins to be densely packed with smaller inter-fin 
spacing. The height of the fins is directly related to the depth of 
the tool plunge, while the fin thickness depends on the period of 
the tool entry. For dense micro fins with high aspect ratios, a 
combination of the two processes can be executed to produce 
the features. 
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3. Experimental verification 

To verify the feasibility of the process, a single crystal diamond 
tool with a 200 µm flat end, 15 degrees front clearance and an 
included angle, also known as the nose angle, of 20 degrees was 
used. This tool was selected to create fins with rectangular 
profile compared to the tools used in conventional turning 
processes. The tool was positioned on the B-stage of the 5-axis 
ultra-precision machine with the rake face facing the X- 
direction, as seen in Figure 3. This allows for the precise control 
of the tool’s rake angle using the rotation of the B-stage, due to 
the tight angles involved, especially when the front clearance of 
the tool geometrical restricts this specific setup. 

The workpiece used in this verification process was a 
cylindrical brass rod, measuring 10 mm in diameter, with the 
features being formed on the circular end of the rod in a 
hexagonal pattern. This was to ensure that observations and 
measurements of the profile of the formed fins were easily 
accessible, without the need to focus through the other formed 
features. Brass was also chosen due its ductility and low wear 
rates when using diamond tools. Moreover, a flood coolant was 
used, increasing the lubrication while reducing friction and wear.  

For this experiment, the rake angle of the tool was set at a 
positive 12 degrees. With an approaching angle of 2 degrees, the 
remaining available front clearance of the tool was 1 degree. 
This was so that the tool had sufficient clearance so as not to 
unintentionally chafe the surface of the unformed material.  

For the surface skiving, the experiment consists of having 
various penetration depths, along with various skiving lengths. 
This allows for the understanding of the parameters to enable 

the micro fins to be formed. For the investigation of the diagonal 
skiving parameters, variations in the depth of the slice and the 
spacing of the fins were examined. Details of the parameters 
using in this study have been tabulated in Table 1 and Table 2, 
while the description schematic of the is provided in Figure 4 and 
Figure 5 respectively. 

 The surface of the workpiece was prepared by facing the 
workpiece using the flat tool to ensure the alignment of the Z- 
coordinate before the experiments were executed. As for the 
positioning of the tool, the established parameters provide a 
basis upon which the point cloud can be based. The feed of the 
tool was set at 50 mm/min, with a 0.3 second dwell time at the 
base of the fin before retracting and indexing to the next 
plunging location.  

4. Results and discussion      

Using the flat nose diamond tool, micro fins were successfully 
generated on the surface of the brass workpiece with surface 
skiving and diagonal skiving, as shown in Figure 6 and Figure 7 
respectively. These were taken using an optical microscope with 
a 1000x objective. Used a datum reference, the images also 
possess a reflected image from the face of the brass workpiece.  

For surface skiving, the generation of micro fins using 1 µm 
depth of cut was unsuccessful. This can be attributed to the 
insufficient depth of cut (DoC) to overcome the compliance of 
the material with the edge radius of the tool, resulting in the 
material not being engaged and sheared by the tool [3,4]. 
Furthermore, the tool edge radius effect becomes more 
prominent as the DoC approaches the dimension of the tool 
edge radius, causing a negative effective rake angle. Instead, the 
surface is being rubbed and burnished. While it may be possible 
to identify the minimum DoC required to engage the material, 
the result would be specific for this tool and/or the edge radius. 

As for the 5 µm and 10 µm DoC surface skiving experiments, 
the micro fins were successfully generated, as seen in Figure 6. 
All the micro fins possess a characteristic curl, with more 
prominence as the fins are generated with longer lengths. They 
also have a higher curvature at the tips of the fins due to the 
thinner profile of the cross-section. This fin profile is akin to that 
of conventional chip formation in traditional machining models. 
Due to the shear angle of the material, the shear bands can be 
seen building up in the inner side of the curl. This results in the 
fin possessing one shorter side and one longer side, causing the 
fin to curl inwards towards the shorter side of the fin. This is 
further corroborated with the increase in the fin thickness, with 
an average of 6.75 µm and 14.2 µm, from the unformed chip 
thickness of 5 and 10 µm respectively, provided by the 
penetration depth. 

Figure 3. Physical experimental setup of diamond skiving with the tool 
facing the X- direction. 

 

Figure 2. Various ways to skiv micro fins using diamond tools with the 
fins generated from left to right. (Top) Surface skiving and (Bottom) 
Diagonal skiving. 

Figure 1. Setup of the tool and workpiece for the diamond skiving 
process, with the tool rake facing the X- direction. 
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The diagonal skiving experiments also successfully generated 
micro fins, albeit with interesting patterns, as seen in Figure 7. 
For the micro fins formed using a 5 µm penetration depth, the 
lower fin height resulted in smaller side profile aspect ratios 
compared to the other longer fins. This allowed for a less 
prominent curve of the micro fins, allowing them to stand 
relatively perpendicular to the substrate surface. 

The micro fins with the 10 µm DoC and shorter fin spacing on 
the other hand resulted in an unstable micro fin formation. 
Whilst these fins have a straight formation profile, the direction 
at which they point in fluctuates for each fin. This disparity may 
be caused by various factors including, but not limited to, the 
acceleration and deceleration of the tool, structural stability, 
and the residual stresses. 

This instability also is also observed the fins formed with the 
15 µm DoC. However, there are periodic moments at which the 
fins form a full curl, creating a corrugated surface with a cross-
sectional profile akin to mini pipes (See Figure 7 – bottom left).  
The larger unformed fin thicknesses for both 10 and 15 µm DoC 
created consistent and uniform micro fins with the characteristic 
curls.  

To address the curls and create straighter micro fins, the ideal 
rake angle of the tool must be set perpendicular to the shear 

angle of the material. This allows the tool to slice through the 
substrate without much change to the uncut chip thickness to 
form the micro fins and avoids the formation of the shear bands. 
However, due to the geometrical limitations of the diamond 
tool, this is not possible. Comparing the surface skiving to 
diagonal skiving, the curls in the surface skived fins are more 
prominent. This is due to the relative rake angle between the 
tool and the workpiece, as there is an increase in the resultant 
rake angle for the diagonal skived fins. 

The fin thicknesses of the diagonal skiving fins have also been 
plotted against the average measured thickness, as seen in 
Figure 8. From the plot, the fin thicknesses for both the 5 and 10 
µm DoC processes taper out after a certain point, compared to 
the theoretical fin thickness, T, derived from the geometries as 
follows: 

 
 𝑇 = 𝑆 tan 𝜗 (1) 

 
Where S is the inter-fin spacing and ϑ is the approaching angle. 

This results in fins that are generated without interaction with 
the material removed from the previous cuts. This theoretical 
limit can be determined by the length of the unformed fin 
length, L, which can be determined as follows: 

 

Figure 5. Parametric definition of diagonal skiving parameters. Figure 4. Parametric definition of surface skiving parameters. 

Figure 6. Results of micro fins formed by surface skiving. (Top row - from left to right) 5 µm deep micro fins with increasing unformed fin length. 
(Bottom row - from left to right) 10 µm deep micro fins with increasing unformed fin length. Arrow scales are with 50 µm markings. 
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𝐿 =  
𝐷𝑜𝐶

sin 𝜗
 (2) 

 
Thus, the depth of cut provides a limit to the maximum 

unformed chip thickness of the micro fins, with more 
interactions of material when the inter fin spacing is smaller. 

5. Conclusion     

The successful generation of micro fins using ultraprecision 
diamond skiving has shown promise in the fabrication of thin-
walled structures. Using two separate techniques, namely 
surface skiving and diagonal skiving, these high aspect ratio 
features were generated using a flat edge diamond tool. The 
motion of the tool leaves a sliver of material at the end of each 
pass without removing it, resulting in micro fins of various 
geometries. With a unique setup of the tool, control of the rake 
angle was possible without the need for additional axes to be 
added in the 5-axis UPM. This was done by placing the tool on 
its side and setting it upon the B-stage, with the rake facing in 
the -X direction.  

These fins were generated using depth of cuts of more than 5 
µm. By varying the process parameters, such as the inter-fin 
spacing and penetration depth, the resulting cross-sectional 
profile of the micro fins change accordingly, with a characteristic 
curl due to the shear bands within the fin. Longer and thinner 
fins have shown to curl more, and in some cases creating micro 
pipes. An understanding on the interaction of parameters in 
diagonal skiving have also been discussed, allowing for the 
design of the fin length and thickness.   
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Figure 8. Diagonal skiving fin thickness variation between the various inter-fin spacings and the fin thickness for the various 
penetration depths. 

Figure 7. Results of micro fins formed by surface skiving. (Top row - from left to right) 5 µm deep micro fins with increasing inter fin spacing. (Middle 
row - from left to right) 10 µm deep micro fins with increasing inter fin spacing. (Bottom row - from left to right) 15 µm deep micro fins with increasing 
inter fin spacing. Arrow scales are with 50 µm markings. 
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Abstract 
The present study deals with the performance of the textured tungsten carbide cutting tools for titanium machining. In order to 
simplify the tool-chip interaction with textured tool rake surface, a single and dual-groove texturing method has been adopted. Nd: 
YAG nanosecond laser has been used for fabricating single and dual-groove textures. Further, the textured tools have been PVD 
coated with nitride-based coatings. The developed tools were employed for turning aerospace-grade titanium alloy under a dry 
cutting environment. Cutting forces, average interface friction, and adhesion behavior of the different textured and coated textured 
tools have been recorded and presented. Variable interface friction associated with single and dual-textured tools changed the 
adhesion behavior and chip undercutting. Uncoated dual groove has offered the highest resistance to the chip flow and registered 
maximum friction coefficient. AlTiN single and dual-groove textured tools have reduced friction by 7.3% and 23.3%, respectively.  
 
Keywords Titanium; Textured tools; PVD coating; Machining        

 

1. Introduction 

Ti6Al4V alloy is one of the most widely used materials for the 
aerospace, automobile, and biomedical sectors. The final 
product manufacturing phase needs machining of Ti6Al4V alloy. 
Machining of titanium alloy has been a challenging task for metal 
cutting researchers. High yield strength, lower thermal 
conductivity, and high chemical reactivity of Ti6Al4V cause major 
tool degradation during machining [1]. Newer surface 
engineering methods have been developed (laser texturing, PVD 
coatings, surface treatment, etc.) to reduce the rate of tool 
degradation and improve machining performance [2].  

Laser texturing on tungsten carbide cutting tools has been 
widely investigated in the last decade; however, a balance 
between the cost-effectiveness of texturing and tool 
performance is yet not achieved. Texturing of tungsten carbide 
tools might increase the cost of manufacturing as additional 
laser processing is desired after the final tool manufacturing 
stage. Although textured cutting tools have obtained the 
reduction in cutting forces, tool wear, and the cutting 
temperature [3–6], the chip adhesion inside textures and 
resulting influences on friction coefficient during machining are 
highly complicated. Some studies have reported that textured 
cutting tools improve surface finish however there is no 
correlation between texture parameters and surface finish 
parameters [7]. Uncoated textured tools have suffered severe 
chip adhesion during machining [8]. The microtextures undercut 
the thermally softened chips, which get deeply impregnated 
inside the space offered due to the presence of microtextures. 
The phenomenon is often termed derivative cutting [8] or 
interfacial multipoint microcutting (𝐼𝑀𝑃 − 𝜇𝐶) [9]. The 
occurrence of this behavior is independent of different 
tribological conditions relevant to engineering applications 
(depending on loading, temperature, and sliding conditions). In 
order to reduce the chip undercut and consequent 𝐼𝑀𝑃 − 𝜇𝐶 
phenomenon, PVD coatings can be one of the methods to 
mitigate the frictional heat at the secondary tool-chip zone. 

Similar to texturing, PVD coating is another additional process 
for tool manufacturing and shall be justified with the tool 
performance. Due to widely available methods of industrial 
coating, its cost and processing are convenient for cutting tool 
industries.  

The present research is an attempt to analyze the friction and 
adhesion behavior for textured cutting tools during titanium 
machining. For the sake of simplicity, single and dual-groove 
textured tools have been fabricated (owing to the maximum 
probable contact length at a selected machining condition).  

2. Materials and method 

The straight-grade tungsten carbide tools (WC-6Co, WIDIA 
CNMA120408) have been used for texturing and final machining 
experiments. Nanosecond (solid-state Nd: YAG) laser has been 
used for texturing of carbide cutting tools. The laser processing 
parameters are kept the same as in previous research conducted 
by our research group [7,10]. Laser pulses hit the tungsten 
carbide to eject the metal binder from the surface. The molten 
binders (Cobalt) loosen the WC grains and eject the WC grains 
with subsequent laser pulses. The texture parameters are kept 
to Width of texture = 𝟏𝟐𝟎 𝝁𝒎, depth of texture ~𝟑𝟎 𝝁𝒎, the 
distance of texture from the cutting edge = 𝟏𝟓𝟎 𝝁𝒎 with two 
variations along the contact length (single and dual groove). The 
microgroove has been fabricated to sufficiently cover the zones 
parallel to the tool nose region, principle cutting edge, and 
auxiliary cutting edges. Textured tools have been polished 
before depositing PVD coatings. AlTiN coating has been 
deposited on the untextured and textured cutting tools using 
the PVD coater (Oerlikon Balzer, India). Commercially available 
AlTiN coating has been administered on the polished tool 
surfaces with a thickness of ~ 𝟏. 𝟓 𝝁𝒎. The coating morphology, 
cross-section, growth, and chemical stoichiometry of the PVD-
coated untextured cutting tools can be seen in our research [11].  

Ti6Al4V alloy has been used as a workpiece material for turning 
in a dry environment. Machining parameters have been kept 
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constant to 𝑣𝑐 = 90 𝑚/𝑚𝑖𝑛, 𝑓 = 0.12 𝑚𝑚/𝑟𝑒𝑣, 𝑎𝑝 = 0.5 𝑚𝑚. 

All experiments were run for 1 min cutting time. The cutting 
forces were recorded using a piezoelectric dynamometer (Kistler 
9129AA) and used for calculating the apparent friction 
coefficient(𝜇𝑎𝑝𝑝). Adhesion of work material over the tool and 

inside the grooves was analyzed under a scanning electron 
microscope with energy dispersive X-ray spectroscopy (SEM-
EDS: Bruker-ASX QuanTax200).  

 

Fig. 1 Laser processing on tool rake face for groove generation  

3. Results and discussion  

The results pertaining to the apparent friction coefficient are 
shown in Fig. 2. Amongst various tools, dual groove textures 
have significantly reduced friction coefficient for coating 
conditions. In the case of the dual-groove uncoated tool, high 
interaction of chip-underside with texture edge cause heavy 
undercutting, which causes high friction. Fig. 3 shows the 
adhesion on the coated tools with different textures. 
 

 
Fig. 2 Apparent friction coefficient for different cutting tool conditions  

 
 
 
 
 
 
 
 
 
 
 
 
 

Adhesion area for different tools remain similar and mostly 
concentrated to the tool nose. A high concentration of titanium 
is evident on plain tool (no texture) (Fig. 4), which suggest heavy 
adhesion of work material due to consecutive stacking of the 
flowing chips. The concentration of titanium is reduced for single 
and dual grooved cutting tools. The results support the 
reduction in the adhesion characteristics of work material due 
to the combined effect of texturing and coating over the cutting 
tools.  
 

 
 

Fig. 4 Titanium adhesion on the tool rake face 
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Abstract 
Ultrasonic vibration cutting is a potential method for ductile machining of brittle materials. Although there are some research works 
trying to answer why the ultrasonic vibration promotes ductile machining of brittle materials, most of them are based on geometrical 
and kinematic analysis. In this study, plunge-cutting experiments under the conventional and vibration-assisted cutting conditions 
were conducted on single crystalline silicon and the results were compared to those of multi-cyclic nanoindentation tests. The surface 
morphology and subsurface microstructure of both machined grooves and residual indents were characterized. Results of plunge-
cutting experiments show that with ultrasonic vibration cutting, the critical depth of cut for ductile-to-brittle transition and the 
amorphous phase in cutting chips are increased compared with conventional cutting. Results of multi-cyclic nanoindentation tests 
show that the indentation-induced amorphous layer increased as the cyclic number increased, which is consistent with the cutting 
results. The findings from this study may help understand the removal mechanism of brittle materials during ultrasonic vibration 
cutting. 
 
 
Ultrasonic vibration cutting, Cutting mechanisms, Ductile machining, Brittle materials, Cyclic nanoindentation   

 

1. Introduction 

Ultrasonic vibration-assisted diamond turning (UVDT) has 
been regarded as a promising technology for efficiently 
machining ferrous materials such as hardened steel and high-
entropy alloy, as well as hard-brittle materials such as tungsten 
carbide, optical glass, and silicon carbide [1,2]. It has been 
demonstrated that UVDT can suppress the tool wear in 
machining of ferrous metals and improve the critical depth of 
cut in machining hard-brittle materials [3,4]. Recently, the 
development of various UVDT systems have been reported by  
many researchers [5-7].  

In parallel, the machining mechanisms of UVDT process is also 
a hot research topic for decades. Shamoto et al. [8] supposed 
that the intermittent cutting due to the ultrasonic vibration 
causes the separation of the tool rake face from the chip. Owing 
to the tool-chip separation induced aerodynamic lubrication 
between the tool rake face and the chip, the friction at the tool-
chip interface is reduced; meanwhile the instantaneous cutting 
force, which may cause materials brittle fracture, is reduced as 
well. Nath et al. [9] developed a predictive model for the 
maximum thickness of cut (TOCm) of the workpiece material in 
the ultrasonic elliptical vibration cutting process, taking into 
consideration of the cutting speed, the tool vibration frequency, 
and the vibration amplitudes. They found that to achieve the 
ductile finishing of brittle materials, the TOCm must be smaller 
than the critical depth of cut. Huang et al. [10] proposed a 
concept of ductile-regime machining in the ultrasonic elliptical 
vibration cutting of brittle materials. They believe that owing to 
the elliptical vibration locus, there is a space between the locus 
and the plane of machined surface, which can tolerate the crack 
propagation. Those cracks in the tolerable space will be removed 
by the next locus of cut, as long as the cracks do not penetrate 

into the plane of the machined surface. Therefore, ultrasonic 
elliptical vibration cutting could improve the critical depth of cut 
of brittle materials. Wang et al. [11] reported an optimal nominal 
cutting speed and vibration amplitudes which show significant 
impacts on the ductile-to-brittle transition behaviour in the 
ductile-regime elliptical vibration cutting of brittle materials. 
However, the above mentioned machining mechanisms are 
investigated from the aspect of geometry and kinematics. The 
material deformation behaviour of UVDT process have not been 
considered. Arefin et al. [12] investigated the chip formation, the 
forces, and the corresponding machined surfaces of 1D vibration 
cutting by Finite Element (FE) simulation. Liu et al. [13] 
established an effective tool rake angle model and applied 
molecular dynamics (MD) simulation to reveal the material 
removal mechanism in elliptical vibration cutting of brittle 
materials. However, up to date no experimental studies are 
available which focus on the material deformation behaviour in 
UVDT process. 

The challenge of experimental study on the machining 
mechanism of UVDT process is that the evolution of material 
deformation caused by the cumulative intermittent cutting is 
difficult to be in-situ characterized. As an alternative to the 
intermittent cutting, multi-cyclic nanoindentation is effective to 
clarify the machining mechanisms of cyclic loading/unloading. 
Although there is some literature about the multi-cyclic 
nanoindentation of brittle materials, such as zirconia [14], 
germanium [15], and silicon [16], the relationship between the 
multi-cyclic nanoindentation results and the vibration cutting 
results have not been associated with each other. 

In this study, plunge-cutting experiments under the 
conventional and vibration-assisted cutting conditions and the 
multi-cyclic nanoindentation tests are conducted on a typical 
brittle material, single-crystalline silicon. The surface 
morphology and subsurface microstructure of both the 
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machined grooves and the residual indents are characterized. 
The material deformation behaviour in vibration cutting process 
is explored by combining analysis of plunge-cutting experiments 
results with multi-cyclic nanoindentation tests results. 

2. Material and methods      

2.1. Material    
A p-type boron-doped single-crystal silicon (100) wafer was 

used as the workpiece. The workpiece surface was polished to a 
smooth finish with a surface roughness of <2 nm Sa in a field of 
360 × 360 μm2. 

 
2.2. Plunge-cutting experiment      

Plunge-cutting experiments were conducted using an 
ultraprecision lathe (ASP-15, NACHI-FUJIKOSHI Co., Ltd., Japan) 
[17]. As illustrated in Figure 1(a), a silicon wafer was fixed on an 
aluminum block with a slight inclination, the inner side of which 
14 mm away from the center of spindle. The depth of cut is 
therefore increased gradually as the spindle rotates. The feed 
rate in the x direction is chosen to be large enough so that the 
grooves are cut without interference. The spindle rotation rate 
was set to 20 rpm. A diamond tool with a nose radius of 0.9 mm 
was mounted to an ultrasonic tooling system (UTS2, Son-X 
Company, Germany) which can produce the vibration of tool at 
a frequency of 101.68 kHz with the resonance amplitude of 1.0 
μm [1]. When the ultrasonic tooling system was turned off, the 
microgrooves were machined under conventional cutting 
condition. 

After the plunge-cutting tests, the possible phase changes of 
the machined grooves were characterized using a laser micro 

Raman spectroscope, (inVia Raman, Renishaw Plc., UK).  The 3D 

topography of the grooves was measured using a white light 
interferometer (Talysurf CCI 1000, Taylor Hobson Ltd., UK). 

 

  
 

Figure 1. (a) Schematic model of a microgroove plunge-cut with a round-
nosed tool. (b) The load-time curves of single nanoindentation and 5 
cycles multi-cyclic nanoindentation. 

 
2.3. Multi-cyclic nanoindentation test     

Multi-cyclic nano-indentation tests were performed using a 
nanoindentation instrument (iNano, KLA Corporation, USA) 
equipped with a Berkovich diamond tip. The tip radius was 
estimated to be ~40 nm [18]. For the single indentation cycle, a 
maximum indentation load (Pmax) of 10 mN was used. For multi 
indentation cycles, the Pmax of each cycle is listed in Table 1. The 
holding time at the maximum indentation load for each cycle 
was 1 second. Figure 1(b) presents the load-time curves of single 
and 5 cycles multi-cyclic nanoindentation. The load curve follows 
the rule of constant indentation strain rate through continuous 
stiffness measurement (CSM) method. The load (P) equation is 
expressed in the following form, 

 



 = constant

P

t
P

 (1) 

After the nanoindentation tests, the residual indents were 
characterized using an atomic force microscope (AFM), 
(AFM5100 N, Hitachi High-Technologies Corp., Japan). The 

possible phase changes of the residual indents were 
characterized using the inVia Raman spectroscope.    

 
Table 1 Maximum load (Pmax) of each indentation cycle in multi-cyclic 
nanoindentation. 
 

 Total number 
of cycles 

1st 
cycle 

2nd 
cycle 

N th 
cycle 

Last 
cycle 

Pmax 

(mN) 

2 cycles 5 10 - 10 

5 cycles 10/24 10/23 10/25-N 10 

10 cycles 10/29 10/28 10/210-N 10 

20 cycles 10/219 10/218 10/220-N 10 

3. Results  

3.1. Topography of microgrooves 
Figure 2(a) and (b) show three-dimensional topographies of 

microgrooves on the silicon wafer plunge-cut under 
conventional and vibration cutting conditions. From the left to 
the right of the figure, as the depth of cut increases, the 
microgroove is gradually broadened. It can be also seen that the 
groove machined under the vibration cutting condition has a 
smoother edge as compared to that under the conventional 
cutting condition, although both grooves were cut by the same 
tool edge at the same conditions except the ultrasonic vibration. 
This phenomenon is similar to that reported in the UVDT of glass 
[8], which indicates that the material removal becomes more 
ductile at the vibration-assisted cutting condition.  

Then, the critical depth of cut where the ductile-brittle 
transition occurred were measured from the cross-sectional 
profiles of the microgrooves. The critical depths of cut were 43 
nm and 135 nm under conventional and vibration cutting 
conditions, which indicates that vibration cutting increases the 
critical depth cut by 3 times. 

 

 

 
 
Figure 2. Three-dimensional topographies of the microgroove plunge-
cut at (a) conventional cutting condition, and (b) vibration cutting 
condition. (c) and (d) are the profiles of the microgroove grooves 
corresponding to (a) and (b). (The white spots in (c) and (d) indicate lack 
of data, which is caused by the surface damages.) 
 

3.2. Raman spectroscopy of microgrooves 
Figure 3(a) shows the Raman spectra of the microgrooves 

plunge-cut under conventional and vibration cutting conditions. 
The laser micro-Raman tested points are within the ductile 
region of the microgrooves. It can be seen that each spectrum 
only exhibits strong peak around 520 cm−1, corresponding to the 
single crystalline silicon (c-Si). However, the intensity of the 
crystalline silicon under the vibration cutting condition is slightly 
weaker than that under the conventional cutting condition. 
Meanwhile, its intensity at the shift of about 475 cm−1 which 
corresponds to the amorphous silicon(a-Si) is slightly stronger. 
These results indicate that vibration cutting will cause higher 
extent of amorphization beneath the machined surface. 
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Besides, the cutting chips adhered on the machined surface 
are measured by the Raman microscope as well, as presented in 
Figure 3(b). It can be seen that there exist two main peaks 
corresponding to a-Si and c-Si under both cutting conditions. 
This fact agrees with previous results where partly amorphous 
and partly crystalline chips are generated in ductile cutting of 
silicon [19]. Since the absolute Raman intensities varied with the 
density and size of the chip cluster, the Raman analysis of cutting 
chip is based on the peak intensity ratio (r). The Raman peak 
intensity ratio r is defined by: 
 r = Ia/Ic (2) 
where Ia is the intensity of the amorphous silicon peak, and Ic is 
the intensity of the crystalline silicon peak. 

Results show that the Raman peak intensity ratio under 
conventional cutting and vibration cutting conditions are 1.097 
and 1.179. The larger r under vibration cutting condition 
indicates that the intermittent cutting would promote the 
amorphization of silicon. This might be because, on the one 
hand, after the chip has been separated from the tool 
(unloading), a phase transformation from metallic state β-Sn (Si-
II) to amorphous will take place in the chip material near the tool 
[19]. On the other hand, the intermittent cutting increases the 
number of separations between the material and tool. 

 

 
 
Figure 3. Raman spectrum of (a) ductile region of microgrooves, and (b) 
cutting chips. 

 
3.3. Topography of residual indents 

Figure 4(a1) – (e1) present typical load-depth curves obtained 
under single, 2 cycles, 5 cycles, 10 cycles, and 20 cycles 
nanoindentation tests, respectively. The occurrence of an elbow 

event, that is the slope of the unloading curve suddenly changes, 
was observed in all nanoindentation tests, which indicates that 
the Si-II phase formed during the loading process transforms 
into a-Si phase [20]. However, the pop-out event was not 
observed in all nanoindentation tests, which is different from 
the results reported by Fujisawa et al. [21]. In their study, during 
the cyclic nanoindentation of silicon with a maximum load of 10 
mN, the pop-out event could occur when the applied force was 
unloaded to about 4 mN. The difference may be due to the 
different loading methods of the two studies.  

Besides, it can be seen from insets of Figure 4(b1) and (c1) that 
in the previous cycle, the indentation depth decreased when the 
applied force unloaded to the minimum value; and then in the 
current cycle, when the applied force started to reload to the 
value the same as previous cycle, the indentation depth 
gradually increased and reached the same depth as before the 
previous cycle unloaded as well. This indicates that the material 
deformed only within the elastic range during the initial stage of 
each cycle of subsequent loading. 

Figure 4(a2) – (e2) and their insets show the cross-sectional 
profiles of residual indents and the corresponding AFM 
morphologies of the residual indents. The locations of the cross-
sectional profiles were indicated as black lines in the insets. It 
can be seen from the each inset that three pileups formed next 
to the three planes of residual indents, but the size and height 
of the three pileups are different due to the anisotropy of silicon. 

The cross-sectional profiles assist in quantitatively analyzing the 
height of pile-ups and the depth of residual indents. Results 
show that in all cases the height of pile-ups are about 15 nm, and 
the depth of residual indents are about 35 nm, which indicates 
that both the height of pile-ups and the depth of residual indents 
are independent of number of cycles of indentation. 

 

 
 
Figure 4. Load-displacement curve of: (a1) single, (b1) 2 cycles, 
(c1) 5 cycles, (d1) 10 cycles, (e1) 20 cycles nanoindentation. (a2) 
– (e2) are the AFM line profiles obtained along black lines in their 
corresponding insets.  
 
3.4. Raman spectroscopy of residual indents 

Figure 5 shows the Raman spectra of the residual indents. It 
can be seen that all indentations caused the formation of a-Si 
phase, as evidenced by the existence of Raman peaks around 
475 cm-1. These results also support the viewpoint that elbow 
event is the signal of amorphous silicon formation. In general, as 
the cyclic number increased, the intensity of a-Si peak gradually 
increased, while the intensity of c-Si peak gradually decreased. 
However, as the number of indentation cycles increases further, 
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in particular from 5 to 20 cycles, the degree of amorphization 
almost no longer increases, and the crystallinity of c-Si no longer 
decreases as well.  

 
 

Figure 5. Raman spectra obtained from the polished surface and the 
residual indents corresponding to single nanoindentation and cyclic 
nanoindentations. 

4. Discussion      

The results of plunge-cutting experiment indicate that the 
intermittent cutting promotes the amorphization of chips, which 
has been explained from the viewpoint that the vibration cutting 
process increases the number of tool-workpiece impacts and 
separations, additionally the amorphous phase takes place 
during the tool-workpiece separations. Furthermore, the results 
of multi-cyclic nanoindentation test, i.e., the elbow occurred 
during unloading and the intensity of a-Si peak increased with 
the cyclic number, are consistent with the cutting results. 
However, according to the fact that the amorphization stops 
increasing as the number of cycles further increases in the 
nanoindentation tests, it can be supposed that there is an upper 
critical vibration frequency in the vibration cutting process, 
above which the degree of amorphous phase in chips will not 
increase anymore. 

Besides, according to the load-displacement curves of 
indentations, it can be inferred that during the vibration cutting 
process there is a stage of complete elastic deformation when 
the tool separates from the workpiece material and contacts 
with workpiece material again. The cross-sectional profiles of 
indentations infer that in the case of the same cutting distance 
the vibration frequency of tool in vibration cutting process may 
not affect the volume of material deformation or removal. 

5. Conclusions     

Plunge-cutting tests and multi-cyclic nanoindentation tests 
have been made on single crystalline silicon. The surface 
morphology and subsurface microstructure of both machined 
grooves and residual indents were characterized and compared. 
The main conclusions are as follows:  
(1) Compared with conventional cutting, the critical depth of 

cut for the ductile-to-brittle transition of silicon is increased 
by 3 times with ultrasonic vibration cutting. 

(2) Ultrasonic vibration cutting caused more amorphous 
material in machined surface and cutting chips than the 
conventional cutting. 

(3) As the cyclic number increased, the indentation-induced 
amorphous layer increased, but the growth rate decreased. 

(4) Both the height of pile-ups and the depth of residual indents 
are independent of number of cycles of indentation. 

This study attempts to characterize the deformation 
behaviour of silicon under multiple cyclic loading/unloading and 
correlates it with the ultrasonic vibration cutting process. The 
finding provides useful information for fundamental 

investigation of the mechanisms of material removal and chip 
formation in vibration cutting of brittle materials. 
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Abstract 
High speed cutting offers the possibility to significantly speed up diamond milling processes. It not only increases the economic 
efficiency but also has a positive impact on the material removal mechanisms and the resulting tool wear. Electromagnetic feed axes 
provide the potential to enable the required precision and reduction of vibration at the increased feed velocities and axis dynamics. 
This paper comprises first results obtained by combining diamond fly-cutting on a high-speed air bearing spindle with an 
electromagnetic feed axis on a custom-built 3-axis machining setup. After balancing the spindle with a fly-cut-head (Dfly = 160 mm), 
two sets of experiments were conducted: first, the cutting speed was varied by setting the respective spindle speed between 
n = 4,000 and 7,500 min-1 (i.e. vc = 33 to 63 m⋅s-1). During these runs, the feed velocity was adapted to maintain a theoretical surface 
roughness of Rkin = 10 nm. In the second set of experiments, the feed velocity was varied for a constant spindle speed of 
n = 7,500 min-1 between vf = 600 mm⋅min-1 and 4,800 mm⋅min-1 in order to observe the behaviour of the magnetic axis at very high 
speeds. In both cases, live data (e.g. axis position/velocity/acceleration) was captured during machining and measurements of the 
machined surface were taken by coherence scanning interferometry. The results show that the setup including the magnetically 
levitated axis is capable of producing high precision surfaces with sub-40 nm RMS surface roughness. No significant deterioration of 
the performance at high feed velocities is observed. However, deviation occurring at higher speeds tend to affect long-wave surface 
features, i.e. the waviness. 
 
diamond milling, high performance cutting, magnetically levitated feed axis 

 

1. Introduction to ultra-precision high performance cutting 

Ultra-precision machining is an established technology for the 
production of optics and other high precision surfaces [1,2]. The 
high flexibility and precision of the applied processes, however, 
results in typically long processing times of the produced parts 
[3]. For example, milling an optical freeform surface can easily 
take several hours [4] or even days [5] of machining time. One 
reason for this is the restriction to a single cutting edge during 
the process to achieve the required precision (“fly-cutting”). 
Another reason is the usage of comparably low spindle speeds 
of around 1000 min-1 to 2000 min-1 and the associated 
restriction in feed velocity to achieve an optical surface finish. In 
recent years, significant progress has been made in the German 
research unit FOR1845 to introduce high speed cutting (HSC) 
techniques to ultra-precision cutting processes [6]. It has been 
shown that applying high spindle speeds allows for an increase 
in feed velocity and thus machining efficiency. Moreover, the 
resulting high cutting speed also is favourable in terms of cutting 
mechanics, i.e. results in lower process forces and tool wear (see 
[7] and [8].  

In order to utilize the full potential of high spindle and cutting 
speeds, the feed velocity needs to be increased accordingly. 
Commercially available ultra-precision machine tools typically 
rely on hydrostatic bearings which, at high sliding velocities, 
become more susceptible to fluidic friction and thermal issues. 
Thus, the maximum slide velocities are usually limited to around 

2000  to 3000 mm⋅min-1 [9,10] as a trade-off between motion 
dynamics and positioning accuracy. Electromagnetic levitation 
guides are a promising technology to mitigate this trade-off due 
to their absence of friction and additional capabilities such as 
fine-positioning in auxiliary directions. However, known 
levitation guides for precision applications, e.g. [11], often lack 
in stiffness and are thus not suited for high performance cutting. 
Therefore, a novel electromagnetic levitation linear guide was 
developed in the context of the FOR1845 [12]. The guide allows 
for contactless force transmission and thus friction-free motion 
at a positioning accuracy of < 300 nm. Additionally, no 
resonance frequencies are prevalent below 2.3 kHz which 
contributes to a smooth feed motion. So far, the feasibility of the 
levitation guide was shown for shaping [13] as well as for 
manufacturing precision grooves [14].  

This work aims to investigate the performance of the levitation 
guide in fly-cutting processes. To this end, fly-cutting 
experiments are conducted at different feed and cutting 
velocities. Surface measurements are then compared to 
simulation results and axis data in order to estimate the impact 
of levitation axis control deviations. The following sections first 
describe the machining setup of the experiments. Subsequently, 
the results are analysed and discussed.  

2. Machining setup 

The developments of the research unit FOR1845 were 
integrated into a common test stand that serves as the basis for 
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the cutting experiments of this study. The test stand is designed 
in an YC-Tool-WP-XZ configuration (Figure 1). It incorporates a 
high speed air bearing spindle type ISO3.375B (Professional 
Instruments) that is mounted on a mechanical infeed axis (Y) 
attached to a portal machine frame. The spindle holds a 
peripheral milling head (fly-cutter) of 160 mm in diameter. The 
workpiece is fixed on a cross table that comprises of a 
magnetically levitated feed axis (X) and an air bearing slide that 
can perform a crossfeed motion (Z). A 3-axis dynamometer 
(Kistler 9119AA2) is attached in between the workpiece fixture 
and the electromagnetic slide to enable a measurement of the 
cutting forces. Relevant axis data (position/velocity/control 
deviations) were captured at a sampling time of 50 µs.  

After careful balancing of the fly-cutter to a balancing grade of 
below G0.064, two sets of experiments were performed for the 
current study (Table 1). The kinematics of the fly-cutting process 
can be seen in Figure 2. In the first set, the spindle speed was 
gradually increased from n = 4000 min-1 to 7500 min-1 in order 
to analyse the influence of the cutting speed vc on the machining 
process. With the given fly-cutter diameter of 160 mm this is 
equivalent to cutting speeds between 33.51 m⋅s-1 and 
62.83 m⋅s-1. The feed velocity vf was chosen for each spindle 
speed so that a targeted value of Rkin = 10 nm was achieved. 
Therefore, kinematic process conditions remained 
approximately constant while the feed-velocity was only varied 
within relatively low range between 320-600 mm⋅min-1. Thus, 
changes in actual surface roughness can predominantly be 
attributed to the increased cutting speeds. 

In the second set of experiments, the spindle speed was kept 
constant in order to eliminate the effect from variation in vc. For 
technical reasons, the rotational speed limit was 7500 min-1. 
Here, variable feed velocities of the magnetic axis between 
vf = 600 mm⋅min-1 and 4800 mm⋅min-1 were selected in order to 
assess the impact of the linear axis dynamics on the surface 
generation.  

In both sets of experiments, surfaces with a length of 
lcut = 20 mm (feed direction) and a width of wcut = 0.2 – 0.3 mm 
were generated in a raster fly-cutting process with a line spacing 
of s = 5 µm (crossfeed direction). The depth of cut was set to 
ap = 10 µm. A coolant was not used in order to not damage the 
electromagnetic guide. 

 
Figure 1. Test stand with HSC air bearing spindle, 160 mm fly-cutter and 
electromagnetic feed axis 

After the experiments, the machined surfaces were measured 
using a coherence scanning interferometer Talysurf CCI HD 
(Taylor Hobson Ltd.) at a magnification of 10x. For each 

experimental run, five approx. 80 µm x 490 µm large sections 
were extracted along the length of the cut to determine the 
average surface roughness. All sections were levelled and 
filtered with a morphologic filter (opening and closing operation 
with a sphere of 100 µm diameter) to remove unwanted noise. 
The root mean square (RMS) surface height was selected as the 
parameter for an initial analysis. A nesting index of λc = 80 µm 
was used to separate between roughness (Sq) and waviness 
(Wq).  

Table 1. Process parameters for diamond milling studies 

Parameter set 1 set 2 

Dfly 160 mm 

rϵ 0.76 mm 

n 4000 – 7500 min-1 7500 min-1 

Rkin 10 nm (const.) 10 – 640 nm (var.) 

vf 320 – 600 mm⋅min-1 600 – 4800 mm⋅min-1 

lcut 20 mm 

wcut 0.200 – 0.300 mm 

s 0.005 mm 

ap 0.010 – 0.015 mm 0.010 mm 

workpiece German silver N37 (CuNi18Zn19Pb1) 

coolant none 

 
Figure 2: Kinematics of the fly-cutting process 

3. Experiments and results 

3.1. Variation of cutting speed 
The results of the surface measurements for the variation of 

the cutting speed are shown exemplarily for the mid-section of 
the cut (lcut ≈ 15 mm) in Figure 3.  

 
Figure 3. CSI surface measurements for varying cutting speeds vc 

All measured surfaces have a similar topography, regardless of 
the selected cutting speed. Feed marks are visible, both in 
cutting and in step direction, as expected for the rastering of the 
surface with the selected parameters. As there is no 
synchronization between the spindle rotation and the linear axis 

µm 5

n min-1 4000 5000 6000 7000 7500

vc m∙s-1 33.51 41.89 50.27 58.64 62.83

vf mm∙min -1 320 400 480 560 600

100 µm

-400 nm 400 nm

vf

s
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position, the subsequent cuts are not equally aligned, but exhibit 
an offset in cutting direction. The height of the cuts varies by 
about 300 nm with no visible systematic trend. The root mean 
square surface roughness was determined to be in the range of 
Sq = 20 nm to 40 nm, as shown in Figure 4. No significant trend 
can be determined that correlates the cutting speed to the RMS 
surface height. 

 
Figure 4. Root mean square surface height as a function of cutting 
speed vc (mean and standard deviation of 5 measurements, 
λc = 80 µm). 

In conclusion to the first set of experiments, no significant 
influence of the cutting speed on the surface generation 
appears, as expected due to the constant value of Rkin. This also 
implies that the magnetic feed axis is able to provide constant 
engagement conditions and yields a performance that is 
adequate for ultra-precision optics machining. In this context, it 
has to be taken into account that all experiments were 
performed in a normal laboratory, i.e. without a sophisticated 
climate control and without means for vibration isolation. The 
room temperature was measured infrequently along the 
experiments using a BME-280 temperature sensor and showed 
a total spread of Tmax – Tmin = 0.46 K with an average of 
Tavg = 22.27 °C. 

 
3.2. Variation of feed velocity 

The surfaces machined with increasing feed velocity and 
constant spindle speed were measured analogous to the first set 
of experiments and are depicted in Figure 5. While feed 
velocities up to 3000 mm⋅min-1 show similar homogeneous 
surface patterns, increasing distortions are noticeable above this 
speed. 

 
Figure 5. CSI measurements of generated surfaces at selected feed 
velocities vf 

The measured RMS surface heights are shown in Figure 6. The 
values increase from 55.3 nm to up to 90.8 nm with higher feed 
velocity. 

To further assess the surface measurement results, a 
reference value is calculated. The reference value reflects the 
surface values that would result only from process kinematics 
under otherwise perfect conditions. Because the calculation of a 
reference value for Sq is not as trivial as for Rkin, numerical 
simulations (see [15]) of the surface generation under idealized 
conditions have been performed and evaluated with the same 
procedure as for the real CSI measurements. Idealized 
conditions imply here that both the fly-cut radius and the tool 
edge radius inscribe perfect circles of the nominal geometry and 
no dynamic variation of the infeed, feed or step motion occurs. 
The only variation considered is a random offset of subsequent 
raster lines in cutting direction due to the unsynchronized 
spindle motion. 

 
Figure 6. Root mean square (RMS) surface height as a function of feed 
velocity vf at a constant spindle speed of n = 7,500 min-1 (mean and 
standard deviation of 5 measurements, λc = 80 µm) and RMS height of 
reference surface (mean and standard deviation of 10 simulations, 
λc = 80 µm) 

Table 2: Coefficients of polynomial fits to the RMS surface height   
c2⋅ vf² c1⋅ vf c0 R² 

Sq 
measurement - 0.00475 53.40 0.44 

reference - 0.00712 -1.09 1.00 

Wq 
measurement 1.77E-06 -0.00105 59.01 0.53 

reference 5.36E-07 0.00372 -2.34 1.00 

 
The values for the machined surfaces exceed the numerical 

simulations significantly. This is the result of several factors 
contributing to the overall surface generation, among which are: 

 
- control deviations of the levitating axis 
- oscillations of the test setup caused by the movement of 

the linear axes and spindle rotation 
- spindle runout and balance state 
- thermal drift 
- tool wear / dry cutting conditions 
- transmission of external vibration 
- the physical limits of the workpiece material 

 
Nevertheless, the expected trend of increasing RMS surface 

height with increasing feed velocity can be observed in the 
measurements. It can also be deduced that the performance of 
the magnetic axis does not deteriorate with higher feed velocity. 
A linear fit was applied to the Sq values and a quadratic fit to the 
Wq values. The coefficients are shown in Table 2. The polynomial 
fits to the Sq datasets have rather low R² values, which is 
attributed to the influencing factors mentioned above. 
Nevertheless, the progression of the measurements has a 
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smaller gradient c1 than the simulations. This indicates that the 
magnetic axis is capable of producing better roughness values at 
higher speeds. However, errors are not reduced overall, but 
shifted to longer wavelengths, as it can be deduced from the fits 
to the Wq datasets which feature a significantly higher quadratic 
term (c2) for the measurements than for the references. 

These assumptions are supported by the live axis data of the 
magnetic axis collected during the experiments. Figure 7 shows 
the RMS-value of the control deviation qy of the magnetic axis in 
vertical direction (infeed). The deviation qy was chosen for this 
analysis as deviations in infeed direction can be expected to be 
most significant for the surface roughness and waviness. For 
comparison with the Sq and Wq values, qy was pre-processed 
with similar parameters as the CSI-measurements: high and low 
frequency components were separated by the use of a linear 
Gaussian filter (λc = 80 µm). RMS-values of qy were then 
calculated for segments with a length of ca. 489 µm. It can be 
seen that with increasing feed velocity, deviations of qy rather 
tend to affect waviness instead of surface roughness. However, 
it is to mention that this effect is expected to appear on its own 
due to the shift of time-frequency components of qy to lower 
spatial surface frequencies with increasing vf. Moreover, due to 
the undersampling-like effect of the brief tool-workpiece 
contact at a frequency of 125 Hz (7500 min-1), frequency 
components of over 62.5 Hz can be expected to contribute not 
only to surface roughness but also to waviness. Thus, this simple 
analysis of the RMS-values can only show that deviations of the 
levitation axis in the higher frequency range, which would likely 
deteriorate the surface roughness, do not increase with higher 
vf. To further elicit a transmission behaviour of the levitation axis 
deviations on the manufactured surface, more sophisticated 
analysis based on surface simulation will be conducted.  

 
Figure 7. Root mean square of qy as a function of feed velocity vf during 
experiments with parameter set 2. High- and low frequency 
components separated by Gaussian filter with λc = 80 µm. Mean and 
standard deviation of RMS. 

4. Summary and outlook 

This study aimed at evaluating the performance of a 
magnetically levitated feed axis for high performance diamond 
milling of optical surfaces. In a first set of experiments, spindle 
speed and feed velocity were increased alongside each other to 
produce optical surfaces of a defined quality (here: Rkin = 10 nm) 
with increasing effectivity. It was shown that a surface 
roughness of Sq ≤ 40 nm was produced, regardless of the 
applied speed. Thus, it is concluded that the magnetic axis is able 
to provide constant engagement conditions throughout.  

The second set of experiments was performed with a fixed 
spindle speed of n = 7500 min-1 and variable feed velocity. The 
results show a progressive increase in surface roughness as 
expected from the selected parameters. However, the increase 
in RMS surface roughness Sq was found to have a smaller 
gradient than that of the simulations taken as reference.  

For further analysis, live axis data of the magnetic axis was 
evaluated. It indicates that axis deviations are shifted towards 
longer spatial wavelengths, i.e. have an increasing impact on the 
waviness and less on the roughness. 

In further research, the availability of high frequency axis 
position data in all six degrees of freedom will be utilized to 
conduct surface simulations. Based on this, it will be investigated 
how control deviations of the magnetic levitation axes map onto 
the manufactured surface. Moreover, it will be investigated to 
what extent the axis data can be used to predict surface 
characteristics and to derive optimized machining parameters.  
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Abstract 
Polishing is one of the oldest manufacturing processes and represents a common use case in the optical industry to finish high-quality 
glass work pieces, such as lithography lenses or astronomy mirrors. It is used to obtain a better surface quality (e.g., in terms of the 
shape accuracy and roughness) and to treat possible depth damages (sub surface damages and micro cracks) caused by previous 
processes like grinding. Due to the ever-increasing demands of sub-nanometre level surface finishes for optical components, it is 
highly desired to study the polishing process more in detail. It becomes especially important to understand the processes between 
the polishing tool and the glass work piece, the so-called polishing gap. The aim of this work is to improve the knowledge of the 
polishing gap with respect to its temperature behaviour that can be influenced by mechanical and chemical effects. For this purpose, 
several sensors in vicinity to the polishing gap are used to measure the temperature during polishing. Due to the minimal height of 
the polishing gap of only a few nanometres, it is not possible to mount sensors directly inside of the polishing gap.  Instead, sensors 
are mounted below the surface of the glass work piece (2 mm) as well as inside the polishing tool as near as possible to the polishing 
gap. For the experiments, an eccentric polishing tool with specific setups for each task is used, which differ in the combination of the 
used polishing pad and the slurry. The polishing pads vary in the surface properties, while the slurries differ in the mean particle size. 
The various combinations result in changing parameters like the frictional power and heat dissipation within the polishing gap. In 
theory, these changes result into a different temperature behaviour in the polishing gap during the process, which can be seen by 
the measured temperature values. 

  
Keywords: Polishing, Glass, Polishing gap, Temperature, In-situ measuring   

 

1. Introduction 

Similar to wafer polishing, the performance requirements for 
modern lithography optics have reached a level that can only be 
achieved through more profound understanding of the polishing 
process and the increasingly important in-process control. 
Conventional process control in lithography optic fabrication 
relies mostly on repeated measurements of the optical 
components in terms of surface figure and roughness after each 
process step. This becomes less economically viable, when the 
sizes of the optical surfaces increase to the square metre range 
given the associated, necessary cycle times. 

Therefore, process development aims not only for a more 
precise control of the operating resources (e.g., slurry 
monitoring, qualifying polishing media and batch controls) but 
also for in-situ approaches to assess the polishing conditions in 
the effective gap between the polishing pad, optical surface and 
slurry, for example, by the use of sensors. With such an access 
to the porperties of the polishing gap, the polishing process 
could be investigated in more detail, enabling further process 
improvements based on correlations with the polishing quality 
or process in the ideal case. However, with todays sensor 
technology the integration of sensors within the polishing gap 
without influencing the process itself still represents a major 
challenge. Furthermore, the interpretation of the measured 
data is not straightforward, given the fact that the processes 

within the polishing gap are still far from understood [1,2]. There 
is a variety of parameters (e.g., the viscosity of the slurry and the 
presence and size of agglomerations in the polishing pad)  which 
have an impact on these processes and thus on the polishing 
result. Focusing on specific parameters, such as the temperature 
in the polishing gap, that is affected by the frictional forces 
between the polishing pad, the slurry and the work piece during 
material removal, could reduce the complexity of such an 
approach. The dependency of the temperature on the friction 
was previously investigated by Cornely et al. [3], who observed 
an increasing temperature for increasing polishing forces due to 
a higher friction. In this work, different polishing pads and 
slurries are utilized in order to increase or decrease the friction 
during polishing, resulting in a temperature change within the 
polishing gap. Horng et al. [4] corroborated with a mathematical 
model, that the pad and slurry properties influence the resulting 
friction in the polishing gap. 

The slurry contains abrasives, floating in a carrier medium, 
typically water (see figure 1). The abrasives lead to a material 
removal in the polishing gap, where they are pressed with a 
certain force and speed on the work piece by the polishing tool. 
These abrasives can move freely between the tool and the work 
piece or penetrate into the pad, loosing their freedom of roll. 
This leads to minimal surface roughness of the tool and small 
removal rates. The amount and size of abrasives penetrating 
into the pad is depending, among other things, on the properties 
of the pad and the composition of the slurry. Consequently, 
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using different polishing pads and slurries lead to a change in 
friction, which should be detectable by a change of the 
temperature in the polishing gap. 

 

 
Figure 1. Schematic illustration of the polishing gap during the 

polishing process. The abrasives in the slurry can move freely between 
the polishing pad and the work piece or penetrate into the pad. 

2. Proceeding 

This section provides an overview of the experimental setup, 
which is used for the experiments in this work. Furthermore it 
includes the used metrology and the parameters of the 
programmed toolpath. Lastly, information about the 
experimental design is given. 

2.1. Experimental setup 

The setup consists a polishing head which is driven by an six-
axis industrial robot (see figure 2). The polishing head is 
equipped with a rotational motor and pressure cylinder which 
guides the polishing tool. For this work, the polishing weight on 
the polishing tool is set to 3 kg and the rotational speed to 
700 rpm. These parameters were kept constant throughout all 
experiments. The polishing tool is mounted to the bottom of the 
polishing head. An eccentric mode with an eccentric distance of 
7 mm is used. The tool is used for polishing a planar glass work 
piece, which is mounted onto a zero point clamping system. The 
latter is mounted on a polishing work space. The slurry is 
contained by a polishing bath, which encases the work piece and 
enables reproducible fill level height for the trials.  

 

 
Figure 2. Schematic representation of the experimental setup. The 
polishing tool, guided by a robot, is pressed onto the glass work piece 
with a defined force and speed. The work piece is surrounded by the 
polishing bath, containing the slurry. 

In the next sub-chapters, more details about the set up are 
provided, including the positions of the temperature sensors. 

2.1.1. Polishing tool 

The polishing tool consists of three different main parts, which 
are shown in figure 3. The upper part is a metallic body, which is 
directly mounted to the polishing head. To measure the 
temperature in close vicinity to the polishing gap, two 
temperature sensors (TT1 and TT2) are fixed into the metallic 

body with a distance of 0.2 mm to the bottom of the body. The 
smaller the distance between the sensors and the polishing gap 
is, the less thermal loss and other measurement uncertainties 
are expected. 

 

 
Figure 3. Schematic illustration of the polishing tool. The temperature 
sensors TT1 and TT2 are mounted into the metallic body. The pad is 
glued to the bottom of the metallic body and consists of a polishing foil 
and an elastomeric foam. 

The sensors are glued with a thermal paste into the body for 
an optimized heat transfer. To avoid damages to the sensors 
connection due to stress (e.g., due to the eccentric movement 
of the polishing tool), additionally an epoxy based glue is used. 
On the bottom side, a polishing pad with a diameter of 50 mm is 
glued. The polishing pad comprises an elastomeric foam and a 
polishing foil, with the latter being in direct contact with the 
polishing gap. For the experiments, three different polishing pad 
combinations are used, which differ in the used polishing foil. An 
overview about the used polishing pads is given in table 2. 

2.1.2. Slurry 

Two different SiO2-based dispersions are used in this work, 
which are mixed with deionized water in a ratio of 1:3. The two 
slurries differ with respect to their mean particle size (see table 
2). For all trials, a slurry volume of 400 ml is filled into the 
polishing bath. 

 
Table 1. Properties of employed polishing pads and slurries. 

Polishing pad Pad material type 

P1 Synthetic felt pad 1 
P2 Synthetic felt pad 2 
P3 Poromeric urethane foam pad 

Slurry Mean particle size [nm] 

L1 <50 
L2 >50 

2.1.3. Work piece 

The work piece used for the experiments is a glass piece (ULE) 
with a diameter of 150 mm and a thickness of 20 mm. In order 
to be able to attach temperature sensors as close as possible to 
the polishing gap (distance of 2 mm), five recesses were grinded 
into rear of the glass (see figure 4). Due to the fact, that the same 
work piece is used for all experiments, the distance to the 
polishing gap is decreasing as material is removed during the 
trials. Because the removal rate is less than 5 µm per trial, 
(maximum decrease in distance of 0.25%), the error due to this 
effect can be neglected for this work. To isolate the sensors 
against incoming heat from the bottom side of the glass and to 
avoid damages due to mechanical stress, the sensors are glued 
into the glass in the same way as the temperature sensors in the 
polishing tool (see section 2.1.1). 

As shown in figure 4, six temperature sensors are mounted in 
radial arrangement inside of the glass work piece. The sensors 
TW3-TW6 are placed individually into recesses, whereas sensor 
TW1 and TW2 are mounted into the same recess. This is made 
to check if the temperature measurement within a hole can be 
reproduced by the used sensors. 
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Figure 4. Schematic illustration of the glass work piece with the position 
of the five recesses and the six temperature sensors. The distance of the 
sensors to the surface of the work piece is about 2 mm. 

2.2. Metrology 

All temperature sensors used in this work are PT1000 sensors 
with a specified tolerance class B, leading to an accuracy of 
±0.4°C at room temperature. Each is connected by two wires to 
an analog-to-digital converter (ADC) with an accuracy of ±0.25°C 
and a resolution of 0.01°C. This leads to a theoretical system 
accuracy of ±0.65°C. This setup is expected to have better 
accuracy, as a qualification process at room temperature 
showed a maximum error of 0.05°C between the used sensors. 
The sampling frequency is set to 32 Hz.  

2.3. Toolpath 

The robot toolpath, is identical for each trial and is designed as 
a meander path over the whole glass surface (see figure 5). The 
forward speed is set to 12 mm/s with a path distance of 0.4 mm. 
One trial contains thirty-four cycles, where seventeen cycles are 
from the left to right and the other cycles vice versa. This leads 
to a total polishing time of about ten hours per trial and a 
polished area of ca. 176.7 cm². 
 

 
Figure 5. Schematic illustration of the toolpath (red line). Designed as 
meander path with a speed of 12 mm/s and a path distance of 0.4 mm. 

2.4. Design of experiments 

The experiment is designed to cover five scenarios which vary 
in the combination of the pad and the slurry (see table 2).  

 
Table 2. The experimental is designed with five different scenarios, 

which differ in the combination of the used pad and slurry. 

Scenario Trial Pad Slurry 

S1 T1-T3, T15 P2 L1 
S2 T4-T6 P1 L1 
S3 T7-T9 P2 L2 
S4 T10-T12 P3 L2 
S5 T13-T14 P1 L2 

The employed trial sequence enables an assessment of the 
reproducibility of the data for scenario S1 over time. In the 
beginning of every trial, a new polishing pad is attached to the 
tool and a fresh dispersion of the polishing slurry is used. 

3. Results 

In the following sub-chapters, the results of the measured 
temperature data from the experiments are presented and 
discussed, starting with the temperature sensors in the polishing 
tool followed by the sensors in the work piece. 

3.1. Temperature sensors in the polishing tool 

The sensors mounted into the tool are expected to measure 
mainly the slurry temperature near the polishing gap. In figure 6 
the averaged data measured by the sensors TT1 and TT2 is 
shown for each trial. The temperature signals for the same 
scenario were not perfectly reproducible, because the ambient 
temperature was slightly inconstant during the course of the 
experiments, although the laboratory is air-conditioned. 
Nevertheless, the temperature curves for all scenarios show a 
consistent trend over time. That is, a rapid increase in  
temperature within the first minutes of each experiment 
followed by a cooling phase, which lasts about two hours. This 
behaviour could be explained by evaporative cooling that is 
intensified by the movement of the polishing tool mixing the 
slurry in the bath. Subsequently, a monotonous increase in 
temperature can be observed, implying a stronger impact of the 
temperature increase due to the friction within the polishing gap 
than of the evaporative cooling at this point of the experiment. 
 

 
Figure 6. Comparison of the averaged temperature data measured by 

the sensors TT1 and TT2 mounted in the polishing tool for different 
scenarios which differ in the combination of polishing pad and slurry. 

When comparing the temperature curves for the different 
scenarios in more detail, it becomes evident that the 
temperature signals for scenario S4 do not show such a big 
cooling effect compared to the other scenarios. This suggests 
that the combination of the used pad and slurry for scenario S4 
is causing the highest frictional heat. Interestingly, the higher 
slurry temperature for scenario S3 and S5 in comparison with S1 
and S2 could be rationalized by the higher particle sizes of slurry 
L2. 

3.2. Temperature sensors in the work piece 

Because the results in the previous section 3.1. strongly 
suggest that the ambient temperature has a significant influence 
on the temperature data for each trial, the temperature signals 
for the work piece sensors are corrected in a way to eliminate 
this effect. This should be achieved by substracting the averaged 
temperature signals recorded with the tool sensors from the 
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data measured with the work piece sensors. In this way, a 
relative increase or decrease of the glass surface temperature  in 
relation to the temperature in the slury bath (measured by the 
TT1 and TT2 sensors) can be achieved. When performing this 
correction, the temperature data of the different trials within a 
scenario show a very good reproducibility allowing a more 
meaningful evaluation.  
 

 
Figure 7. Comparison of the resulting corrected data from trial T8 for 

the sensors TW1-TW6. The graphs show the temperature behaviour of 
the glass surface relative to the slurry temperature.  

Figure 7 shows the corrected temperature data of trial T8 for 
all work piece sensors, demonstrating the typical temperature 
behaviour during the polishing process. The corrected 
temperature characteristics for all trials of the same scenario 
closely resemble each other. The temperature signals recorded 
with the sensors TW1 and TW2, which are located in the same 
recess, reproduce each other, further corroborating the 
plausibility of the temperature measurement. To further assess 
the correlation of the corrected temperature curves with the 
movement of the polishing tool, the time dependence of the 
temperature signals is evaluated in more detail. In principle, an 
increase in temperature is expected, when the polishing tool is 
overlapping with the work piece sensors. Indeed, sensor TW1, 
TW2 and TW6 show seventeen local maxima and minima with a 
constant time distance of two cycles, which is about 2120 
seconds, whereas sensors TW3-TW5 have thirty-four local 
maxima and minima with a distance of one cycle or 1060 
seconds. When comparing these results with the polishing 
toolpath (see section 2.3.), it becomes evident, that the number 
of temperature maxima is in good agreement with the path of 
the polishing tool. In addition, the smaller temperature 
amplitudes recorded with the sensors TW3-TW5 can be 
rationalized by the shorter overlapping time of the tool and the 
sensor due to the toolpath properties. The decreasing peak 
temperature of the maxima over time could be explained by 
deterioration of the polishing pad leading to a smaller friction 
and thus to an increase of the temperature. 

 
Figure 8. Comparison of scenarios’ local maxima measured by sensor 

TW1, which is located 2mm under the glass surface. In the beginning, 
the maxima decrease rapidly until they reach an almost constant level. 

To compare the temperature behaviour of the different 
scenarios, the local maximas of sensor TW1 are plotted in 
figure 8. When comparing scenarios S3-S5, the influence of the 
polishing pad on the temperature behaviour can be evaluated, 
because the same slurry is used in these scenarios. The highest 
increase in temperature is observed for pad P3, whereas no 
significant difference between pad P1 and P2 can be seen. The 
same applies, when comparing the temperature signals of 
scenario S1 and S2. To evaluate the impact of the slurry, the 
scenarios S1-S2 are compared with scenarios S3-S5. It is evident, 
that the experiments with slurry L2 result in a significantly higher 
increase in temperature, most likely because of the higher mean 
particle size in comparison with slurry L1. With respect to the 
above discussed deterioration of the polishing pad possibly 
leading to the decrease of the peak temperature over time, it 
can be hypothesized that polishing pad P3 shows a less 
pronounced deterioration than the pads P1 and P2.  

4. Summary and discussion 

This work showed that it is possible to achieve an in-situ 
measurement of the temperature in or close to the polishing 
gap. In addition, various combinations of polishing pads and 
slurries could be discriminated by the differences in their 
temperature characteristics. This observation implies that the 
properties of the pad and the slurry have an direct impact on the 
friction between the tool and the glass surface (see figure 8).  

These results represent an important step towards an 
improved process control. In future, further design experiments 
and additional sensor types might further enable access to and 
clarify the conditions within the polishing gap.  
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Abstract 
Single crystal calcium fluoride (CaF2) is widely used for transmissive optics in the ultraviolet and vacuum ultraviolet (UV and VUV) 
spectral regions because of its high optical transmission. Optical components made of CaF2 are usually manufactured by precision 
machining to generate high quality surfaces with low surface roughness. However, the influence of the clamping technique on the 
resulting surface roughness of diamond machined CaF2 has not been reported. In this research, two clamping techniques, vacuum 
clamping and gluing with wax, are used in off-axis diamond turning experiments with zero degree and negative rake angle diamond 
tools. Surface characterization by white light interferometry and atomic force microscopy show surfaces with low surface roughness. 
Furthermore, a significant influence of the clamping technique on the generated surface topography is observed. 
 
 
 
Single crystal calcium fluoride CaF2, precision specimen alignment, ultra-precision diamond machining, surface roughness   

 

1. Introduction   

Single crystal calcium fluoride (CaF2) is widely used for 
transmissive optics in the ultraviolet and vacuum ultraviolet 
spectral range (UV and VUV) because of its high optical 
transmission. Optical components made of CaF2 are usually 
manufactured by precision machining to produce high-quality 
surfaces with low surface roughness [1-4]. This involves, for 
example, the use of specially developed specimen alignment 
fixtures and clamping to hold the specimens [5]. However, the 
influence of the clamping technique on the resulting surface 
roughness of diamond machined CaF2 has not yet been 
investigated. In this study, two clamping methods, vacuum 
clamping and gluing with wax, in off-axis diamond turning 
experiments with diamond cutting tools were investigated. 

2. Experimental setup and methods 

To investigate the influence of the clamping technique on the 
generated surface roughness, off-axis diamond turning 
experiments were carried out on a 5-axis ultra-precision 
machine tool Nanotech 350FG from Nanotechnology Systems, 
Keene, NH, USA. 

Single crystal CaF2 workpiece specimens with dimensions of 
10 mm x 10 mm x 1 mm and (111) surface orientation from Carl 
Zeiss Jena GmbH, Germany, and Korth Kristalle, Germany, were 
used. All specimens were VUV or Raman grade material with 
pre-machining of steps chemo-mechanical polishing and MRF 
polishing to create minimally damaged surface and near surface 
material. The cutting direction was <10-1>. 

For the cutting experiments single crystal diamond round nose 
tools were used. The diamond cutting tools had a nose radius re 
of 1 mm and 3 mm and rake angles γ of 0° and -20°.  

With repeated adjacent cuts and step-overs f of 3 µm and 
5 µm, an area of 5 mm width was generated. The cutting speed 
vc was 50 m/min The process parameters and experimental 
settings are listed in Table 1.  

 
Table 1 Experimental settings. 

 

Parameter Variation 

Step over f 3, 5 µm 

Cutting tool radius r 1, 3 mm 

Rake angle  - 20°, 0° 

Clamping technique Vacuum clamping, gluing 
with wax 

 
The specimens were clamped by vacuum in a specifically 

designed specimen holder and aligned perpendicular to the 
cutting direction (see Fig. 1a). In the second set of experiments 
the specimens were glued to the specimen holder (see Fig. 1b). 

 

 
 

Figure 1. Experimental setup with (a) vacuum clamping and (b) clamping 
with wax. 
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The surface roughness was characterized by white light 
interferometry (WLI) and atomic force microscopy (AFM). 

3. Results      

Single measurements on chosen areas of the surface 
roughness using white light interferometry were carried out at 
20x magnification measuring an area of 0.83 mm x 0.83 mm. 
The roughness parameters Sa and Sq are considered. Table 2 
gives an overview of the values obtained. 

 
Table 2. Surface roughness measured by white light interferometry. 

 
Cutting tool 

radius  
rε [mm] 

Rake 
angle  

 [°] 

Step over  
f [µm] 

Clamping 
technique 

Surface roughness 

Sa [nm] Sq [nm] 

1 0° 

3 
vacuum 

3.9  5.2 

5 2.5 3.2 

3 
gluing 

3.6 6.7 

5 3.2 4.0 

3 -20° 

3 
vacuum 

2.7 4.5 

5 1.6 2.8 

3 
gluing  

8.7 28.1 

5 14.3 44.4 

 
Figure 2 shows the measured mean arithmetic surface 

roughness Sa of the generated surfaces. The lowest surface 
roughness Sa of 1.6 nm was achieved using a diamond tool with 
a tool radius rε of 3 mm, a rake angle γ of -20° and step-over f of 
5 µm. With a tool radius rε of 1 mm, only slight differences in 
roughness were observed. With a tool with a radius rε of 3 mm, 
significantly higher surface roughnesses were generated for 
glued specimens. However, the high roughnesses Sa in the range 
of 9 nm to 15 nm cannot be attributed solely to the clamping 
technique. The specimens exhibited surface fracture, which 
increased the roughness significantly. 

 

 
 
Figure 2. Arithmetic surface roughness Sa of the generated surfaces. 

 
With the help of atomic force microscopy, further statements 

can be made about the influence of the clamping technique on 
the generated surface roughness. The atomic force microscopy 
measurements are carried out on an area of 50 µm x 50 µm. 
Figure 3 shows two particular AFM measurements. The 
specimens were vacuum clamped (Fig. 3 a) and clamped by 
gluing with wax (Fig. 3 b) and machined with a diamond tool 
with a radius rε of 1 mm, a rake angle γ of 0° and a step-over f of 
3 µm. Clear adjacent cuts are visible in both measurements. 
Furthermore, periodic changes in the height of individual cuts 

can be identified. In the case of the vacuum clamped specimen 
(Fig. 3 a), however, these height changes are distinct to such an 
extent that the nominal step-over f of 3 µm is not reproduced 
unambiguously, but a step-over of 6 µm is visible. With the glued 
specimen (Fig. 3 b), these periodic height differences of the 
adjacent cuts are significantly less distinct and the nominal step-
over f of 3 µm is clearly visible.  

 

 
 

Figure 3. AFM images of vacuum clamped specimen (a) machined with a 
tool radius rε = 1 mm at a step-over f of 3 µm and glued specimen (b) 
machined with a tool radius rε = 1 mm at a step-over f of 3 µm. 

4. Conclusions       

The aim of the work was to investigate influence of clamping 
technique on the generated surface roughness in diamond 
machining of calcium fluoride. Based on the results presented, 
only a minor influence of the clamping technique on the surface 
parameters Sa and Sq can be determined. Surface roughnesses 
in the optical or near-optical range were generated in all 
experiments. An influence of the rake angle is, however, 
observable. 

For surface topography measured by atomic force microscopy, 
however, an influence of the clamping technique can be seen. 
On the basis of the measurements, periodic differences in the 
height of the profile caused by vibrations can be seen with a 
step-over f of 3 mm and vacuum clamping. This is less significant 
observable when clamping with wax. This is due to the stiffer 
clamping by gluing with wax. 
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Abstract 

The rising demand for compact, cost-effective optical measurement devices like dispersion spectrometers poses a driving force for 
the availability of diffractive optical elements with high efficiency. The diffractive elements used are typically blazed gratings, which, 
in order to enable high resolution and imaging quality, need to be manufactured on curved samples. The lithographic or holographic 
methods often used are state of the art technologies that turns the production of high-efficient, aberration correcting gratings 
feasible. Nevertheless, the high demands concerning setup time and restrictions of manufacturable grating microgeometries limit 
the production of certain grating geometries. 
An alternative approach for complex grating manufacture is multi-axis ultra-precision diamond machining in which the curved 
grooves are cut sequentially. However, the inclusion of multiple rotary axes comes at the cost of increasing geometrical inaccuracies 
as the axis imperfections accumulate into random errors of groove positions which cause an increase in straylight and related SNR. 
Thus, the minimization of machine tool axes is a viable approach for complex optics manufacture but comes at the expense of 
geometrical deviations and related optical performance. Hence, the machine tool kinematics have to be selected or configured with 
regard to the resulting and demanded optical performance. 
The presented work encompasses aspects of a complexity-reduced manufacture without rotary axis of curved blazed diffraction 
gratings and the resulting optical performance. A LT-Ultra MMC1100 machine tool was used for the evaluation of imperfections of 
the machine axes and resulting geometries. The investigated diffractive elements are blazed diffraction gratings with a groove period 
of b = 3 µm, radius of curvature R = 75 mm, diameter d = 12.5 mm and various degrees of freedom. The experimental results show 
low deviations compared to numeric and analytical models. The optical parameters determined by laser-scatterometry show 
resulting diffraction efficiencies of η ~ 60 % and SNR < 1E-3. 
 
Diffractive optics, Ultra-precision, Microstructure, machine-tool kinematics 

1. Introduction 

Optical spectrometers perceive a trend towards minimization 
and/or miniaturization. Although MEMS-devices and Fourier 
transform spectroscopes enable the production of small, cost-
effective systems, diffraction grating spectroscopes are still in 
use. Especially if high spectral or imaging resolution is 
demanded, imaging diffractive optical elements (iDOE) are used 
which comprise imaging as well as diffractive properties. This 
enables the reduction of necessary optical components and 
related system complexity. By the use of concave diffraction 
gratings only one single optical component might be integrated 
into the optical mount [1]. Compared to other, more complex 
optical mounts reflection losses as well as instrument straylight 
are reduced but optical aberrations like astigmatism and image 
curvature are less compensated. An aberration correction can 
be, at least partially, compensated by non-linear trajectory of 
the grooves of the concave grating so that those are not 
equidistant aligned but curved orthogonal to the optical axis of 
the element, as depicted in Figure 01. This kind of complex 
geometry can be produced by advanced techniques of 
interference lithography (IFL) [2] and, to some degree, by 
classical ruling machines. Yet, IFL is a very time-consuming, 
exhaustive process and classical ruling machines are limited in 
the variety of achievable tool paths. As an alternative to classic 
ruling machines, multi-axis ultra-precision machine tools offer 
positioning accuracies that increasingly meet requirements in 
the nanometer range. Due to NC-Machine axis control almost 

arbitrary tool paths [3, 4] are possible. As no optical IFL-setup 
needs to be built and designed, production times can be reduced 
to few hours or days. However, as complex, rotational 
kinematics are associated with increased process and product 
disturbances, which lead to elevated straylight and lower signal-
to-noise-ratio, the manufacturing kinematic should be reduced 
to a minimum of needed machine axes.  

 
Figure 01. Concave grating mount 

 
The minimum possible kinematic for manufacture of curved 

diffraction gratings with non-equidistant and axial curved 
grooves is a 3-axis translational kinematic. Minimizing the 
kinematic by eliminating the rotational degrees of freedom is 
associated with geometrical deviations of the nominal geometry 
and related losses of optical performance. Therefore, the 
manufacture of complex curved diffraction gratings is a 
compromise between geometric complexity and minimization 
of process disturbances which has to be met by the 
requirements of the particular diffraction grating. This paper 
aims at investigating the optical gains and losses of a minimized 
machine kinematic for the machining of concave gratings with 
complex groove geometry for aberration correction. 
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2. Scenario and Experimental setup 

2.1. Optical concave grating mount 
For the investigation of the kinematic influences on the grating 

properties a concave grating mount has been chosen, depicted 
in Figure 02. The design and optimization are done by ray tracing 
in ZEMAX OPTIC STUDIO. The triangular, blazed groove geometry 
parameters are selected for the use in VIS and offer 
machinability via shaping with rectangular diamond tools. The 
radius of the grating corresponds to the lower end of the radii of 
commercially available IFL produced diffraction gratings. The 
element comprises a non-linear phase function which enables 
the correction of astigmatism for the central wavelength and 
results in slightly curved, non-equidistant grooves. 

 
Figure 02. Design and parameters for the investigated grating type 

 

2.2. Experimental setup 
The manufacture of the experimental diffraction gratings was 

conducted on a MMC1100 ultraprecision machining center from 
LT ULTRA-PRECISION TECHNOLOGY GMBH, Herdwangen-Schönach, 
Germany (see Figure 03). The 3-axis machine kinematics is 
extended with a tilt/turn module with two serial rotary axes. As 
each groove is cut sequentially, the tool geometry must match 
the groove geometry and quality [3], so that rectangular shaped, 
monocrystalline diamond tools were used.  

 
Axes X,Y,Z, A,C 

Base, bearings Granite, hydrostatic bearing 

Measurement system Glas scales 

Positional resolution X, Z: 25 nm | Y: 1 nm | A: 5” | C: 3” 

Material RSA-501 

Figure 03. Machine tool and degrees of freedom 

 
For the acquisition of the optical properties of the 

experimental gratings, in particular stray light behaviour as well 
as diffraction efficiency, a custom-built laser scatterometer, 
depicted in Figure 04, was designed and realized. The beam 
source of the instrument is a polarized helium-neon laser with 
5 mW continuous wave power with adaptable polarization 
orientation via a λ½ plate. The illumination intensity is adjusted 
by means of neutral density filters, which enable spatially 
correlated intensity measurements with an avalanche-
photodiode over up to 6 orders of magnitude. The use of a beam 
splitter plate results in an autocollimation measurement of 

reflected (scattered) radiation which closely resembles the 
optical alignment of concave grating mounts, in which a 
diffraction order with low diffraction angle is used. The sample 
is mounted on a goniometer unit and is adjustable in 5 degrees 
of freedom by means of a manual translation-rotation stage. 

 
Figure 03. Custom built Scatterometer setup 

 
2.3. Kinematics considerations 

The optical functionality and performance of diffraction 
gratings is closely related to the positional accuracy of the 
trajectories as well as the profile of the grooves. In particular, 
the blaze angle determines the diffraction efficiency, whereas 
the groove positional accuracy relates to the stray-light-level. 
Therefore, in order to achieve a minimal deviation of nominal 
and machined geometry, diamond machining requires an 
adequate guidance of the diamond tools with sharp rectangular 
cutting edge. A curvature of groove trajectories in the axial plane 
as well as surface curvature in the sagittal plane might require 
additional rotational axes in order to prevent damage to the 
workpiece by the side clearance faces of the diamond tool. A 
cartesian scheme of this is shown in Figure 03, in which the 
machining kinematics contains three translational (X, Y, Z) and 3 
orthogonal, rotational degrees of freedom (A, B, C). The 
blaze angle of the grooves determines the diffraction efficiency 
ηm which is the ratio of incident and diffracted radiation. As the 
blaze angle is defined in relation to the local slope of the grating 
surface, at least one rotational machine axis is required for 
rotational alignment of the diamond tool which is demonstrated 
in [3] and depicted in Figure 05-A.  

 
Figure 05. Meridional rotation(A) and fixation (B) of the diamond tool 

 
However, this still is related to a finite amount of machining 

precision, as finite axis stiffness and tool alignment precision 
cause random as well as non-corrected systematic errors in the 
grating grooves. Therefore, enhanced straylight and wavefront 
deviations are expected with this kind of tool guidance. By 
meridional fixation of the tool, as shown in Figure 5-B, much less 
tool positioning disturbances are expected, as the tool is 
typically mounted on a stiff fixure and no rotational axis is 
implemented in this spatial plane. However, if the local surface 
slope exceeds the mean blaze angle αbl.0 contour damage of 
adjacent grooves occurs, depicted in Figure 5-B. Therefore, the 
mean blaze angle must exceed the maximum surface tangential 
angle αgr. The surface slope needs to be considered in the 
sagittal plane as well. If the clearance angle of the cutting tool 
does not suffice the maximum surface tangential angle, a 
rotational B-Axis must be implemented. As the curvature at the 
edge of the grating surface αgr ≤ 4.5° is lower than the blaze 
angle αbl = 6° as well as the clearance angle αf = 5° of the used 
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diamond tools, rotations within the axial and sagittal plane are 
not necessary for the designed grating. In addition, the 
curvature of the grooves in the axial plane for aberration 
reduction has been found to be γtraj < 5° which can be 
manufactured with a side clearance angle αp ≥ 5° without any 
need for axial rotation. Therefore only the meridional rotation 
of the tool poses a potentially necessary degree of freedom, so 
that the corresponding influence on the resulting diffraction 
efficiency of the grating needs to be examined. 

3. Theoretical approach 

3.1. Diffraction efficiency 
Minimized machining relates to a change of the blaze angle 

and related diffraction efficiency over the grating surface. In 
order to determine the influence of the blaze angle on the 
diffraction efficiency numerical calculations by Fourier-modal-
method with the diffraction-grating toolbox of the optics design 
Software VIRTUALLABS FUSION were conducted. The influence of 
the blaze angle on the calculated diffraction efficiency is 
depicted in Figure 06. The diffraction efficiency amounts a 
maximum value of ηmax ≈ 0.85 at a blaze-angle αp ≈ 6° and is 
nearly independent of the polarization. However, the already 
slight deviations of few degrees of the optimal blaze angle cause 
significant losses of the diffraction efficiency. 

 
Figure 06. Calculated diffraction efficiency 

 
Regarding curved gratings with meridional fixation, changes of 

the blaze angle cause local variations of the diffraction efficiency 
so that the total amount of diffracted intensity differs from that 
of a grating with meridional tool rotation. The resulting 
diffraction efficiency ηres of a mounted grating is to be 
determined by integration of the local diffraction efficiency ηm 
over the grating surface. Therefore a mean blaze angle has to be 
selected which enables a maximum level of resulting diffraction 
efficiency, depicted in Figure 07. As the minimum 
manufacturable mean blaze angle increases for lower f-
numbers, optimum blaze angles might not be manufacturable, 
so that the resulting diffraction efficiency is reduced for those 
optics. This means that a diffraction efficiency of ηres ≥ 0.5 is only 
achievable for higher f-numbers. As the optical mount contains 
a f-number k = 6.22, a resulting diffraction efficiency of 
ηres = 0.61 is theoretically achievable by meridional fixation. 

 
Figure 07. Calculated resulting diffraction efficiencies for curved 
reflective gratings 

3.2. Stray light modeling 
The level of straylight between the diffraction orders is a 

relevant quantity of grating spectrometers as this influences the 
achievable signal-to-noise-ratio (SNR). According to a straylight 
theory formalized SHARPE and IRISH [5] the intensity 
distribution between the diffraction orders can be attributed to 
four individual components. Those straylight components are 
determined by the illumination conditions (ηil), variations of the 
groove width (ηbr) and the groove depth (ηde), as well as the 
roughness Rq of the blaze facets (ηro). According to [5], the 
scattered light components form the relative stray light 
portion ηstr of the corresponding diffraction order (m = 1): 

 
 ηstr= ηil+ ηbr+ ηde+ ηro  (1) 

 
The straylight components are depicted in Figure 08. The 

geometrical parameters are determined from AFM-Metrology 
of experimental gratings. The variation of the groove width is of 
least importance, since the illumination- and roughness-related 
straylight components ηil, ηro have a larger influence. 
Nevertheless, both straylight components are still an order of 
magnitude below the straylight component of variations in 
groove depth ηde, so ηil and ηro these are also considered 
negligible in the given parameter range. The dominating 
straylight component is ηde, is related to the standard deviation 
of the groove depths σde. For the depicted values σde = 3 nm was 
assumed, as this can be expected as translational positioning 
accuracy of state of the art ultraprecision machines, which is in 
good accordance to measured values of experimentally cut 
gratings with three translational axes. 

 
Figure 08. Calculated portions of the straylight components 

 
However, an increased standard deviation of the groove depth 

is found when the A-axis of the experimental machine is involved 
in the cutting process. By regression of a step sequence on AFM 
measurements of planar gratings, exemplarily shown in 
Figure 09, the height of the groove facets hfl was determined. 
The corresponding standard deviation of the distance of the 
blaze facets is σfl > 5.2 nm. For near-normal incident angles and 
small diffraction angles it can be assumed to be nearly identical 
to the standard deviation σfl = σde > 5.2 nm of the groove depths 
[5]. Therefore, a higher straylight level is to be expected for 
gratings cut with this axis, especially, as the straylight 
component is proportional to the square of the standard 
deviation of the groove depth ηde ~ σde². 

 
Figure 09. Exemplary AFM-Profile  
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3.3. Assessment of kinematic configuration 
As the SNR is an important value for spectroscopic systems, 

optimal optical properties of the diffraction gratings are 
achieved by machine kinematics that contain the lowest possible 
number of rotational axes while ensuring the best possible 
fulfilment of the requirements of the optical specifications. As 
the maximum achievable diffraction efficiency ηmax poses the 
achievable limit, the normalized diffraction efficiency ηres.norm  is 
introduced:  

 
 η

res.norm
= 

ηres

ηmax
  (2) 

 
In Figure 10 a comparison of achievable levels of diffraction 

efficiency and straylight is depicted. Gratings with k > 6.22 
enable a normalized resulting diffraction efficiency of 
ηres.norm > 0.72. Lower f-numbers lead to higher variations of the 
blaze angle over the surface, resulting in significantly lower 
resulting diffraction efficiencies. Already for a f-number of 
k = 3.125, the resulting diffraction efficiency of the grating is 
halved to ηres.norm = 0.36. Therefore, gratings with f-numbers 
k ⪅ 5 are considered to require the integration of a rotational A-
axis, since the blaze angle can be kept constant over the surface 
by rotational guidance of the tool. However, although this 
maximizes the resulting diffraction efficiency, an increase of the 
straylight ηstr by at least factor 2.9 (almost half an order of 
magnitude) is to be expected. Therefore, in order to match the 
requirements, a minimal kinematic with three translational axes 
is to be selected for the production of a concave grating with 
minimal stray light. 

 
Figure 10. Comparison of minimal kinematic with rotational kinematic 

4. Optical measurement results 

A concave grating with complex groove geometries was 
fabricated without meridional tool rotation. The diffraction 
efficiency measured locally across the meridional plane is shown 
in Figure 11-A. It can be seen that there is a variation in 
diffraction efficiency across the grating surface. The graphs from 
FMM model and experimentally determined measured values 
are sufficiently matching around the central region of the 
grating. The maximum measured dispersed intensity is found at 
αbl ≈ 6°, which is predicted by the FMM model. Deviations of the 
trajectories are observed at blaze angles αbl ⪆ 7° which can be 
explained by finite adjustment accuracy and artefacts of the 
measurement setup. Furthermore, a finite measurement spot 
size with diameter dspot = 2 mm was used for the measurement. 
In the edge region of the grating surface, part of the laser 
radiation thus is not incident on the grating surface, so that 
measurement artefacts are to be expected there. The element 
demonstrates the loss of dispersed power when the rotational 
degree of freedom is fixed. The dispersed intensity of the 
element is more than half (58%) of what would be achievable 
with rotational guidance. The measured and calculated curves of 
the straylight of the experimental grating are depicted in 
Figure 11-B. The deviations of measured and calculated values 
are below one order of magnitude. The measured stray light 

reaches a minimum of ca. 1.3 E-4 of the intensity of the 
diffraction order, which corresponds to a groove depth variation 
of ~ 6 nm for this particular grating. Although this measured 
value is slightly above the desired specification, it is still 
considered as the optimal optical performance, as for additional 
axes an even higher stray light level would occur. 

 
Figure 11. Comparison of measured and calculated optical performance 
of a concave diffraction grating  

5. Conclusions 

On the basis of an exemplary ultra-precision machine, the 
optical parameters and performance values were determined 
and correlated to the manufacturing kinematics. The 
experimental results sufficiently comply to theoretical values 
with a diffraction efficiency of ηres = 58% and a straylight level 
below three orders of magnitude. The connection between 
optical properties and manufacturing strategy allows an 
assessment of feasibility and expectable performance of 
imaging diffractive gratings with minimal complexity of the 
kinematics. The results also serve as a guidance for the 
manufacturer to select and potentially optimize the kinematics 
and machine tool. Thus, an approach towards production of 
curved diffraction gratings with a property profile tailored to the 
target application is provided. 
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Abstract 
Texturing technology is increasingly required to apply to many advanced optical devices. This study proposed and developed the 
fabrication technology of a textured surface by ultrasonic vibration-assisted indentation to decrease the processing time of the 
structured mold, decrease the cutting cost, and increase the processing efficiency. The indentation process of the molds using a sharp 
indenter can machine the textured surface, and ultrasonic vibration-assisted motion was added to increase the precision and 
efficiency of the structured mold. In the experiments, the electroless Ni-P plated copper substrates were indented using single 

crystalline diamond indenters, which were fabricated using a laser scanning process. In the indentation tests, the effects of the plated 

electroless Ni-P thickness on the indentation characteristics such as an indentation load, burr height, form accuracy were measured 
and evaluated.  
 
Keywords: ultrasonic vibration assisted indentation, highly efficient texturing, optical mold, electroless Ni-P plate, micro array mold 

1. Introduction  

Texturing technology is increasingly being applied to many 
advanced devices. Textured flat panel of micro lens array having 
many minute dimples are used in flat panel display devices such 
as light guide plates, for smartphones, and heads up displays 
(HUD) for automobile installations. These dimples help to 
reduce reflections so that the brightness of the display panels 
can be increased, thus increasing the market of these panels. 
The production of hundreds of millions of display panels is 
required, and the molds of micro lens array having many minute 
dimples are mass-produced by the injection molding of the 
resin. Therefore, the precision machining of the structured or 
textured mold becomes very important. In conventional 
machining process, electroless Ni-P plating of amorphous 
material on a stainless-steel substrate is mirror-finished by the 
ultraprecision cutting using a diamond tool. However, in the 
conventional process of cutting with a sharp cutting tool of 
single crystalline diamond, there were many problems. The 
cutting time required to decrease the surface roughness was 
too high and the tool wear was too large because the tool size 
was so small compared with the workpiece size. In addition, 
burrs of the cut materials appeared, and the workpiece surface 
finish was limited. In this study, an ultrasonic vibration-assisted 
indentation system was developed to overcome the problems 
of the conventional cutting process.  

 
1.1 Effects of ultrasonic vibration assisted indentation 

The indentation process of the molds that uses a sharp 
indenter can machine the textured surface, and ultrasonic 
vibration-assisted motion was added to increase the precision 
and efficiency of the structured molds as shown in Figure 1. In 
the experiments, the single crystalline diamond indenter was 
fabricated by the laser fabrication process. In the proposed 
method, the high frequency motion of the indenter improves 
the precision and efficiency of the processing performance. 

 
In the case of ultrasonic vibration-assisted indentation, the 

displacement Z of the indentation tool is given by:  
 
     Z = λ·sin(2π·ν·t)                                                                             (1) 
 
where λ and ν are the amplitude and frequency of ultrasonic 
vibration, respectively, and t is the time. 
Tool velocity is given by: 
 
      V = dZ/dt = 2π·ν·λ·cos(2π·ν·t)                                                     (2) 

 
Then, the tool acceleration is given by: 
 
     a = dV/dt = -4π2·ν2·λ·m ·sin(2π·ν·t)                                            (3) 
 
Force is given by 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Conventional indentation       (b) Proposed ultrasonic vibration 
method                                            assisted indentation 

Figure 1. Fabrication of textured surface by ultrasonic vibration-
assisted indentation  
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     F = m·a = -4π2·ν2λ·m·sin(2π·ν·t)                                               (4) 
 

From Eq. (4), the force, F will increase considerably as the 
frequency of vibration increases when the ultrasonic vibration 
is applied [5, 6]. This reciprocating movement of the 
indentation tool at high speed and high load is expected to form 
the micro mold using hard metals, such as electroless Ni-P, with 
high accuracy and efficiency. 

2. Fabrication of textured surface by ultrasonic vibration 
assisted indentation 

In the indentation tests, micro indentation tools made of 
single crystalline diamond (SCD) were fabricated using a laser 
fabrication process, as shown in Figure 2. The SCD chip was 
bonded with a silver alloy onto a cemented carbide shank by a 
high frequency heating system and then, the outer surface of 
the SCD chip was machined to a cylindrical shape by a laser 
beam. Finally, the spherical surface was fabricated by laser 
scanning [4].  

Figure 3 shows micro-image of the developed micro SCD 
indentation tools. The top radius of the tool were 0.1 mm and 
0.5 mm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Laser fabrication process of SCD indentation  

 
 
 
 
 
 
 
 
 
 

(a) Indenter of R0.1                           (b) Indenter of R0.5 
Figure 3. Micro images of micro SCD indentation tool fabricated by 
laser fabrication process 

3. Experimental set-up and method 

The developed ultrasonic-assisted vibration transducer is 
shown in Figure 4. A piezoelectric transducer was installed in 
the upper device and the vibration amplitude was amplified by 
the horn [7]. The single crystalline diamond indentation tool 
was chucked on the tip of the horn. An analyzed vibration 
amplitude is shown in Figure 4 (b). The vibration amplitude of 
the piezoelectric transducer was decreased in the center and it 
became maximum at the top of the indentation tool. 

A view of the ultrasonic vibration-assisted indentation set-up 
was shown in Figure 5. The developed ultrasonic vibration-
assisted device was installed on a 3-axes controlled precision 
machine driven by the ball screws. The table (X,Y,Z) axes were 
controlled by the linear scale feedback system. The positioning  

 
resolutions were 0.01 0.03 μm and the positioning accuracies 
of the tables were 0.03 μm. The workpiece was set on the 
dynamometer and the indentation force was measured. The 
indentation experiments were carried out in the lubricant 
coolant mist of white kerosene.   

The indentation conditions are shown in Table 1. The 
frequency and amplitude of the ultrasonic vibration were 39 
kHz and 0 - 6.2 µm, respectively. Indentation depth was 50 µm. 
The movements of the tool and the indentation time were 
controlled by the NC system of the ultraprecision machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Illustration of ultrasonic                          (b) Amplitude analysis 
vibration tool                                            of ultrasonic vibration  
Figure 4. Ultrasonic vibration-assisted indentation set-up 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Ultrasonic vibration-assisted indentation set-up on the3-axes 

controlled precision machine. 
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Table 1 Conditions of indentation tests 

Tool material 
Top radius 

Single crystalline diamond (SCD) 
R0.1, R0.5 mm 

Ultrasonic vibration 
Frequency 
Amplitude 

Piezoelectric 
39 kHz 
0, 2.5, 3.0, 4.0, 6.2 µm 

Workpiece 
Base material 
Thickness 

Electroless Ni-P (HV 519) 
Oxygen-free copper (HV 200) 

  1, 2, 5, 10, 20 µm 

Depth of indentation 
Feed rate 

50 µm 
10 mm/min 

Coolant White kerosene 

4. Experimental results 

Indentation test was carried out on the electroless Ni-P plated 
oxygen-free copper molds. The thickness of the Ni-P plate was 
changed by controlling plating time and the plate thickness was 
measured the X-ray fluorescence film thickness meter 
(Olympus). The apparent set indentation depth was 50 µm by 
controlling the precision NC machine system, and the amplitude 
of ultrasonic vibration were varied between 0 - 6.2 µm. 

 
4.1 Indentation load 

Figure 6 shows the changes in the indentation load with 
amplitude and electroless Ni-P film thickness when the 
indented depth was 50 µm. The indentation load was measured 
using the dynamometer (Kistler) which was installed on to the 
machine table. As the amplitude of the ultrasonic vibration 
increased, the indentation load decreased. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Indenter of R0.1                               (b) Indenter of R0.5 
Figure 6. Change in the indentation load 

 
4.2 Machined depth 

Figure 7 shows the changes in the machined depth with 
amplitude of ultrasonic vibration and electroless Ni-P film 
thickness. The set indented depth was 50 µm by using the 
precision NC machine. In the experiments, the indenters of R0.1 
and R0.5 were used. The machined depth was measured using 
the laser probe scanning profiles measuring system (Mitaka Co. 
Ltd.). In both cases in, as the amplitude of ultrasonic vibration 
increased, the machined depth increased. The machined depth 
using the indenter of R0.1 varied more than that of the indenter 
of R0.5. In both cases in the experiments using the indenters of 
R0.1 and R0.5, machined depth was close to 50 µm with an 
electroless Ni-P film thickness of 5 µm. The decrease in the 
machined depth with increase in electroless Ni-P film thickness 
seems due to the increase in the hardness of electroless Ni-P 
plating. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Indenter of R0.1                                 (b) Indenter of R0.5 
Figure 7. Change in the machined depth 

 

4.3 Burr height 
Figure 8 shows the changes in the burr height with the 

amplitude of ultrasonic vibration and electroless Ni-P film 
thickness. In both cases in the using the indenters of R0.1 and 
R0.5, as the amplitude of ultrasonic vibration increased, the 
burr height increased. The machined depth was measured using 
the laser probe scanning profiles measuring system. In both 
cases in the using R0.1 and R0.5 indenter, as the Ni-P film 
thickness increased, burr height decreased. The burr height 
using the indenter of R0.1 was larger than that using the 
indenter of R0.5. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Indenter of R0.1                                (b) Indenter of R0.5 
Figure 8. Change in the burr height 

 
4.4 Form deviation 

Figure 9 shows micro images of the surface imprint on 
electroless Ni-P. Figure 10 shows the changes in the form 
deviation with amplitude of ultrasonic vibration and electroless 
Ni-P film thickness. When Ni-P film thickness was 0 – 10 µm, the 
form deviation was not stable at any amplitude. This seems due 
to the springback of the base material, oxygen-free copper. 
However, both the indenters of R0.1 and R0.5 had a form 
deviation of less than 1 µm, and good transferability was 
obtained. In particular, for electroless Ni-P thickness of 20 µm, 
high transferability was obtained for both the indenters of R0.1 
and R0.5. 
 
 
 
 
 
 
 
 

(a) Indenter of R0.1                               (b) Indenter of R0.5 
Figure 9. Micro images of the surface imprint on electroless Ni-P 

(Amplitude λ=6.2 µm, Film thickness:20 µm) 
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(a) Indenter of R0.1                                 (b) Indenter of R0.5 
Figure 10. Change in the form deviation 

 
4.5 Machining test of micro lens array mold of electroless Ni-P 
plate. 

A structured surface with concave dimples was machined by 
the developed ultrasonic vibration-assisted indentation. Figure 
11 shows a Nomarski micrograph of the indented mold surface. 
The indenter shown in Fig. 3(b) was used. Depth of indentation 
was 10 μm, feed rate was 100 mm/min and indentation time 
was 0.1 s. The pitch in the x-direction and y-direction was 150 
μm. Figure 12 shows changes in surface roughness of the 
dimple profiles measured with a non-contact-type laser probe 
instrument. The shapes of the created concave dimples were 
very sharp and smooth for applying the light-guiding plate mold. 
In this proposed ultrasonic vibration-assisted indentation 
method, the transcribing deviations between the indenter and 
the indented pattern occurs due to the spring-back of the 
workpiece. In the actual manufacturing process, this problem 
would be easily solved by the compensation process of the 
transcribing deviations or the compensation of the indenter 
shape. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Nomarski micrograph of micro lens array mold fabricated by 
ultrasonic vibration-assisted indentation (Electroless Ni-P plated mold, 
13x13array). 

 
5. Conclusions 

Texturing technology is increasingly being applied in the fields 
of many advanced devices. In this study, a new fabrication 
method and system using ultrasonic vibration-assisted 
indentation was proposed and developed for generation of a 
textured surface. The indentation process of the mold with a 
sharp indenter can machine the textured surface by laser 
fabrication and diamond lapping, and ultrasonic vibration-
assisted motion was added to increase the precision and 
efficiency of the structured mold. In the indentation 

experiments, the single crystalline diamond indenter was 
machined by the laser scanning process. And the effect of 
amplitude of ultrasonic vibration and electroless Ni-P film 
thickness on processing were investigated. In the proposed 
method, the high frequency motion of the indenter seems to 
 greatly improve precision and efficiency of the processing 
performance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Changes in surface roughness of machined micro lens array 

mold of electroless Ni-P. 
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Abstract 
Double-sided lapping (DSL) is an ultra-precision process widely used for machining optical components, wafers, and precision physical 
experiment samples owing to its high efficiency and parallelism. Most previous research focused on flatness, surface roughness, 
material removal rate, etc. However, as a critical parameter, parallelism was rarely investigated in the DSL process. To explain why 
two surfaces of the workpiece become parallel by DSL, several workpieces, including a slide which render the model close to the 
actual process, are taken to calculate the parallelism evolution, and the parallelism convergency mechanism is clarified. The 
calculation result has indicated that the parallelism was improved from 100.0 μm to 25.6 μm based on the parallelism evolution 
model. The results of subsequent experiments on thin copper substrates to analyze the parallelism evolution quantitively have 
demonstrated that, as expected, it matches with theory analysis and parallelism improves from 108.6 μm to 28.2 μm. 
 
Keywords: Double-sided lapping, parallelism, measurement system, theoretical model   

 

1. Introduction   

Flat workpieces are indispensable parts in many fields, and the 
demand for its parallelism increases with the rapid development 
of the industrial regions [1]. Normally, high parallelism is always 
obtained through fly cutting or ultra-precision turning [2]. 
However, the two sides of the workpiece are machined 
successively in the cutting process, in which only a high total 
thickness variation (TTV) rather than the parallelism can be 
achieved. Nevertheless, the parallelism is not only determined 
by thickness, but also decided by flatness, which is hard to 
improve on workpieces with weak rigidity attributed to the 
effect of the residual stress [3]. Thus, a process in which both 
sides of workpieces can be machined simultaneously is 
proposed to weaken the effect of residual stress, and the high 
parallelism, as well as the flatness, is guaranteed by the process 
[4]. Double-sided lapping as a qualified process, which machined 
the two sides of the workpiece concurrently, is employed to 
achieve high parallelism [5]. 

Double-sided lapping is an ultra-precision machining process, 
which is always used to achieve high flatness and efficiency [6]. 
In the process, several rather than one workpiece are machined 
in the meantime, and the flatness, surface roughness, TTV, etc. 
are similar after machining. The material removal models were 
developed accurately by analyzing the contact pressure, relative 
motion between the workpiece and the lapping plate. 
Additionally, flatness, surface roughness and material removal 
rate are primarily investigated on hard and brittle materials such 
as silicon, sapphire, SiC, etc. [7]. Parallelism, as a crucial index, 
has undergone experimental investigation during the double-
sided lapping process [8]. However, the parallelism evolution 
after double-sided lapping with floating upper plate has not 
been analyzed theoretically, and the mechanism of the 

parallelism convergency has not been clarified. 

To solve the problems, a theoretical derivation of parallelism 
evolution has been built in this paper. The contact pressure, as 
well as the material removal has been obtained based on the 
established model. Then, the parallelism evolution of tapered 

and parallel workpieces was calculated. Five thin copper 
substrates including a tapered workpiece were employed to 
verify the established model by double-sided lapping process. 

2 Theoretical model 

In DSL process, five workpieces are machined concurrently in 
actual process, in which three workpieces are processed initially 
from the analysis above, and the other two are machined 
gradually. The model with five workpieces is spread based on the 
one with three workpieces to simulate the actual process. The 
mechanical model of the process is shown in Figure 1.  

 

 
 
Figure 1. The schematic of workpiece force analysis with five workpieces 

 
The material removal model can be calculated based on the 

Preston Equation, shown in Eq. (1) and (2). 
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In which F1, F2 and F3 are the contact pressure on different 
workpieces respectively. A indicates the contact area between 
the workpiece and lapping plate. β is the deflection angle of the 
workpiece. θ is the slope of the upper plate. R is the distance 
between the point to the center of the workpiece, ωp is the 
rotational speed of the lapping plate, ωh is the revolution speed, 
ωn is the rotational speed of the workpiece, and L1 is the distance 
between the center of workpiece and the sun wheel. 

3. Experiments      

Five copper substrates sized Φ 100 mm×2.9 mm, including a 
tapered one mentioned before with the parallelism of 100 μm 
fabricated by turning process, have been symmetrically placed 
in a double-sided lapping machine (YJ-6B5LA by Yujing 
Machinery Co., Ltd., Hunan, China) as shown in Figure 2 to verify 
the theoretical model.   
 

  
(a)                                                       (b) 

 
Figure 2. Double-sided lapping setups 

 
Twin fixed-abrasive pads with 15-25 μm diamond particles 

have been utilized to perform the DSL tests with coolant using 
deionized water. The parallelism of the workpiece was evaluated 
each 10 min by the instrument shown in Figure 2(b), and the 
measurement uncertainty is 0.34 μm (coverage factor k=2). 

4. Results and discussion      

4.1 Calculation results 
The material removal (MR) on the surface has been calculated 

based on the theoretical model. The parallelism could be directly 
obtained by the thickness variation as the workpiece in the 
model has been assumed as an ideal flat. Given the calculation 
results shown in Figure 3, it would be reasonable to assume that 
the DSL process would enhance not only the thickness 
uniformity but also the workpiece's parallelism (had been 
improved from 100.0 μm to 25.6 μm).  

 

 
 
Figure 3. Calculation results of slide workpiece parallelism evolution 

 
4.2 Experimental results 

Five workpieces, including a tapered workpiece with a 
thickness of 2.8 mm~ 2.9 mm, were selected in the double-sided 

lapping process to verify the theoretical model. During the 
process, the machined area becomes more extensive and the 
thickness tends to be uniform. Within 40 min processing, the 
whole surface was machined, and the parallelism has been 
improved from 108.6 μm to 28.2 μm finally as shown in Figure 
4.  Due to the initial surface shape, the pressure distribution is 
not the same with the calculation, which causes the difference 
between Figure 3 and Figure 4 at the processing time of 20 min 
and 30min. 

 

 
 
Figure 4. Experimental results of slide workpiece parallelism evolution 

5. Conclusions      

In this study, a theoretical model is developed to analyze the 
parallelism evolution, and the mechanism of parallelism 
convergency in DSL process is investigated. The following main 
conclusions are presented. 

(1) A theoretical model has been established to clarify the 
mechanism of workpiece becoming parallel. In the modeling, 
five workpieces including slide one were employed in the 
calculation. The parallelism evolution has been calculated on 
slide workpieces, and the parallelism was improved from 100.0 
μm to 25.6 μm. 

(2) Experiments have been conducted to verify the theoretical 
model with one slide workpiece and four parallel workpieces. 
The slide-thin copper substrate becomes parallel after the 
double-sided lapping process, and the parallelism is modified 
from 108.6 μm to 28.2 μm, which agreed with the calculation 
results.  

The future work will focus on the double-sided lapping 
machines improving, with more sensors to make the machines 
intelligent. 
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Abstract 
The finishing of small components with complex geometries is a major industrial challenge. One process that is suitable for targeted 
post-processing is centrifugal disc finishing with wet and dry media. In this process, the workpieces float as bulk material together 
with the abrasive particles in a container and are completely surrounded by the abrasive medium. As shown in previous studies, the 
Discrete Element Method (DEM) is suitable for investigations of grinding processes with specified workpiece motions. To simulate 
unpredictable workpiece motion, a new approach is being tested in which the workpieces themselves are treated as particles. Within 
this research paper, results for the post-processing of centrifugal disc finishing with the software ROCKY DEM are presented. The 
investigation results show good correlation between the numerical determined pressures and the analysis results of the rounded 
workpiece edges on test components made of mould-steel X13NiMnCuAl4-2-1-1.  
 
Keywords: immersed tumbling, centrifugal disc grinding, discrete element method  

 

1. Introduction 

In order to meet high quality requirements for parts and 
components with surface roughness of Ra ≤ 0,1 µm and burr free 
edges finishing processes are increasingly used at the end of the 
process chains. For rounding, deburring and surface 
improvement, a wide range of processes can be used depending 
on the requirements [1]. A technology which is particularly 
suitable for small and complex components and their mass 
finishing is centrifugal disc finishing [2]. Thereby, the workpieces 
are completely surrounded by the abrasive grains. Through the 
specific process simulation with the Discrete Element 
Method (DEM) it is possible to improve the process 
understanding and to analyze the particle behavior. In 
particular, the software ROCKY DEM from the company ESSS, 
Florianópolis, Brasil, offers new possibilities for the simulation of 
moist particles and thus an analysis of the disc centrifugal 
grinding. In addition to the use of complex particle geometries, 
the software enables a high number of particles through 
improved computational algorithms of the contact mechanics. 
Furthermore, moist particles and their contact conditions can  
be calculated by an implemented liquid-bridge model [3]. 
UHLMANN ET AL. [3, 4, 5] as well as ZANGER ET AL. [6] were able to 
demonstrate potentials for the analysis of different drag 
finishing technologies with the software ROCKY DEM and the 
simulation of dry and wet particles through their research work. 
In the following, the numerical approaches are to be applied for 
another process and thus the field of application is to be 
extended. 

2. Centrifugal disc finishing 

A centrifugal disc machine tool consist of an open process 
container, wich is filled with moist or dry abrasive medium, 
shown in Figure 1. A toroidal stream is generated inside the 
stationary process container via the rotation of a disc attached 
to the bottom. In this process, the workpieces (e.g. screws, wire 

guides, springs or jewelry) float as bulk material together with 
the abrasive particles in the container.  

 
Figure 1. Centrifugal disc machine tool 

3. Setup 

A CF 2x18 centrifugal disc finishing machine tool with a 
container volume of 18l was used for the study. The system of 
the company OTEC PRÄZISIONSFINISH GMBH, Straubenhardt, 
Germany, has a disc speed of up to nd = 330 1/min. A moist 
abrasive medium of the type KM10 with a conical particle 
geometry and height of hc = 10 mm was used. A mould steel of 
the type M261 extra, X13NiMnCuAl4-2-1-1, of the company 
BÖHLER EDELSTAHL GMBH, Kapfenberg, Austria, was set for the 
rectangular block workpieces with dimensions lw = 50 mm, 
ww = 20 mm and hw = 3 mm. The blocks were machined with a 
process time of t = 15 min and t = 30 min. After the finishing 
process the radii of the workpiece edges were measured with 
the optical measurement device InfiniteFocus of the company 
ALICONA IMAGING GMBH, Graz, Austria. 

4. Discrete element modelling 

The software version 4.5.2 of ROCKY DEM was used for the 
process simulation. A CAD-model of the centrifugal disc machine 
tool was designed and filled with the wet KM10 granulate. As 
shown in previous work, ROCKY DEM provides a sufficient 
representation of flow and contact behaviour of non-spherical 
particles as well as realistic simulation of moist particles given by 
the built-in liquid-bridge module [3, 4, 5]. For the experiments a 
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homogenous moisture distribution was chosen with physical 
parameters of water and mass of mw = 10 mg per particle 
resembling the experimentally weightened mass of water 
carried by each particle. The particles were meshed with 
nc,KM10 = 300 cells. Contacts are modelled with hysteretic linear 
springs for normal forces FN and linear coulomb springs for 
tangential forces FT.  

In this study, the examined workpieces do not perform 
deterministic movements, but must allow free body movements 
as well as free body rotations. For that matter the steel 
workpieces are implemented as secondary particles with 
nc,w = 9,122 cells and two workpieces are dumped into the 
container. The collected intra-particles and inter-particles-
contact data are then analyzed and compared with the 
experimental results. The simulation environment is presented 
in Figure 2. 

 
Figure 2. Simulation environment and components;  
a) process model with particles, b) meshed workpiece, c) KM10 particle 

5. Results and discussion 

The corners as well as the edges of the longitudinal axis were 
measured on the unmachined workpieces and the machined 
workpieces after varied process times of t = 15 min and 
t = 30 min. Furthermore, images were made and the results 
were compared with the simulation results consisting of the 
duration time td, tangential stress τ, normal stress σ and 
frequency f of the contacts. Figure 3 shows the mean values of 
the experimental results presented by the radii r as well as the 
calculated average of normal stress σa in the simulation. It can 
be assumed, that first effects on the edges and corners of the 
workpieces, in consequence of the particle contacts, can be 
mapped simulatively. Due to the high computing times, only a 
few seconds are calculated in the simulation and the result is 
scaled. Due to a longer simulation time ts, an increase of the 
processing intensity can be detected similar to the real process. 
The number of contacts increase and higher tangential and 
normal stresses are achieved. In the real process, an increased 
machining of the corners is visible, which could also be 
determined simulatively by higher stresses. 

While contact points between the workpiece and abrasive 
particles are distributed everywhere on the surface of the 
workpiece, significant stresses occur only at the corners and 
edges. The results show a clear correlation between the 
simulated machining peaks and the areas of maximum geometry 
change from the experiments. This is also confirmed with 
different process times t. These conclusions show that the 
evaluation of collision statistics on particles is possible and 
realistic, and that it is advisable to use this for bulk materials 
with under-mixed particulate workpieces. 

 
Figure 3. Preparation and simulation results of the edges and corners 

6. Conclusion 

The given study provides a numerical modelling of the 
centrifugal disc finishing with a moist medium. By using the 
software ROCKY DEM, free moving workpieces could be 
realistically simulated by treating them like particles themselves. 
Flat workpiece samples were finished and the radii of the 
machined edges were measured. The experimental results were 
then qualitatively correlated with those obtained from the 
simulatively determined average of normal stress σa.  

In further investigations, the model will be used for simulation 
of  workpieces with higher complexity and the surface quality 
will be considered as a further target variable as well as its 
simulative predictability. 
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Abstract 
Tool and mould making is one of the most important sectors for production of complex parts with highest economic efficiency. 
Particularly the milling process is a key technology for the manufacturing of tool electrodes for electrical discharge machining (EDM). 
Beside copper, graphite is the most industrial relevant tool electrode material for sinking-EDM. According to the state of the art the 
machining of graphite results in high tool wear in consequence of strong chemical and abrasive effects. Currently, uncoated and cost 
intensive diamond coated cemented carbide tools are used for industrial applications. High tool costs and short tool life have a 
negative impact on the economic efficiency of the manufacturing process and increase the overall production costs. To reduce the 
production costs, the needs for innovative cutting materials and dedicated manufacturing processes are high. The zirconium dioxide-
reinforced aluminium oxide ceramic used in this investigation shows a great potential because of the high hardness H, the missing 
binder phase and the covalent bond. The aim of this investigation is the examination of the application behaviour of ceramic cutting 
tools during the machining process of graphite. Therefore, dedicated milling tests in partial and full cut were carried out. For 
evaluation of the application behaviour of the ceramic tools, the surface quality of the machined graphite depending on the wear of 
the tools was considered. The results show that a minimum surface roughness of Ra = 0.80 µm and average surface roughness of 
Rz = 6.55 µm could be achieved in first milling tests. Due to a strong sharpening effect of the cutting edge during the machining, the 
possibility was provided to produce complex components with highest precision and without chipping behaviour. The machining of 
graphite using ceramic milling tools shows extensive advantages compared to conventional milling tools, which may positively affect 
the economic efficiency of machining graphite in the future. 
 

Keywords: ceramic, cutting tools, milling, graphite          

 
1. Introduction 

For the production of complex parts with highest economic 
efficiency the tool and mould making belongs to one of the most 
important industrial sectors. For the manufacturing of tool 
electrodes for electrical discharge machining (EDM) copper and 
graphite represent the most common materials [1, 2]. According 
to the state of the art uncoated and diamond coated cemented 
carbide tools are applied for the machining of graphite. 
However, the use of these tools leads to high tool wear and 
reduced tool life times TSt in consequence of strong chemical 
and abrasive effects. This results in an early elution of the binder 
phase and a fast chipping of the coating, which leads to high tool 
and process costs as well as reduces the economic efficiency of 
the manufacturing process [3]. 
A promising approach to overcome the present challenges is the 
usage of a zirconium dioxide-reinforced aluminium oxide 
ceramic type AZ25PPr. The ceramic shows a great potential due 
to the high hardness H, the missing binder phase and the 
covalent bond. A previous scientific study demonstrates the high 
potential of this ceramic as cutting material [4]. To gain 
comprehensive knowledge about this ceramic and its 
characteristic, the application behaviour of the ceramic type 
AZ25PPr during the machining of graphite was investigated with 
milling tests in partial and full cut to determine the applicability 
of the tools in terms of surface quality and tool wear. 
2. Experimental setup 
2.1. Cutting material and geometry 

Within this work, the application behaviour of ceramic cutting 
materials was investigated using cutting tools made of a 
zirconium dioxide-reinforced aluminium oxide ceramic 

type AZ25PPr, which is a chemical composition of aluminium 
oxide of mC,Al = 75 % and zirconium dioxide of mC,ZrO2 = 25 %. 
The used ceramic tools were grinded by the company 
HOPPE PRÄZISIONSTECHNIK GMBH, Hoyerswerda, Germany, 
according to the state of the art and were provided with a 
parabolic radius transition, that positively influences the process 
characteristics and allows increased cutting parameters. 
2.2. Testing methods and devices 

For the experimental investigations of the application 
behaviour, the milling process was carried out on the 
3-Axis-HP-machine Gamma 303 High Performance of the 
WISSNER GESELLSCHAFTFÜR MASCHINENBAU MBH, Göttingen, Germany. 
The measurement of the surface roughness Ra and Rz were 
realised by the surface metrology device MicroProf 100 of the 
FRT GMBH, Bergisch Gladbach, Germany. A non-contact 
measuring procedure with the profile method was performed on 
five different spots on each investigated surfaces [5]. To enable 
a suitable visualisation of the experimental results, the scanning 
electron microscope (SEM) JCM-5000 of the company 
JOEL NEOSCOPE, Akishima, prefecture Tokyo, Japan, was used. The 
maximum width of flank wear land VBmax was also measured 
with the SEM by computerised comparative analysis. 
3. Experimental investigations 

Within the investigations of the ceramic cutting materials, 
dedicated milling tests were carried out to evaluate the 
application behaviour of the tools and to define appropriate 
process parameter ranges. As workpiece material the graphite 
material type EDM-AF5, which is considered as a finishing 
graphite with an average grain size dG < 1 µm as well as ceramic 
milling tools type AZ25PPr were applied. The tools have a 
diameter D = 4 mm, four cutting edges and a cutting edge length 
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of lce = 7 mm. To evaluate the behaviour of the tools during the 
machining of graphite statistical Design of Experiments (DoE) 
was used. Included factors were the spindle speed n, the depth 
of cut ap and the feed per tooth ft. Each test series was repeated 
three times for statistical validation. Figure 1a) to Figure 1c) 
show the influence of the process parameters on the surface 
roughness Ra.  

 
Fundamentally, there is no influence of the depth of cut ap on 
the surface roughness during the machining. The parameters 
feed per tooth ft and spindle speed n show a significance.  
As the feed per tooth ft increases, the process force FPr also rises 
from FPr = 16.5 N to FPr = 25.7 N, which leads to an increased 
breakout behaviour of the workpiece and a reduced surface 
quality. The process forces FPr were recorded in all experiments 
with the 3-component-dynamometer type 9256B1 of the 
KISTLER INSTRUMENTE AG, Winterthur, Germany. The surface 
roughness Ra is also affected by the spindle speed n. Highest 
surface quality of Ra = 0.80 µm and Rz = 6.55 µm could be 
achieved using a spindle speed of n = 23,873 1/min, a depth of 
cut of ap = 2 mm and a feed per tooth of ft = 10 µm. To visualise 
the results of the milled grooves, Figure 1 d) illustrates SEM 
images of the grooves. The shown surfaces indicate that a 
transcrystalline separation process was achieved during the 
machining of graphite. According to the results, the machining 
parameters which generated the highest surface quality will be 
used for further investigations. More experiments were carried 
out to identify the wear at the micro-geometries of the tools.  

Figure 2. Sharpened cutting edge after machining of graphite 

Therefore, dedicated milling experiments with ceramic milling 
tools of the type AZ25PPr in partial cut with a defined 
path length of lc = 60 m were conducted. On all investigated 
ceramic tools, a significant increase in the wedge angle β0 was 
observed over the path length lc, which converges to a maximum 
from β0 = 70.7° to β0 = 83.2°. Furthermore, a strong increase of 
the cutting edge offset SV and the maximum width of flank wear 
land VBmax was found. With a path length of lc = 60 m, a cutting 
edge offset of SV = 58.6 µm and a maximum width of flank wear 
land of  VBmax = 510.2 µm could be identified. The findings also 
show a significant change at the tool micro-geometries after a 
path length of lc = 60 m. During the machining of graphite, a 
reduction of the maximum chipping of the cutting edge starting 
from RS,max = 2.5 µm to a minimum value of RS,max = 1.3 µm could 
be observed. Further, a decrease of the rounded cutting edge 
radius of 50 % from rβ = 7.2 µm to rβ = 3.6 µm was found. In 
summary, it could be shown that a homogenisation of the 
cutting edges occurs which leads to a sharpening of the cutting 
edges during the machining process, see figure 2. 

4. Conclusion and further investigations 
The major objective was the evaluation of the application 

behaviour using an oxide ceramic type AZ25PPr for the 
machining of graphite. Based on the investigations, a suitable set 
of process parameters in the examined process area could be 
identified and shows a great applicability. Furthermore, it could 
be demonstrated for the machining of graphite that a positive  

 
effect on the wear behavior is achieved compared to CVD-
coated tools used in the state of the art. Due to the significant 
improvement of the cutting edge micro-geometries, a 
sharpening effect occurs, which significantly enhances the 
surface quality. It was found that a transcrystalline separation 
process could be realised as a result of the sharpening effect 
with an increased surface quality of Ra = 0.64 µm and 
Rz = 5.22 µm. Figure 3 shows that the sharpening of the cutting 
edges allows components to be manufactured with highest 
precision, sharp edges and without chipping behaviour.  
The findings show an excellent transferability to industrial 
applications. Based on the evaluated process parameters, 
complex and highly challenging structures could be produced. 

Figure 3. Graphite electrodes manufactured with ceramic  

milling tools type AZ25PPr with different shaped microstructures 

With these conclusions, a recommendation may be given to 
apply the ceramic tools as roughing tools and to use CVD-coated 
tools in the finishing operation for the machining of graphite. 
This allows an extension of the application range and an increase 
in economic efficiency. In further investigations, the machining 
process will be examined in more detail and material-specific 
studies 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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Figure 1. Results of dedicated milling tests a – c) surface roughness Ra depending on different parameters and d) SEM images of milled groove 
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Figure 1. Results of dedicated milling tests concerning surface roughness Ra
a – c) surface roughness Ra depending on different parameters and d) SEM images of milled groove 
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Abstract 
 
Ultra-precision single point diamond turning is widely used in the production of infrared optics. The key for achieving high form 
accuracy are the precise tool setting and the tool path control. The common practise for tool setting depends mainly on the machine 
operator. The tool path is controlled by the feed drive system and the tool path compensation which is done by offline measurement 
and tool path correction software. Such working method is very time consuming. This paper introduces a machine vision based tool 
setting system which measures the X position of the centre point, the height and the radius of the tool with micron accuracy and sets 
the tool parameter in the CNC controller automatically. The closed-loop compensation of form error is done then by combining an 
in-situ form error measuring probe with tool path correction software integrated in the controller of the CNC system. The 
compensation of the form error is carried out based on the in-situ measured form error data. The machining experiment was carried 
out. The results show that form accuracy of the work piece could be improved in the sub-micron range with this machine vision tool 
setting system and closed loop form error compensation.  
 
Single point diamond turning, optical tool setting system, surface form accuracy, in-situ measurement  

       

1. Introduction  

The key to achieve submicron surface form accuracy is the 
precise control of tool path. Visual tool setting device has made 
many academic and commercial achievements [1, 2, 3], but the 
measurement accuracy of commercial optical tool setting device 
is not high enough and the operation efficiency is low. It is easy 
to introduce the subjective error of the operator in use, such as 
manually selecting three points to fit the tool tip arc or manually 
judging the clarity of the visual image. The application of high 
precision optical tool setting device is the main development 
direction of tool setting device of  ultra-precision machine tool. 
How to reduce the dependence on machine operators, reduce 
adjustment time and realize intelligent tool setting is an urgent 
practical technical problem to be solved. 

Surface form error is inevitable in the actual production and 
processing of ultra-precision single point diamond lathe. It is 
necessary to use measurement and compensation technology to 
correct the machining trajectory to make surface form error 
within the allowable range [4]. Firstly, the error of machined 
surface is obtained by appropriate detection means, and the 
error data is processed and analyzed. Finally, an appropriate 
compensation method is used to correct the target value of each 
motion axis to improve the surface form accuracy. Scholars have 
conducted in-depth research on the measurement and 
compensation methods of ultra-precision machining errors [5-
9]. The tool path is controlled by the feed drive system, and the 
tool path compensation which is done by offline measurement 
and tool path correction software. This working method is very 
time consuming. Therefore, how to quickly and accurately 
obtain and compensate the surface form error of the machined 
surface has become a very important problem in the process of 
single point diamond turning. 

Based on the above analysis, in order to realize sub-micron 
form accuracy in ultra-precision turning, this paper studies the 
optical tool setting system based on machine vision which can 
measure the X position of the centre point, the height (Y 
position)  and the radius of the tool with micron accuracy and 
sets the tool parameter in the CNC controller automatically. The 
closed-loop compensation of form error is realized by combining 
the in-situ form error measuring probe with tool path correction 
software integrated in the NC system controller. 

2. Design of ultra-precision visual tool setting system  

For ultra-precision turning, tool offset will affect the quality of 

turning parts, especially on large aperture parts.The precise 
adjustment of tool tip will affect the machining surface form 
accuracy. Therefore, it is of great significance to study the 
method of tool offset correction and find an efficient and precise 
tool offset correction method to improve the form accuracy. 
 
2.1 Influence of tool offset on turning surface form accuracy 

The basic structure of ultra-precision single point diamond 
lathe is shown in Figure 1. The structure is composed of X-axis 
and Z-axis linear feed axes and workpiece spindle. The 
workpiece spindle is installed on the X-axis slide and the turning 
tool holder is installed on the Z-axis slide. 

In processing, tool setting operation is required. First, adjust 
the tool installation height so that the highest point of the 
cutting edge of the tool is in the same horizontal plane as the 
spindle axis; Secondly, move the X-axis to realize that the center 
of the cutting-edge arc is in the same vertical plane as the 
spindle axis. 
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Figure 1. Schematic diagram of structure and coordinate system of single 
point diamond lathe 
 

Tool setting offset is divided into X offset and Y offset. When 
the tool offset exists, over cutting or under cutting occurs when 
machining with ultra-precision lathe. Next, the relationship 
between the tool setting offset and the form error is analyzed. 
Assume Y offset δ2=0 when X offset δ1≠0, the tool feed is along 
the positive direction of X axis. The workpiece coordinate system 
is used in machining programming. In order to facilitate 
subsequent machining programming, the tool path is described 
in the workpiece coordinate system. For a convex sphere, in the 
XOZ plane of workpiece coordinate system, the theoretical tool 
path equation is: 

{𝑧 = √𝑅2 − 𝑥2 − 𝑅 
𝑦 = 0

, 𝑥 ∈ [−
𝐷

2
, 0] (1)  

Where: R -- the radius of machined convex sphere. 
Considering the X offset δ1, the actual tool path equation is: 

{
𝑧 = √𝑅2 − (𝑥 − 𝛿1)2 − 𝑅 

𝑦 = 0
, 𝑥 ∈ [−

𝐷

2
, min (0, 𝛿1)]                (2) 

Then the surface form error value Δ𝑍 along Z coordinate is 

Δ𝑍 = √𝑅2 − (𝑥 − 𝛿1)2 − √𝑅2 − 𝑥2, 𝑥 ∈ [−
𝐷

2
, min (0, 𝛿1)]  (3) 

It can be seen from formula (3) that each cutting point on the 
actual cutting path deviates from the theoretical value due to X 
offset, which affects the machining surface form accuracy. When 
X offset is negative, the surface form error Δ𝑍 is negative, and 
the workpiece is overcut; On the contrary, the value of surface 
error Δ𝑍  is positive, the central area of the workpiece is not 
processed to form a boss. 

In the case of Y offset, the machining surface form error Δ𝑍 is: 

Δ𝑍 = √𝑅2 + 𝛿2
2 − 𝑥2 − √𝑅2 − 𝑥2    (4) 

According to the above theoretical analysis, the theoretical 
numerical simulation method is used to simulate the theoretical 
surface form error.when turning a convex sphere with a radius 
of curvature of 50mm and a diameter of workpiece of 60mm, it 
is assumed that the tool offset is 100μm(Arbitrarily assumed) 
respectively in both directions. The effects on surface form error 
of a meridional interface contour are shown in figure 2 and 
figure 3. 

The following conclusions can be drawn from Figure 2 and 
Figure 3: 

1) The form error of the turning surface caused by X offset 
changes with the direction of the tool offset and the shape of 
the machined surface. The maximum error is located at the edge 
of the workpiece. When X offset is 0.1mm and -0.1mm 
respectively, the corresponding maximum surface form error is 
74.42μm and -75.20μm. 

2) When Y offset is 0.1mm, the surface form errors gradually 
decreases from edge to center point, and the maximum absolute 
value of the error is 0.125μm, which has little influence on the 
surface form error. The surface error has nothing to do with the 
direction of bias, but only with the concave and convex shape of 
the machined surface. The Y offset causes a residual boss in the 
center of the workpiece, which affects the appearance and 
optical performance of the workpiece. In actual production, the 
Y offset is required to be less than 2μm. 

 
Figure 2. The surface form error curves of convex sphere with X offsets 
of 0.1μm and -0.1μm  
 

 
Figure 3. The surface form error curve of convex sphere with Y offsets 
±0.1μm 

 
2.2 Structural design of in-position visual tool setting system 

The main functions of the optical tool setting system designed 
in this paper include: detecting the radius of the tool tip arc, 
calculating the center coordinates of the tool tip arc, positioning 
the tool in X and Y directions accurately, and warning the tool tip 
wear. The optical tool setting device is installed on the spindle 
seat of the single-point diamond lathe, as shown in Figure 4, 
including digital image vision system, calibration gauge and 
mechanical positioning part. 

 
Figure 4. Schematic diagram of optical vision tool setting device 
 

The digital camera has a pixel size of 2.9296 pixel/μm×4 
pixel/μm, and is used in combination with a 5× objective lens. 
The image size corresponding to an object of 1×1μm is 5×5μm. 
Such an image requires 1.706 (H) ×1.25 (V) pixels, so the 
horizontal pixel equivalent of the image is 586nm/pixel, and the 
vertical pixel equivalent of the image is 800nm/pixel. 
2.3 Design of Image processing algorithm  

1) Evaluation method of image sharpness 
The tool setting instrument is usually used for manual tool 

setting of ultra-precision single point diamond lathes, and then 
the tool setting parameters need to be corrected by trial cutting 
method to further improve the tool setting accuracy. The 
focusing accuracy of manual tool tip is poor, which will increase 
tool setting error, and the tool setting error is 5~20μm. The 
sharpness of image is distinguished by the sharpness evaluation 
function to obtain a clear tool tip image, so as to improve the 
accuracy of tool tip edge detection and wear detection. 

X 

Y 

Z 
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In order to verify the unimodal nature of the evaluation 
function, the imaging process of standard gauge in the test is 
"fuzzy-clear-fuzzy". A total of 6 images on both sides of the focal 
point of the tool setting system are captured. Adjust the height 
of the objective lens by using the precision fine-tuning 
mechanism of the objective lens, and the adjustment step is 5 
μm. The sharpness of the captured 6 images is calculated and 
analyzed by using sharpness evaluation functions such as 
variance function, Brenner function, Tenegrad function, energy 
gradient function and Laplace energy function. The test results 
are shown in Figure 5. According to the test results, Brenner 
function has good unimodal and sensitivity. Therefore, Brenner 
sharpness evaluation is applied to this study to improve the tool 
setting accuracy. 

 
Figure 5. A graph of the result of the sharpness evaluation function 
 

2) Filtering of salt and pepper noise 
According to the practical application experience, the filtering 

effect of mean filter and median filter is related to salt and 
pepper noise density. The greater the noise density, the worse 
the filtering effect, which directly affects the extraction of 
effective image information. In this paper, an improved adaptive 
extremum median filtering algorithm is proposed. Based on the 
traditional extremum median filtering algorithm, the steps of 
noise point judgment are added when selecting the 
neighborhood median to reduce the probability of false 
diagnosis of noise points. 

In the case of noise of the same density, the improved 
adaptive extremum median filtering algorithm and median 
filtering algorithm are respectively used for processing, and the 
processing results are shown in Table 1. The processing result of 
the improved adaptive extremum median filtering algorithm is 
obviously better than that of the median filter algorithm. The 
median filter is too sensitive to the increase of noise density, and 
the filtering effect deteriorates rapidly with the increase of noise 
density. The improved adaptive extremum median filtering 
algorithm has good stability to the change of noise density, 
which can preserve more effective resolution and image 
processing details for users. 

 
Table 1 PSNR of Baboon's original image at various noise densities 

Noise 
density 

median filtering 
Improved adaptive 

extremum median filtering 

0.35 17.4368 20.8049 

0.45 14.1623 20.6204 

0.55 11.0235 20.4352 

0.65 8.7670 20.2446 

0.75 7.2989 20.0705 

 
3) Edge detection 
The edges involved in this paper are divided into intersecting 

line segments and circular edges. Canny function is used to 
binarize the edge detection results and effectively extract the 
foreground target. The outer edge contour of edge detection is 
calculated, and the small and discontinuous contour and its 

points are removed by calculating the contour area, and the 
coordinate and contour layer information of outer edge pixels 
are extracted to form the edge contour pixel point set. 

4) Geometric calculation of tool offset correction 
In machine vision detection and positioning, the extraction of 

feature points determines the accuracy of tool setting. The bus 
contour of calibrated measuring tools is detected and extracted 
by cumulative probability Hough transform. Hough transform 
method can be widely applied to the fitting of circles passing 
through edge points, but the fitting accuracy is insufficient. 
Especially for the image processing with multiple circle features, 
the edge points are reused, and the detection results can not be 
used. There is only a single circle feature in the X-direction tool 
setting offset image. In this paper, the least square method is 
used to fit the circle feature, which has high fitting accuracy and 
strong anti-interference ability. 
2.4 Test of tool tip arc radius detection  

In order to verify the effectiveness of edge detection method 
and tool tip arc parameter calculation method adopted in this 
paper, diamond turning tools of different specifications are 
selected, image acquisition of tool system is carried out for many 
times by in-position vision, then data processing is conducted to 
output tool tip arc radius. Limited by the resolution of the visual 
system, the maximum error, average error and standard 
deviation of statistical data are 2.4μm, 0.81μm and 1.2μm, 
respectively. The reliability and accuracy of edge detection 
method and tool tip arc parameter calculation method of visual 
tool alignment system are verified. The effect of the average 
error 0.81μm affects the surface form error of the convex sphere 
(in section 2.1) by about 6μm. 

3. Measurement and compensation of surface form error 

In the actual processing process, the surface shape obtained 
by infrared optical elements has errors [10]. Because the radius 
of curvature at each point of aspherical surface is different, it is 
necessary to use appropriate detection methods to obtain the 
form errors of the machined surface, process and analyze the 
error data, and use appropriate compensation methods to 
correct the target value of each motion axis, so as to improve 
the surface form accuracy [11]. In this paper, the in-situ 
measurement and error compensation method of ultra-
precision turning are studied. 
3.1 Scheme design of in-situ measurement system 

Based on the working principle of CMM, when turning the 
rotational symmetric surface, the tool feeds along the 
meridional section curve. Therefore, only the meridional section 
curve of the workpiece can be measured for in-situ surface 
shape measurement. According to the measured surface form 
errors data, the workpiece can be compensated to meet the 
requirement of surface form accuracy. Figure 6 shows the 
principle of the in-situ measurement scheme for rotary 
symmetric surfaces. 

 
Figure 6. Principle of the in-situ measurement scheme  

 
The high-precision displacement sensor is installed and fixed 

on the tool holder, and according to the bus equation of the 
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surface shape to be measured, the NC detection program is 
generated, and the surface shape of the workpiece is measured 
relying on the motion accuracy of the NC equipment. 

As shown in figure 7, the coordinate of theoretical 
measurement point P is (x,z), the coordinate of probe center is 
(X,Z), and the theoretical compression of the probe is zero. 

 
Figure 7. Schematic diagram of actual contact points for in-situ 
measurement 
 

The theoretical detection point P(x,z) and the corresponding 
probe track coordinate (X,Z) satisfy: 

{
𝑋 = 𝑥 − 𝑟𝑝𝑟𝑜𝑏𝑒 ∗ sin 𝜃           

𝑍 = 𝑧 − 𝑟𝑝𝑟𝑜𝑏𝑒 ∗ (1 − cos 𝜃)
        (5) 

Where: 𝑟𝑝𝑟𝑜𝑏𝑒 -- probe radius; 𝜃 -- Angle between the normal 

line at the point P(x, z) and the Z-axis, clockwise is positive. 
The sensor installation error can not be accurately measured, 

so this paper compensates the probe installation error by 
numerical method. 
3.2 Design of error compensation strategy 

The comprehensive error compensation method compensates 
multiple errors at the same time without separating the errors 
one by one. Compared with the single error compensation 
method, it has higher efficiency and good effect. Therefore, this 
paper adopts the method of comprehensive error compensation 
to measure and compensate the machining surface form error 
in place to form a closed-loop control of surface form accuracy. 
In-situ measurement of surface form errors has been realized in 
the previous paper. The measured surface form errors data is 
processed to obtain the error curve of the tool path along the Z-
axis direction. On this basis, the tool path is corrected and 
compensated. 

The tool holder of the ultra-precision single point diamond 
lathe in this paper cannot rotate. The Z-direction direct 
compensation method is adopted in the test design, and the 
sensitive direction of the probe is parallel to the Z-axis. 

The error compensation function is regarded as a special 
function of NC system to realize in-situ detection and automatic 
tool path correction according to the error data, and generate a 
new NC machining program to compensate the form error in the 
next machining. 

4. Experimental research 

Machining test is conducted. The PV values of machined 
surface measured by in-situ measurement system and 
profilometer are compared. The workpiece is an aspheric optical 
element with a diameter of 15.3mm and a curvature radius of 
76.91mm. The goal of compensation machining is to achieve 
surface form errors less than 1μm. 

The experimental results are shown in Table 2. After two 
compensation machining, the surface form errors PV value is 
less than 0.001mm, and the measurement data of the in-situ 
measurement system is similar to the results of the profilometer, 
which verifies the feasibility of the in-situ measurement system 
and compensation method proposed in this paper. 

 

Table 2 PV values of machined surface 

Processing 
order 

In-situ measurement 
system/μm 

Profilometer 
(Taylor Hobson) /μm 

1 9.585 9.3746 

2 4.043 3.8438 

3 0.952 0.7641 

5. Conclusion  

This paper analyze the influence of tool offset on surface form 
accuracy, and design an in-position tool setting system based on 
machine vision. Brenner function is used to evaluate the 
sharpness of the collected images, and an improved adaptive 
extremum median filtering algorithm is proposed to preserve 
the effective resolution and image processing details. The 
reliability and accuracy of edge detection method and tool tip 
arc parameter calculation method are verified by experiments. 

A method of measuring the aspheric surface with rotational 
symmetry is proposed, and the trajectory of the probe is 
planned during the measuring process. After two times of 
compensation machining, the PV value of workpiece surface 
shape reaches 0.7641μm, which meets the requirements of sub-
micron machining accuracy. Experiments verify the feasibility of 
the in-situ measurement and compensation method proposed 
in this paper, which can effectively improve the machining 
accuracy of rotary symmetric aspheric surface and meet the 
practical production application. 
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Abstract 
 
Ultra-precision single point diamond turning can realize the machining of complex surface and meet the requirements of high surface 
finish and high form accuracy. It plays an important role in the machining of precision infrared optics. To improve the surface finish 

of optical element，a new balancing technique for single point diamond turning machine is developed. Based on the theory model 

of microstructure, the influences of linear feed axis feed resolution and motorized spindle vibration on surface roughness are 
analyzed. In order to achieve the nanometre feed resolution, a motion control scheme is designed to optimize the positioning 
performance of the linear axis. The vibration of the spindle caused by imbalance is measured by the encoder signal of the linear scale. 
The position of the unbalanced mass is determined by the vibration signal and the zero impulse of the encoder which is integrated 
in the spindle. The balancing process of the spindle is carried out by adding the needed mass to the balance hole manually. This 
method do not require vibration sensors and additional measuring instruments, and can achieve the same balance quality as with a 
commercially purchased balance instrument. The experiment results shown that this method can improve the surface finish of 
diamond turning significantly. 
 
diamond turning, surface finish, feed resolution, vibration, balancing        

 

1. Introduction   

Ultra-precision turning technology plays an important role in 
manufacturing technologies such as optical instruments, 
semiconductor processing and medical instruments. Surface 
finish is another important index to reflect the turning surface 
quality. Infrared optical elements require the turning surface 
roughness to be nanoscale. The surface finish of ultra-precision 
turning is related to the geometric parameters of the tool, the 
amount of cutter and the spindle speed, as well as the relative 
vibration between the tool and the workpiece. 

The tool-workpiece vibration is one of the main factors 
affecting surface generation [1, 2]. Kim [3], Cheung [4] 
developed a model for simulating the surface morphology of 
ultra-precision diamond turning, and analyzed the relationship 
between vibration frequency and surface morphology. Zhang 
summarized the influence of tool-workpiece vibration on 
surface generation of workpiece [5]. 

The main factors of the tool-workpiece vibration include the 
vibration of the workpiece spindle system, the fluctuation of 
cutting force, workbench(feed table) vibration and the vibration 
of environment. The influence of the above factors on the 
machining surface quality is complex. 

Workbench vibration determines the motion resolution of the 

linear feed axis. The smaller the motion resolution, the smaller  

the effective fine interpolation distance of the linear axis, so as 
to obtain better surface finish and shape accuracy. 

When the balance effect of motorized spindle is poor, the 
relative vibration amplitude between the tool and the workpiece 
is large, resulting in serious cutter grain and excessive finish on 
the machined surface. Zhang conducted theoretical and 

experimental study on the dynamic characteristics of forced 
vibration caused by spindle imbalance in diamond turning and 
its influence on surface formation [6]. Melta proved that 
vibration modes of spindle are orthogonal to each other under 
certain conditions, which lays a theoretical foundation for the 
mode balancing method [7]. 

Federn and Parkinson have carried out in-depth theoretical 
research on the selection of correction plane and dynamic 
balance under special working conditions (such as initial bending 
of the spindle) [8, 9], and their research results can well solve 
the above problems. Zhang proposed a method for measuring 
and estimating the unbalanced vector of thin disc workpiece 
based on the single-side influence coefficient method, and fitted 
the fundamental frequency component from vibration 
monitoring signal using the least square method [10]. 

Harker and Tamura conducted in-depth studies on the 
influence coefficient method and successfully extended the 
influence coefficient method to the dynamic balance of flexible 
rotors [11, 12]. Liu proposed a low-speed holographic balancing 
method for flexible rotor dynamic balancing [13]. Xu 
comprehensively used initial phase holographic spectrum 
method and influence coefficient method to optimize rotor 
balance by using genetic algorithm [14]. 

The implementation of dynamic balancing method depends 
on vibration sensors and additional measuring instruments, 
which is expensive. Although the commonly used field dynamic 
balancing instrument can meet the test accuracy, its efficiency 
is low and can not meet the frequent dynamic balancing 
operation requirements. At present, based on the existing 
hardware conditions of machine tool, there is little researche on 
spindle dynamic balancing using machine data. 
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In this paper, based on the three-axis ultra-precision single 
point diamond lathe, a reasonable control scheme is adopted to 
improve the motion resolution of the linear feed axis and obtain 
the nano vibration of the workbench. A spindle dynamic 
balancing method based on real-time position data of NC 
machine tool is proposed. The relative vibration between tool 
and workpiece is reduced, and then the surface finish of ultra-
precision turning is improved. 

2. Influence of tool-workpiece vibration on surface accuracy 

For the three-axis ultra-precision single point diamond lathe, 
the tool-workpiece vibration locate at X-axis direction and Z-axis 
direction. The relative vibration in the X direction is mainly 
caused by the imbalance of the spindle rotor, and the relative 
vibration in the Z direction is mainly caused by the static 
characteristics of the Z axis and the axial runout of spindle. 

Due to the existence of tool-worpiece vibration in two 
directions, tool is offset to position B1 and B2 respectively (as 
shown in figure 1). The h1 and h2 are the contour error values in 
Z-axis direction and X-axis direction respectively. According to 
the geometric relationship, the contour error h1 and h2 are: 

ℎ1 = 𝑟𝑡sin {cos−1 (
𝑆𝑓

2𝑟𝑡
)} − 𝑟𝑡 sin {cos−1 (

√𝑆𝑓
2+𝛥𝑧2

2𝑟𝑡
) − sin−1 (

𝛥𝑧

√𝑆𝑓
2+𝛥𝑧2

)}

 (1) 

ℎ2 = 𝑟𝑡 sin {cos−1 (
𝑆𝑓

2𝑟𝑡
)} − 𝑟𝑡 sin {cos−1 (

𝑆𝑓+𝛥𝑥

2𝑟𝑡
)}          (2)  

Where: 𝑟𝑡 -- arc radius of tool; 𝑆𝑓-- feed rate of tool along X 

axis per revolution; 𝛥𝑥-- amplitude of tool-workpiece vibration 
along X axis; 𝛥𝑧--amplitude of tool-workpiece vibration along Z 
axis . 

 
(a) in the Z-axis direction                  (b) in the X-axis direction  

Figure 1. Schematic diagram of the influence of tool-workpiece vibration 
on the surface profile  

3. Linear axis motion resolution   

3.1 Linear axis control scheme design 
Motion resolution is influenced by many factors, including the 

friction of transmission mechanism, displacement feedback 
resolution, vibration and noise of control system, so this index 
can reflect the performance of motion system. 

 
Figure 2. Mechanical layout of the single point diamond lathe LDT150 
 

The structure of the independently developed three-axis 
single-point diamond lathe is shown in Figure 2. The motorized 
spindle is fixed on the X-axis slide, and the tool holder is fixed on 
the Z-axis slide. At the same time, the damping and isolation 
mechanism is installed under the bed to reduce the influence of 
external vibration on machining accuracy. The linear feed axis 

adopts hydrostatic guide rail, which forms a hydrostatic oil film 
between the relatively moving slide block and guide surface, and 
then uses the linear motor to drive the workbench for feed 
movement. The linear grating ruler with high resolution is 
selected as the feedback element of the linear feed axis. The 
signal period is 0.512μm. The feedback resolution of 0.0625nm 
is achieved by hardware frequency multiplication subdivision. 

In order to meet the requirements of ultra-precision 
machining, the linear feed axis adopts the full closed-loop 
control mode. It is difficult for precision optical machining to 
accept the micro vibration introduced by PWM switching 
control. In order to reduce the noise of the control system, the 
linear amplifier is used to drive the linear motor to improve the 
motion control performance of the linear feed system. In this 
scheme, the calculation of position loop, speed loop and motor 
commutation is done by the upper controller, so that the 
calculation and propagation delay in the loop can be minimized. 
Thus, higher gain can be obtained by reducing delay, so as to 
obtain greater stiffness, bandwidth and acceleration capability. 
3.2 Detection of motion resolution  

The motion resolution of two linear axes is measured by step 
size motion test. During the test, the workbench first makes 10 
step feeds in a certain step in the positive direction, and then 
makes the same 10 step feeds in the negative direction. After 
each feed, the workbench stays for 4 seconds. 

See figure 3 forThe test data, in which the ordinate unit cts is 
pulse equivalent, 1cts is equal to 0.0625nm. It can be seen from 
figure 3(a): when the X-axis movement step is 1.7nm, the step 
effect is obvious, and the steady-state vibration amplitude of the 
workbench is about ±1.7nm, indicating that the X-axis motion 
resolution can reach 1.7nm. For Z-axis, as shown in figure 3(b), 
when the movement step is 0.7nm, the sampled signal can show 
a clear step effect. The steady-state vibration amplitude of the 
table is ±0.5nm, indicating that the motion resolution of Z-axis 
can reach 0.7nm. 

 
(a) X-axis motion resolution (step size: 1.7nm) 

 
(b) Z-axis motion resolution (step size: 0.7nm) 
Figure 3. Detection result of linear axis motion resolution 

4. Spindle dynamic balance method based on real-time 
position feedback data of NC machine tool    

4.1 Design of in-position spindle dynamic balance system 
Figure 4 shows the real-time position data curve collected by 

the X-axis grating ruler in the running and static state of spindle. 
Through the analysis of the two sets of data, it can be seen that 
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when the spindle is running, there is obvious fluctuation in the 
position signal output by the grating ruler, and the fluctuation 
amplitude increases from 10nm to 30nm.Therefore, the grating 
ruler position signal can be filtered to obtain the fundamental 
frequency vibration signal corresponding to the spindle speed, 
so as to evaluate the dynamic balance of the spindle and adjust 
the dynamic balance. 

 
(a) under the condition of spindle stopping; 

 
(b) under the condition of spindle running 
Figure 4. Real-time position data curve of linear grating ruler 

 
When the spindle is running, the periodic vibration generated 

by the imbalance is transmitted to linear axis, and the static 
position of linear axis changes due to the influence of spindle 
vibration. This change will be reflected in the real-time position 
data of linear axis as the micro fluctuation of static position. 
Vibration of the spindle is mainly distributed along the radial 
direction, therefore, the real-time position of the linear axis with 
a feed direction perpendicular to the spindle axis can be used to 
extract the unbalanced amplitude and phase angle of the 
spindle. The speed of the spindle and reference position of the 
correction masses can be calculated using the marker pulse 
(once per revolution) of the spindle measurement system. 

In the actual machining process, the spindle vibration of ultra-
precision single point diamond lathe is mainly caused by the 
workpiece reclamping and other reasons. The imbalance is 
mainly concentrated on the end face of the spindle, mainly 
manifested as radial vibration, which causes the tool-workpiece 
vibration along X-axis, and then affect the machining surface 
finish. Figure 2 shows that the x-axis drives the spindle to feed 
together, and its motion direction is perpendicular to the axis of 
the spindle. According to the above introduction, real-time 
position feedback signal of X-axis can be acquired to evaluate 
the dynamic balance of the spindle.  

As shown in figure 5, the in-situ spindle dynamic balance 
system software of the NC machine tool is integrated into the 
NC system. Through the data acquisition interface provided by 
the NC system, the real-time feedback position of the relevant 
linear axis and the marker pulse of the spindle are collected. 
After analyzing the data, the proposed system outputs the 
correction masses and mounting positions. The CNC controller 
used in this study must be a system with openness, thereby 
allowing the proposed balancing system to collect data. 

Correction Mass and Angle

NC

Machine

Tool

NC

System

Field-

Balancing 

System of 

Spindle

Real-Time Position of Linear 

Axis

Index Pulse of Spindle Measuring 

System

Closed-Loop

Control

 
Figure 5. Schematic diagram of spindle dynamic balancing system of the 
machine tool  
 

Figure 6 shows the software interface of the spindle dynamic 
balancing system, which includes signal acquisition system and  
software system. The signal acquisition system realizes the 
acquisition and storage of spindle encoder and linear grating 
ruler signals. The software system is designed based on LabView 
to realize real-time data acquisition, data analysis and 
processing, output theoretical counterweight parameters, 
realize real-time in-situ balance evaluation and dynamic balance 
operation of motorized spindle, and expand the intelligent 
function of NC system. This approach does not need additional 
sensors and has high integration. 

 
Figure 6. User interface for spindle dynamic balancing system 

 
4.2 Extraction of spindle vibration amplitude and phase 

The sampling signal contains various noises due to the 
influence of the fluctuation of the air pressure of the air-floating 
spindle or the oil pressure of the hydrostatic spindle, and the 
vibration of the surrounding environment. The adaptive 
harmonic wavelet filtering method is used to filter the non-
fundamental frequency components, so as to effectively reduce 
the interference of noise and improve the signal-to-noise ratio. 
Harmonic wavelet has the characteristics of zero phase shift and 
"box" spectrum. It decomposes and reconstructs the target 
signal in a specific frequency band, separates it from the original 
signal, and its data points and sampling frequency remain 
unchanged to achieve signal filtering and noise reduction. 

The calculation of amplitude and phase of vibration signal 
determines the accuracy of the whole dynamic balance system. 
In this paper, the cross-correlation method is used to extract the 
amplitude and phase of spindle vibration. The reference signal 
and the measured signal are used for cross-correlation 
processing. There is no correlation between the system noise 
and the reference signal, and the measured signal and the 
reference signal are related in the same frequency. Therefore, 
the influence of noise can be eliminated through the cross-
correlation method, and the amplitude and phase of the 
measured data with the same frequency as the reference signal 
can be accurately extracted. Figure 7 shows the conceptual 
diagram of the cross-correlation method [15].  
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Figure 7. Schematic illustration of cross-correlation analysis method 
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The cross-correlation method has fast calculation speed and 
can suppress the DC component and noise in the vibration 
signal. After accurately extracting the vibration amplitude and 
phase of the spindle, the mass size and installation position of 
the spindle counterweight block can be obtained according to 
the single-side influence coefficient method, and the 
counterweight block can be added. 

5. Experimental research     

In this paper, the single variable testing principle is adopted, 
and the machining test is carried out on the self-developed ultra-
precision single point diamond lathe LDT150. The workpiece 
surface radius is 154mm, the aperture is 34.8mm convex sphere, 
the workpiece material is germanium. In rough turning, the 
processing parameters are as follows: spindle speed n 
=2400rpm, cutting depth ap =50µm, feed speed F =8mm/min; 
When finishing turning, processing parameters are selected as 
follows: spindle speed n =2400rpm, cutting depth ap =5µm, feed 
speed F =4mm/min. The tool radius is 0.981mm, the front tool 
Angle is -25°, and oil mist cooling is adopted. 

Without dynamic balancing adjustment of the spindle, the 
time-domain vibration amplitude of the spindle is about 360nm, 
and there are obvious corrugation machining defects on the 
turning surface of the workpiece, forming clear color lines of 
light interference. The surface roughness measured by 
profilometer is 20.2nm, as shown in figure 8(a). After the spindle 
dynamic balance, the spindle time-domain vibration amplitude 
is 30 nm, the fundamental frequency amplitude is 8.2 nm, the 
processing surface has good mirror effect. The surface 
roughness is 3.97 nm (see figure 8(b)), which meets the 
nanoscale surface roughness requirement of infrared optical 
element. Experiments verify the effectiveness of the in-situ 
spindle dynamic balance method based on real-time position 
data of NC machine tools. 

 
(a) without field dynamic balancing correction  

 
(b) after field dynamic balancing correction 
Figure 8. Roughness of the machined surface and 

6. Conclusion  

In order to reduce the vibration of the table, the linear 
amplification drive control scheme is selected to achieve ultra-
precision positioning accuracy and eliminate the micro vibration 
introduced by PWM switch control. Finally, the motion 
resolution of X and Z axes is nanometer level, and the steady-
state vibration of the table is small. Based on the existing 

hardware conditions of ultra-precision lathe, an in-situ dynamic 
balancing method based on real-time position feedback signal is 
proposed. The real-time online balancing evaluation and 
dynamic balancing operation of motorized spindle are 
completed simultaneously without increasing the hardware cost, 
and the intelligent function of NC system is extended. The 
machined surface finish is effectively reduced from 20.2nm to 
3.97nm through trial machining test, which verified the 
feasibility of spindle dynamic balancing method based on real-
time position feedback signal of NC machine tool. 

The above methods can effectively reduce the tool-workpiece 
vibration, improve the surface finish of ultra-precision turning, 
and solve the problem of low cost and high efficiency of the 
current dynamic balance method, which has certain engineering 
application value. 
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Abstract 
In this study, the superelastic behavior of NiTi alloy during orthogonal cutting process was investigated by digital image correlation 
(DIC) analysis and finite element method (FEM) analysis. The formation and disappearance of twins was confirmed from the 
observations recorded by a high-speed camera, thus confirming superplastic behavior during cutting process of the alloy. 
Furthermore, the superelastic area in the alloy during cutting was obtained from the results of DIC and FEM analyses. 
 
NiTi alloy, super elasticity, phase transformation, shape recovery 

 

1. Introduction 

In addition to biocompatibility, wear resistance, and high 
strength, NiTi alloys have unique mechanical characteristics such 
as superelasticity and shape memory properties. Owing to these 
properties, NiTi alloys are used in the fields of communications, 
medicine, and home appliances, and are expected to play an 
active role across various fields in the future. However, cutting 
NiTi alloys is extremely difficult; moreover, when it is machined, 
it causes problems such as severe shortening of tool life, low 
dimensional accuracy, and significant burring. However, there 
are only a few research reports on the cutting of NiTi alloys, and 
the cutting phenomenon has not been clarified till date [1]. 
Superelasticity is a phenomenon wherein a load is applied to an 
austenite phase (phase A) material to the extent it undergoes a 
phase transformation to a stress-induced martensite (SIM) 
phase, causing considerable deformation yet recovering its 
shape when the load is removed and the material returns to 
phase A. As the cutting edge is subjected to high pressure during 
the cutting process, the phase transformation described above 
is inferred to occur during the cutting of NiTi alloys, inducing 
superelasticity and affecting the cutting properties. In light of 
the above, to elucidate the cutting phenomena of NiTi alloys, 
examining the superelastic behavior of NiTi alloy during cutting 
is necessary. Therefore, in this study, NiTi alloy with superelastic 
properties and Ti alloy (Ti-6Al-4V) without superelastic 
properties were subjected to orthogonal cutting experiments. 
Their strain distribution were analyzed through the digital image 
correlation (DIC) method using images captured via a high-speed 
camera. In addition, the cutting simulation of NiTi alloy was 
conducted to obtain the temperature and stress distributions to 
derive the region where superelasticity is induced and they were 
compared with the strain analysis results. 

2. Experimental and analytical methods 

2.1. Strain distribution analysis by DIC 
In this study, cast and hot-forged 56Ni-44Ti (wt%) alloy  and Ti 

alloy were used as workpiece materials. The dynamic scanning 
calorimetry (DSC) measurement results showed that the end of 
A-phase transformation temperature of the NiTi alloy used in 
the experiment was −2.5°C; thus, the alloy was stable in A-phase 

under room temperature and showed superelasticity. Figure 1 
shows the experimental setup. The tool used in the experiment 
had a rake angle of 5 degrees, a clearance angle of 6 degrees, 
and a cutting edge roundness of 2 μm. Cutting was performed at 
a cutting speed of 20 m/min, a depth of cut of 0.05, and a 
workpiece thickness of 2 mm. In this experiment, the workpiece 
materials were machined into thin plates (20 mm long, 50 mm 
wide, and 2 mm thick), and orthogonal cutting was performed 
using a orthogonal cutting machine (Shinkikai Giken Co., Ltd.), 
and the vicinity of the cutting point was photographed with a 
high-speed camera. Orthogonal cutting machine used in this 
experiment was developed to perform orthogonal cutting 
experiments. A carbide tool was used as the cutting tool, and a 
high-speed camera  was used to film at a frame rate of 16,000 
fps. Post this, using the analysis software GOM correlate, DIC 
was performed on the continuous images obtained through 
filming to analyze the strain distribution. 
 
2.2 Cutting simulation of NiTi alloy 
 The FEM analysis software DEFORM was used for the cutting 
simulation of an A-phase NiTi alloy. The cutting conditions for 
the cutting simulation are the same as those of the DIC analysis 
described above and the tool was defined as rigid. The stress-
strain curves used in the analysis were obtained by referring to 
the reports by Gupta et al. [2] and Adharapurapua et al. [3]. 
Other material properties shown in table 1 were also taken from 
general values for NiTi alloys. 

3. Experimental and analytical results 

 Figure 2 shows the results of a compressive strain analysis in 
the x-direction using DIC for Ti and NiTi alloys. The Ti alloy shows 
strain only near the cutting point, while the NiTi alloy shows 
strain over a wide area in front of the cutting point. Figure 3 

 

 
Figure 1. Experimental setup of orthogonal cutting 
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Table 1 Material properties of NiTi alloys used in FEM analysis 

Young’s modules (20C°) 75 GPa 

Poisson’s ratio 0.33 

Thermal expansion coeficiente 11 m/m･k 

Heat transfer coefficient 18.0 W/m･K 

Specific heat 837 J/kg･K 

Emissivity 021 

Mass density 6.45 g/cm3 

 
shows the temperature and stress distributions of NiTi alloy 
during cutting according to FEM analysis. NiTi alloys are known 
for their vanishing phase change to M-phase when the 
temperature exceeds approximately 150°C. That temperature is 
known as the Martensitic loss temperature [4]. When an applied 
stress to this material is between 490 and 882 MPa, superelastic 
deformation occurs due to the phase transformation from the 
A-phase to the M-phase. This stress is called superelastic stress. 
Based on the above properties, the condition for NiTi alloy to 
exhibit superelasticity is that the temperature must be below 
150°C and the stress must be between 490 and 882 MPa. The 
region that satisfies this condition is shown in the green box in 
Figure 4, that region will show the area wherein the NiTi alloy 
exhibits its superelasticity. Here, as the interface of the twinned 
structure of an M-phase NiTi alloy is linear, when a phase 
transformation to M-phase occurs, it will produce a linear 
pattern. Figure 5 shows an image of the NiTi alloy being 
machined as captured by a high-speed camera. As the 
aforementioned straight-line pattern is generated in the white 
frame within the figure, it confirms that SIM phase 
transformation (superelasticity) occurs. Furthermore, the area 
wherein the M-phase transformation occurs is the superelastic 
region obtained by FEM analysis (in the yellow frame), indicating 
that the results of the experiment and FEM analysis are in 
agreement. Furthermore, from the time-lapse diagram of the 
high-speed camera shown in Figure 6, the twinned structure on 
this line appears during cutting (B) and disappears after the tool 
passes by (C). This also indicates that the twin structure shows 
superelasticity. Figure 7 shows the results of the strain analysis 
of the NiTi alloy by DIC superimposed on the superelastic region 
obtained via FEM analysis. The figure shows that the strains 
occur within the superelastic region obtained by FEM analysis, 
suggesting that the wide range of strains characteristic of the 
NiTi alloy is due to superelasticity. The wide range of strain in 
front of the cutting point is expected to have various effects on 
the machinability. In particular, the recovery of the strain after 
cutting will lead to tool wear and deterioration of dimensional 
accuracy owing to contact with the tool relief surface. These 
results suggest that superelasticity has considerable effect on 
machinability such as tool wear and dimensional accuracy. 

4. Summary 

 In this study, we investigated superelastic behavior during 
cutting. The results confirmed that the NiTi alloy undergoes 
strain due to superelasticity in a wide area in front of the cutting 
point. In addition, martensitic transformation was observed in 
the superelastic region estimated via FEM analysis. 
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Figure 2. DIC analysis results for compressive strain in x-direction (upper: 
Ti alloy, lower: NiTi alloy) 
 

 
Figure 3. Temperature sistribution and stress distribution of NiTi alloy by 
FEM analysis 

 
Figure 4. Temperature distribution (upper) and stress distribution 
(lower) by FEM analysis 

 
Figure 5. Martensitic Transformation of NiTi Alloy 

 
Figure 6. Appearance and Disappearance of Twinned structure  
 

 
Figure 7. Comparison of the superelastic region between simulation and 
DIC analysis 
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Abstract 
An important process in the manufacturing of semi-finished products is the sawing process. The chip formation takes place in a 
narrow, closed cutting gap. In the circular sawing process, there are no mechanisms for chip removal - for example, in comparison to 
flutes in drilling. The chip formed is enclosed in the chip space between the tool and the workpiece until the saw tooth exits the 
workpiece. The cutting tools are exposed to high thermal and mechanical loads, which require the use of cooling lubricants for heat 
dissipation, friction reduction between the material and the tool, and chip transport out of the cutting zone. Usually, flooding 
lubrication is used for sawing. However, depending on the shading of the cutting zone by the workpiece, tool or accumulating chips, 
only a fraction of the used coolant lubricant reaches the gaps between the chip, tool and workpiece. An internal coolant supply (ICS) 
through the tool system can be used to inject the coolant into the cutting zone in a targeted and controlled manner. For the process 
conditions in sawing, it is still unclarified which quantity of cooling lubricant, under which pressure and in which injection direction 
has to be applied to achieve an optimal cooling, lubricating and transport effect. The use of computational fluid dynamics (CFD) 
supports the investigation of a sawing process with internal coolant supply. This paper presents the modelling of the fluid mechanical 
process of the inflowing coolant inside the chip space in the narrow cutting gap. This includes the definition of the system boundaries. 
A porous boundary condition was used to set a controlled pressure loss within the chip space. The focus of this paper is on the 
meshing and the selection of a suitable turbulence model. The k-omega shear stress transport (SST) proved to be the most suitable 
model for this application. 
 
Simulation, Fluid, Cutting          

 

1. Introduction   

Circular sawing is an important process to produce semi-
finished products. The technology is characterised by using 
rotating, disc-shaped and multi-bladed tools with geometrically 
determined cutting edges (saw teeth). In the circular sawing 
process, there are no mechanisms for chip removal - compared 
to flutes in drilling. The chip formed is enclosed in the chip space 
between the tool and the workpiece until the saw tooth exits the 
workpiece. The cutting process takes place in a closed narrow 
cutting gap. Therefore, a targeted cooling and lubrication of the 
cutting process by external flood lubrication is difficult. By using 
an internal coolant supply (ICS), the chip formation process can 
be provided with metalworking fluid directly inside the chip 
space in the cutting gap.  

The cooling effect of water-based emulsions using the high 
heat capacity and thermal conductivity of water is investigated 
in [1]. Furthermore, recent studies show that internal high-
pressure lubrication influences the chip formation and the 
thermo-mechanical tool load [2-3]. While the strategies for ICS 
of the cutting process have been established for modern turning, 
milling, and drilling processes [4-5], there is considerable need 
for research of circular sawing. For the process conditions in 
sawing, it is still unclear what quantity of coolant must be 
introduced into the process zones under which pressure and in  

 

 
which direction to achieve an optimal cooling, lubrication, and 

transport effect. 
Because of the small scale mechanism and the complex thermo-
mechanical and thermo-fluid interactions, in-situ cutting 
investigations with metalworking fluid are extremely difficult. 
Therefore recent research is often made with computer-based 
simulation analysis of the multiphysical phenomena in wet 
cutting using computational fluid dynamics (CFD). Klocke et al. 
[6] modelled the chip-fluid interaction in a wet turning process 
with a coupled eulerian-lagrangian approach in ABAQUS. Pervaiz 
[7] used the results of a 2D-cutting simulation in DEFORM as 
input for a fluid dynamic simulation in ANSYS CFX. A similar 
approach was used in [8], where the flow of the cooling liquid in 
a drill was studied. By exporting the model from DEFORM and 
after repairing irregularities in the chip model, the authors 
performed a CFD-analysis and concluded, that the flow of fluid 
to the main cutting areas was insufficient. Uhlmann et al. [9] 
demonstrated the simulation of orthogonal cutting with the 
integration of a metalworking fluid by the finite-pointset-
method. The results show a good agreement of the cutting force 
between simulation and experiment. However, the simulation of 
the interactions of cutting fluids and processes in production 
engineering is still in an early stage. In the following, the 2D 
numerical modelling of the fluid dynamics of a metalworking 
fluid in the chip space in the narrow closed cutting gap in sawing 
is presented.  
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2. Numerical modelling of the flow dynamics in the chip space      

To simulate the fluid dynamics in the cutting space with ICS 
during sawing, first the real physical process has to be analysed 
and then abstracted and modelled. This includes the definition 
and creation of the simulation domain, the boundary conditions, 
the mesh and the selection of the numerical solver.  
   
2.1. Experimental investigation 

 
In circular sawing, the process kinematic consists of a 

combined rotational and translational motion. Consequently, it 
is difficult to observe a single cutting edge as it moves 
continuously in the actual circular sawing process. The circular 
sawing process is therefore reduced to a static analogy 
experiment, here. 

A special experimental set-up is used to investigate the flow 
behaviour inside the closed cutting gap (Figure 1a-c). For the 
experiment, a saw segment was cut out of a circular saw blade 
and fixed in a holder. The saw blade segment has a blade width 
of 2.5 mm in which a bore hole with a diameter of 1.5 mm for 
the supply of cooling lubricant is drilled.  

Figure 1. a) Shematic Set-up; b) Saw blade segment in the artificial 
cutting gap; c) Recording of the flow dynamic in the chip space (system-
pressure 3 bar) 

To visualise the fluid flow, the cutting gap is artificially closed 
with sapphire glass windows (Figure 1a-b).The cooling lubricant 
is injected into the chip space via the ICS using a pressure 
accumulator. For quantitative and qualitative analysis of the 
flow characteristics, polyamide particles with a density of 1.016 
g/cm³ are inserted into the fluid as tracer particles (Figure 1c). 
The flow and the particle movement are recorded with a high-
speed camera of the type Os8 - S3 from Imaging Solutions GmbH 
and synchronised lighting.  

Figure 1c shows an instantaneous image of the flow inside the 
chip space. The experiments were carried out under different 
system pressures (p = 2 and 10 bar). The flow rate is 1 l/min and 
3 l/min. A characteristic flow with two vortices is formed even 
under different boundary conditions. The fluid flows out of the 
bore hole into the chip space and hits the workpiece. There, the 
flow splits into two directions. The flow on the left in the picture 
forms a vortex together with the fluid flowing downstream. The 
fluid flowing to the right forms a second rotating vortex. The 
fluid can exit the chip space through two outlets. The first outlet 
results from the curvature of the saw blade. In the static analogy 
test, the left tooth in Fig. 1c was aligned in its cutting position. 
Since the workpiece is not curved like the cut out section of the 
circular sawing tool, there is an opening between the previous 
tooth (on the right) and the workpiece from which the fluid can 
flow out. Nevertheless, most of the fluid flows along the gap 
between the kerf and the saw blade. 

 
2.2. Simulation domain and boundary conditions 
 

For simulating the fluid dynamics in the narrow-closed cutting 
gap in sawing, OpenFOAM is used here. In the here presented 
studies, the chip formation is not considered. Within the 
ongoing research work, the evolving geometry of the chip will be 
incorporated. The final goal is to couple the structural simulation 
of the chip forming process [10] and the fluid simulation.  

The model asymmetry of the here regarded computational 
domain (Figure 2) makes the creation of a structured mesh 
challenging. An unstructured mesh ensures flexibility. Thus, the 
choice of an unstructured mesh here serves as a preliminary 
investigation. The local refinement of the mesh should be small 
enough to accurately capture the key surfaces, sharp corners, 
slits and other details of the geometric model that have an 
impact on the simulation. In addition, no-slip walls in turbulent 
simulations need a mesh refinement to enable the special 
treatment of boundary layer effects by using wall functions. 

 
Figure 2. Division of the computational domain. 

In flow field simulations a finer mesh is beneficiary for regions 
where the physical quantities change drastically. Therefore, it is 
good practice to have a rough estimate of the flow 
characteristics in the fluid domain before creating the mesh. For 
example, the number of mesh cells close to the wall should be 
higher than in the central area. As shown in Figure 2, a 
reasonable division of the computational domain facilitates the 
generation of structured meshes. The boundary area and the 
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workpiece are divided into quadrilateral shapes conforming to 
the contour curve. It is possible to refine the mesh in these areas 
using transfinite interpolation of the open source software 
gmsh. The boundary conditions for the pressure, velocity and 
turbulence fields at the inlet and outlet as well as at the wall are 
defined in Table 1. It should be noted that the inletOutlet 
boundary condition acts as a normal zeroGradient condition for 
outflow, but prohibits inflow. 

 
Table 1. Boundary conditions at the inlet, outlet and wall. 

Boundary Pressure Velocity Turbulence 

Field 

Inlet zeroGradient fixedValue fixedValue 

Outlet fixedValue inletOutlet inletOutlet 

Wall zeroGradient fixedValue WallFunction 

 
In general, near wall modeling is arguably the most 

problematic area in turbulence modeling. The turbulent flow 
near a flat wall can be divided into viscous sublayer, buffer layer, 
log-law region and outer layer. Therefore, a suitable near-wall 
model is necessary when dealing with wall-bounded turbulent 
flows. A commonly employed modeling procedure is the 
logarithmic wall treatment. These functions are widely used in 
industry and may be found in almost all commercial and in-
house CFD codes [11]. The here considered Reynolds numbers 
are between 20.000 and 60.000. In this range, a flow is generally 
assumed to be turbulent. However, compared to many typical 
CFD-applications such as turbomachinery or aerospace 
engineering the considered Reynold numbers are comparably 
low. Due to the the overall small geometrical dimension of the 
model, the Reynolds number does not clearly indicate a 
turbulent flow. Therefore, also laminar simulations were 
performed and compared to the turbulent simulations. A 
comparison of integral values has shown that both simulation 
approaches give comparable results. But it is clear that a direct 
simulation based on the non averaged Navier-Stokes equations 
for a sufficient low Reynolds number show much more details, 
e.g. vortices, of the flow. 

  The most popular turbulent model is the k-Epsilon. It is a high 
Reynolds model and achieves good results in free flows. The 
model is less suitable for modelling the viscous sublayer and in 
the laminar-turbulent transition. The k-omega model, on the 
other hand, is a good model for near-wall flow processes, but 
does not reproduce free flows sufficiently well. The Shear Stress 
Model (SST) is a hybrid model and combines the advantages of 
both models. It is therefore a good compromise between free 
flow and near-wall flow processes. For this reason, the k-Omega 
SST model is used for further modelling. 

During the sawing process, respectively in the static test, the 
cooling lubricant escapes through the small gap between the 
tool and the workpiece (in the experiment the sapphire glass). 
Preliminary investigations showed that a consideration of the 
upper boundary of the computational domain, representing the 
sawing tool, (Figure 2) as a sealed wall leads to a flow 
characteristic in the simulation that does not correctly 
reproduce the experimental highspeed-camera recordings. That 
means that a special boundary condition at the upper boundary 
of the simulation domain is needed to allow a certain pressure 
loss and mass transfer. Therefore, this disturbed outflow is 
modelled by declaring a porous media close to the boundary. 
The porous media is applied to a specific cell zone (Figure 2) of 
the mesh. According to the definition of porous boundary 
conditions in OpenFOAM, a larger porous media coefficient 
indicates a more significant pressure difference at the cell zone 
resulting in more resistance. The application in the simulation is 

to simplify and simulate the effect of the structure on the flow 
region in the geometric model for different machining 
conditions. For example, the difference in thickness between the 
blade and the side cutting edge of a circular saw can be also a 
factor in defining the porous boundary in the simulation. The 
larger the thickness difference, the easier it is for the cutting 
fluid to exit the cutting space from the boundary during the 
machining process. It should be noted that the simulation is 2-
dimensional here. Therefore, the disturbed outlet has to be 
modelled. In prospective 3D-simulations, the gap between tool 
and workpiece can be modelled explicitly.  

 
2.3. Numerical solver 
 

The incompressible Navier-Stokes equation is given by 

∇ ⋅ 𝐔 = 0  (2.1) 

𝜕𝐔

𝜕𝑡
+ ∇ ⋅ (𝐔𝐔) = −∇

𝑝

𝜌
+ ∇ ⋅ (𝜈∇𝐔)  (2.2) 

where 𝜌 is the density, 𝐔 is the velocity, 𝑝 is the pressure, 𝜈 is 
the kinematic viscosity. The Reynolds averaging method (RANS) 
is currently the most widely used method in engineering to solve 
fluid dynamic problems. For RANS, mean and fluctuation 
components of the Navier Stokes equations are splitted, as 
shown in the equation 

𝑢𝑖 = �̅�𝑖 + �̇�𝑖 

 
 (2.3) 

These instantaneous flow variables are incorporated into the 
continuity and momentum equation [12], for single-phase flow 
which is given by 
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(2.5) 

      
During the filling process of the chip space with cutting fluid, 

the volume fraction of the liquid phase is increasing, and the 
volume fraction of the gas phase is decreasing. In this gas-liquid 
mixing process, the movement of air bubbles after coolant 
injection and the tracking of the gas-liquid interface are the main 
objects of interest. Therefore, the Volume of Fluid (VOF) model 
is a suitable model for this particular two-phase flow simulation.  

3. Simulation results 

 Figure 3a shows the velocity profile of the simulated flow. The 
inlet was defined as Dirichlet boundary condition with a velocity 
of 10 m/s. It can be seen that the flow splits up after hitting the 
workpiece (lower boundary) and two vortices occur. This flow 
behaviour agrees with the high-speed camera recordings. 
Without the boundary condition of the porous medium, such a 
flow did not occur, even when varying the boundary conditions 
at the inlet and outlet. 

As shown in Figure 3b, the pressure distribution in the cutting 
space is also closely related to the flow state of the coolant. In 
other words, the pressure is increased in the area where the 
coolant touches the wall of the cutting space and, consequently, 
changes its direction. This is in line with observations of 
stagnation areas. 

In addition, the CFD simulation can also predict the turbulent 
kinetic energy in the turbulent behaviour of the fluid. As shown 
in Figure 3c, the flow behaviour of the coolant ingested from the 
inlet still satisfies the characteristics of pipe flow, with low 
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turbulent kinetic energy. However, when the coolant collides 
with the workpiece and forms two distinct vortices in the cutting 
space, the turbulent kinetic energy increases significantly. 

 
Figure 3. a) Vector diagram of velocity colored by magnitude of velocity; 
b) Prediction of the pressure in cutting space colored by pressure; c) 
Prediction of the turbulent kinetic energy k in cutting space. 

4. Conclusion and outlook      

In this work, a two-dimensional fluid dynamics model of the 
cutting space in circular sawing is created and important 
geometric features are preserved. A particular challenge in 
creating the simulation model was to reproduce the actual flow 
behaviour. With conventional inlet and outlet boundary 
conditions, the flow dynamics observed in the experiment could 
not be reproduced. By integrating a special boundary condition, 
the porous medium, the outflow of the fluid from the chip space 
along the saw blade was reproduced and the characteristic 
vortex structure from the experiment could be simulated. This 
made it possible to reduce the 3-dimensional flow case to a 2-
dimensional problem.  

For the simulation, the RANS method was used. For this, a 
suitable turbulence model was selected. The considered 

Reynolds numbers are relatively low compared to common 
applications. Therefore, the k-Omega SST turbulence model was 
selected, as it is suitable for a large number of flow problems. 
For this purpose, the boundary layer at the walls was provided 
with an appropriate mesh refinement.  

However, often even simple flow cases have a 3-dimensional 
character [13]. Consequently, in a next step, the chip space of 
the sawtooth is extended to a 3-dimensional simulation. In this 
way, it can be shown how far the 2-dimensional simulation with 
the corresponding boundary conditions can reproduce the flow 
behaviour compared to the 3D model. 
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Abstract  
Microstructural characteristics of a machined surface are significantly associated with its mechanical properties and deformation 
responses under cutting conditions. In this work, a dislocation density-based multiscale simulation model was proposed to simulate 
the material deformation behaviors in ultra-precision cutting of AISI 4140 steel. The model was built by coupling a three-dimensional 
discrete dislocation dynamic (3D-DDD) model with a finite element method (FEM) through the optimization of a dislocation density-
based (DDB) constitutive equation (compiled as a user-defined subroutine). The movement of edge and screw dislocations, such as 
generation, propagation, siding, and their interactions, was performed by 3D-DDD, and the statistical features of dislocations were 
used to optimize the critical constants of the DDB constitutive equation. A cutting model was then built to predict material 
deformation behaviors under various cutting conditions (cutting speed, feedrate, depth of cut). The simulation results indicate that 
the developed model can well capture the microstructure characteristics such as grain size and dislocation density distributions under 
the tested cutting conditions. The influence of feedrate and cutting speed on the distribution of dislocation densities and grain size 
was analyzed. 
 
Keywords: Cutting, microstructure, simulation, ultra-precision machining 

 

1. Introduction 

Precision surface forming with high accuracy and 
performance, as well as less subsurface damages is critically 
essential for advanced micro-parts. Ultra-precision machining 
technique could efficiently manufacture complex curved 
surfaces with nanometric surface roughness and sub-
micrometer accuracy. Compared with traditional operations, the 
service performance of micro-parts is not merely dependent on 
the machined surface integrity but also relies on their 
microstructural organizations. Nevertheless, the complexity of 
microstructure transformation processes in ultra-precision 
machining brings about tremendous challenges in establishing a 
connection between surface quality and functional 
performance. Research demonstrated that dislocation density 
evolution and dynamic grain recrystallization at surface and 
subsurface affected the reliability of processed micro-parts 
significantly [1]. Note that the fundamental experiments on 
microstructure alternation processes are usually restricted by 
cumbersome characterization test procedures. In the present 
study, a multiscale simulation framework and a 3D finite 
element machining model were proposed to capture the 
microstructural evolution mechanisms in cutting. 

2. Modeling description 

2.1 DDD-FEM simulation framework 
The framework of DDD-FEM is shown in Fig. 1. A detailed 

description of the proposed multiscale framework can be found 
in [2]. The initial microstructure, mechanical properties, cutting 
conditions are numerical inputs. How to determine dislocation-
related coefficients of the DDB model (Eqs. 1 and 2) is crucial to 
ensure simulation accuracy. The direct comparison of the flow 
stress and stress-strain data predicted by the DDB model with 
classic model will induce parametric uncertainties. It is reported 

that dislocation features calculated from DDD can provide an 
effective way to test the validity of microstructure-based 
constitutive relations [3]. Hence, the DDD simulations are used 
to gain detailed physics-based dislocation density evolution 
under various boundary conditions in the framework. The grain 
size distribution, dislocation density evolution, cutting force, 
etc., can be exported as outputs. 

𝜌�̇� = 𝛼∗
1

√3𝑏
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Figure 1. The framework of DDD-FEM multiscale simulation. 

 

2.2 Cutting model and simulation parameters 
Commercial FEM software with the explicit module has been 

employed to develop the cutting model, which can simulate the 
chip formation and surface generation in the ultra-precision 
cutting process. The cutting tool properties specified in the 
simulation were based on a single crystal diamond tool. The 
workpiece was assumed to be fixed on the back and bottom 
sides, and the tool was allowed to move horizontally from left to 
right while keeping vertically. The depth of cut (Doc) is 10 μm, 
the cutting speed (v) are 10, 30, 50 m/min, the feedrate are 3, 

5,7 μm/rev. Key DDB constitutive equation parameters are 

summarised in Table 1.  

543

http://www.euspen.eu/


  

 

Table 1 Key constants of DDB model for AISI 4140 steel. 
 

Numerical 
Constant 

𝛼∗ 𝛽∗ k0 𝑓0 𝑓∞ 

Value 0.515 0.0017 
3.77E-6T2 
+0.0013T+ 

3.399 
0.25 0.18 

3. Results and discussion 

3.1 Surface deformation and microstructural transformation 
The multiscale modeling framework was used to demonstrate 

the distribution of surface stress as well as the evolution 
processes of dislocation density and refined grains size, as 
shown in Fig. 2. A significant stress gradient was found not only 
in the tool-workpiece contact zone but also in the steady-state 
machined surface. The activities of mobile dislocations were 
accompanied by a high rate of energy dissipation. Meanwhile, 
these generated dislocations occupied the majority of storage 
energy derived from the cutting tool. The accumulation of power 
not only aggravated the shear deformation but transformed the 

deformed grains into a state of instability. 

 

 
 

Figure 2. Dislocation densities distribution during ultra-precision cutting 
steel process (v = 50 m/min, f = 7 μm/rev, Doc = 10 μm) (a) Surface stress 
distribution (b) Refined grains size distribution (c) dislocation densities 
distribution. 
 

3.2 Influence of cutting parameters on microstructure 
To identify the particulars of microstructure transformation 

for chip and machined surface of steel under various cutting 
speeds, the multiscale modeling framework was used to 
demonstrate the evolution of dislocation densities in cutting, as 
shown in Fig. 3. In addition, for more detailed elucidation of 
dislocations accumulation and their contribution occurring in 
the localized deformation regimes, the microstructure 
transformation in the primary shear zone (PSZ), second shear 
zone (SSZ), and machined surface zone (MSZ) were analyzed. It 
was found that the recrystallization phenomena at SSZ were 
severer than those at PSZ and MSZ. This is due to the severe 
impact contributed by the cutting tool. Meanwhile, the average 

densities at MSZ, PSZ and SSZ were all evolved with the increase 
of cutting speed.  

Fig. 4 indicates the influence of feedrate on the microstructure 
in the ultra-precision cutting steel process under cutting speed 
50m/min and cutting depth 10 μm. Results demonstrated that 
the larger federate results in the increase of dislocation density 
and refines the grain size. 

 

 
Figure 3. Average dislocation density at MSZ, PSZ, and SSZ under 
various cutting speeds. 

 

 
Figure 4. Grain sizes distribution under (a) 7 μm/rev (b) 3 μm/rev. 

4. Conclusion 

To establish a physical link between microstructural alteration 
and the strain hardening phenomenon, a DDD-FEM multiscale 
simulation framework for ultra-precision machining is presented 
in this work. These results indicated that the grain refinement 
mechanisms under severe plastic deformation were continuous 
dynamic recrystallization. The grain sizes would drastically refine 
into submicron in local shear regions during the ultra-precision 
cutting process. The microstructure transformation at the 
machined surface is affected by feedrate and cutting speed. 
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Abstract 
The three focus spot laser brazing process was used to solve the problem of pores caused by zinc vapor evaporation during laser 
brazing of galvanized sheet. The surface morphology, weld shape and microstructure of galvanized steel laser brazing weld with or 
without three-spot were studied. The experimental results showed that when three-spot laser brazing process was applied, the 
surface morphology of the weld was good, the microstructure of the weld area was uniform, and the coarse grain near the heat 
affected zone was not obvious. 
 
Keywords: galvanized steel; laser brazing; Three-spot welding process; welding quality  

 

1. Introduction  

With the rapid development of automobile industry, higher 
anti-corrosion requirements were put forward in the process of 
body-in-white manufacturing. Because of its good corrosion 
resistance, galvanized steel had been widely used in 
automobile body in white manufacturing process. Laser brazing 
of galvanized steel was usually applied to the connection 
between the roof and side of body-in-white. Many scholars had 
studied laser brazing of galvanized steel. Koltsov[1]conducted 
laser brazing experiments on hot dip galvanized steel, 
galvanized steel and bare steel, and found that zinc coating 
optimized the wetting process of brazing reaction, while 
surface oxide hindered the wetting process of base metal 
surface. Gatzen[2][3]carried out brazing experiments on 8 m  

thick galvanized steel and hot dip galvanized steel, and found 
that hot dip galvanized steel was more sensitive to the 
wettability of laser brazing and had higher spreading rate. 
Wilfried Reimann[4]developed three-spot laser brazing process 
for galvanized steel, and explored the evaporation of zinc 
coating and the wetting of molten metal. However, the effect 
of three-spot laser brazing process on the welding quality of 
welded joints had not been mentioned. 

Aiming at the problem of zinc vapor evaporation of 
galvanized steel, the method of adding OR module to laser 
brazing head was applied in this paper, and three-spot laser 
brazing of galvanized sheet was realized. The surface 
morphology, weld shape and microstructure of laser brazing of 
galvanized steel with or without three-spot were studied. 

2. Experimental procedure 

2.1. Materials 
In the experiments, 0.7 mm  thick galvanized steel GMW2M-

ST-SCR2HD60G60GE and 1.6 mm  diameter CuSi3 filler wire 

were used. The chemical compositions (wt.%) of the base 
material (BM) and filler wire CuSi3 were listed in Tab.1. 

 
 
 

Table.1 The chemical compositions of the base material and filler 

wire CuSi3（wt.%） 

 
 C Mn Si Al Cu Zn S Ti P Fe 

Base 

meatl 
0.002 0.15 0.02 0.04 - - 0.007 0.05 0.01 Bal 

CuSi3 - 1.2 3.5 0.009 Bal. 0.18 - - 0.01 0.2 

In order to simulate the processing environment of 
galvanized steel in automobile manufacturing industry, the 
galvanized steel had been cut to 200 70 0.7  mm . The bending 

angles of the welded specimens were 120° and 60°, and the 
flanging fillet was 1.5 mm . The test was carried out in the form 

of lap joints. 
2.2. Laser welding with filler wire 

The laser-welding system included a high-power fiber laser 
system(Laserline 6000-30) and a Fanac robot. The Fronius CMT 
wire feeder was used. In this paper, Scansonic ALO3 laser head 
was used for laser brazing of galvanized steel. The equipment 
layout of the specific laser brazing experimental platform was 
shown in Fig.1. The fiber diameter of welding system was 600

m . In laser welding with filler wire, the defocusing distance 

was 10 mm  above the top surface. The feeding angle was 45°. 

In this paper, the laser brazing adopted the contact seam 
tracking system, and the welding wire squeezed the seam 
through physical extrusion to realize the mechanical seam 
tracking. The filler wire lied below the main beam, and the filler 
wire was positioned in front of the laser beam. The wire tip 
pointed at the front edge of weld pool.  

 
 
Figure 1. Layout diagram of laser brazing experimental platform 
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2.3. Laser welding with filler wire 
Three-spot laser brazing technology was realized by OR 

module, which was produced by LASERLINE company. Fig.2 
showed the three-spot laser brazing technology. In the three-
spot laser brazing process, three laser beams work together. 
The galvanized layer on the steel surface was removed from 
coating removal laser, and the working laser was used to form 
laser brazing seam. 

 
 
Figure 2. Schematic diagrams: (a) Galvanized steel was applied to body-
in-white welding, (b) Working state of three-spot laser brazing,  
(c) Traditional single-beam laser, (d) Three-spot laser, (e) OR module,  
(f) Three-spot laser enlarged drawing. 

3. Results and discussion 

In order to verify the effect of three spot laser brazing 
technology on the welding of galvanized steel, the laser brazing 
experiment was designed. The experimental process parameter 
table was shown in Tab.2.  

 
Table 2 Welding parameters in this experiment 
 

No. 
Laser 

power 
P(kW) 

Welding 
speed 

Vr(m/min) 

Feeding 
speed 

Vf(mm/s) 

Three 
spots 

1 4.5 70 70 YES 

2 4.5 70 70 NO 

3 3.2 43 44 YES 

4 3.2 43 44 NO 

The surface morphology of laser brazing under various 
process parameters were shown in Fig.3. 

 
 
Figure 3. The surface morphology of laser brazing seam 

When the three-spot laser brazing technology was applied, 
the seam surface was continuous and uniform, and the 
macroscopic morphology was good. When the three-spot laser 
brazing technology was not used, the weld surface was uneven, 
accompanied by pores, and the macroscopic morphology was 
poor. 

   
 
Figure 4. Weld Penetration, width and Depth-to-width ratio of Laser 
Brazing seam 

The seam shapes of the above four groups of welded joints 
were observed, and the weld penetration, weld width and 
depth-to-width ratio were shown in Fig.4. When the heat input 

of the welding process was same, the weld penetration and 
width of the welded joint using the three-spot technology were 
large, and the depth-to-width ratio was small. It may be due to 
the existence of the three-spot module, the working laser area 
was reduced, and the laser energy density of the welded joint 
was increased. 

 
 

Figure.5 microstructure of laser brazing seam：(a) #1 (b)#2 (c)#3 (d)#4 

It was shown in Fig.5 that when the three-spot technology 
was applied, the microstructure of the base metal(BM) area 
was uniform, and the heating grain growth of the 
microstructure near the heat affected zone(HAZ) was not 
obvious.It may be that the zinc coating was removed by coating 
removal laser, the expansion of the heat affected zone was 
suppressed, and the formation of coarse ferrite was inhibited. 

4. Conclusions 

When the three-spot laser brazing technology was applied, 
the seam surface was continuous and uniform, and no pores. 
When the heat input was 642.86 J/cm, the weld penetration of 
three-spot weld was 976.91 m , the weld width was 3208.98

m , and the depth-to-width radio was 0.3; the weld 

penetration of without three-spot weld was 922.62 m , the 

weld width was 2925.14 m , and the depth-to-width radio 

was 0.31;When the heat input was 744.19 J/cm, the weld 
penetration of three-spot weld was 1249.59 m , the weld 

width was 3070.58 m , and the depth-to-width radio was 0.32; 

the weld penetration of without three-spot weld was 1065.69
m , the weld width was 2573.62 m , and the depth-to-width 

radio was 0.41; It may be due to the increase of laser energy 
density, the penetration and width of the welded joint using 
three spot laser brazing process was increased. Due to the 
coating removal laser, the expansion of the heat affected zone 
was inhibited and the formation of coarse ferrite was inhibited 
during the laser brazing process.  
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Abstract 
Tungsten carbide (WC) superalloy has been widely used as an excellent mold material for its high hardness, good wear and corrosion 
resistance. However, the high hardness leads to the difficulty of machining optically qualified complex surfaces. Ultra-precision 
machining (UPM) technique uses crystalline diamond as a cutting tool, which enables the generation of optical surface in nanometre 
scale. Despite this, diamond cutting tool suffers both mechanical and chemical wear when cutting WC. In this study, an integrated 
method combining electrochemical oxidation and ultra-precision machining has been proposed. It is demonstrated that surface 
modification by electrochemical oxidation can drastically reduce the tool wear of the diamond tool. The surface morphology of the 
cross-section and surface composition were investigated. The results present that the material structure is modified and thus the 
hardness of the target area is effectively reduced, in turn extending diamond tool life. 
 
Ultra-precision machining, tungsten carbide, electrochemical oxidation     

 

1. Introduction  

Tungsten carbide (WC) superalloy exhibits high toughness, 
good wear resistance and corrosion resistance and has been 
widely used for high-temperature applications, such as the mold 
material for precision glass molding (PGM) [1]. However, its high 
hardness makes it difficult to machine optically qualified 
surfaces. In addition, since the mold guarantees high surface 
quality and good shape accuracy of the optics, the efficiency of 
the PGM process highly depends on the molding tools [2]. 
Furthermore, to meet the sophisticated designs of devices, glass 
molding of complex features with the reduced size is required. 
Conventional grinding and polishing are incapable of generating 
complex freeform surfaces [3]. Therefore, recent research 
studies focus more on ultra-precision machining (UPM) of WC to 
achieve nanometric material removal with optical quality. 

Diamond turning is deployed as an advanced technique that 
enables nano-level optical surface generation. Despite the high 
hardness of diamond cutting tools, mechanical and chemical 
wear are unavoidable when cutting tungsten carbide-cobalt 
(WC-Co) alloy. It it not economical to make optical glass mold 
through diamond turning [4]. To suppress the diamond tool 
wear in machining WC-Co, electrochemical oxidation (ECO) 
assisted diamond turning is proposed in this study. WC-Co alloy 
would be electrochemically oxidized (ECO-ed) in an alkaline 
environment and followed by the diamond turning process. The 
experimental investigation has been conducted. 

2. ECO-assisted diamond turning process  

ECO-assisted diamond turning process utilizes the coating 
nature of the anodizing process, the modified layer was softened 
so that the tool wear during the turning process can be 
minimized.  

The experimental setup developed for this study is shown in 
Figure 1(a). It mainly consists of three parts: potentiostat, a 
Polytetrafluoroethylene (PTFE)-made electrolytic cell, and a 
personal computer (PC). The experimental data is captured by 
the PC software (Kickstart). During ECO, a WC90Co10 cemented 
superalloy workpiece was attached to the working electrode and 
pressed against an O-ring with an exposure area of Ø10 mm on 
the sidewall of the electrolytic cell. A platinum (Pt) mesh acts as 
the cathode. The experiment was conducted at a constant 
current of 0.5 A, with a varying exposure duration from 2 min to 
120 min, for this study. NaOH solution with 1.0% weight 
percentage is used as electrolyte used in this study. ECO 
happens on the polished surface of WC-Co. It is found that non-
adherent products would be formed on the ECO modified 
surface and the loose shell can be peeled off with ease. The 
following cutting test is performed after removing this “shell”.  

3. Experimental verification      

To investigate more about the electrochemical reaction took 
place, scanning electron microscope (SEM), Energy Dispersive X-
Ray Analysis (EDX) and X-ray photoelectron spectroscopy (XPS) 
were conducted to characterize the ECO modified surface and 
scratched surfaces. The underlying mechanism has also been 
analyzed based on the microstructure. The hardness was 
evaluated using a microhardness tester. The hardness of the 
WC-Co alloy reduced from 22 GPa to 3.4 GPa after ECO. 

 
3.1. SEM, EDX and XPS results 

The SEM image of the WC-Co pristine surface is shown in 
Figure 2(a). After the 120min exposure of ECO under constant 
current 0.5A, it is observed that the surface is randomly 
distributed with cracks and cavities over the entire surface. With 
reference to the EDX results obtained, it is found that the Co 
element dominates the surface. This is due to the low activation 
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energy for Co. Compared with WC, Co is relatively more active, 
thus was oxidized with priority. The XPS results shows the 
coexistence of Co oxide and meallic Co, the valences are 2+ and 
0, respectively. The trivalent Co cations are instable and it is 
easily to be oxidized, and finally passive CoO form on the 
surface. 

 
Figure 1. Schematic diagram of the ECO assisted diamond turning 
process (a) ECO process and (b) hybridized diamond turning of the 
modified surface. 

 
Figure 2. SEM and EDX of the ECO modified surface of WC90Co10 (a) 
pristine; (b) after 120min @ 0.5A and (c) “Shell” peeled location exposing 
the WC underneath. 
 

In addition, Tungsten oxide, especially WO3, would dissolve in 
the alkaline electrolyte (even slowly in water), leading to its low 
content in the oxide layer. As the reaction proceeds, WC phase 
is also oxidized emitting CO2, which breaks the loose structure of 
Co oxide. Furthermore, the non-adherent Co oxide, namely 
“shell” can be removed easily. Based on the  

After the leach-out, the underlying tungsten oxide would 
appear on the surface, as shown in Figure 2(c). Based on the 
investigation, the exposed W oxide surface consists of WC, WO2 
and WO3, tungsten ions with different ionic valence coexist on 
the surface. 
 

3.2. Machining test with PCD tools 
To evaluate the machinability of the ECO layer, scratch test 

was conducted on the workpiece with the longest reaction time 
(120min @ 0.5A). The results are illustrated as in Figure 3. Six 
paths with different depth of cut were machined on the surface 
using a PCD tool. The depths of cut are defined as 30μm, 20μm 
(2-5) and 10μm, respectively. As in Figure 3(b), the maximum 
oxide layer thickness measured is 15.89 μm, showing that the 
modified ECO layer should be removed at the designed depth of 
cut. The oxide film distributes uniformly on the surface and the 
oxide film thickness does not show big discrepancy. The 
occurence of oxidation reaction highly depends on the surface 

activation energy locally, while in this case, the surface has been 
pre-polished and the surface condition is uniform. Therefore, 
uniform oxide layer has been observed, as shown in Figure 3(b). 
As shown in Figure 3(c), the WC substrate was exposed after the 
diamond tool completely removed the oxide layer during the 
machining. It is worthwhile to note that, the PCD tool does not 
show any wear after the 6 rounds of machining trials, as shown 
in Figure 3(d). On the contrary, Figure 3(e) shows a worn tool 
after directly machined on unprocessed WC-Co surface. Overall, 
Figure 3 shows a significant suppression of tool wear when 
machining the ECO layer instead of the original WC-Co material 
directly. 

 

 
 

Figure 3. Scratch test by PCD tool (a) six scratches with different depth; 
(b) cross-section of the workpiece (0.5A, 120min exposure); (c) Enlarged 
scratch #5 and #6; (d) microscopic image of the PCD tool showing 
minimal tool wear and (e) tool wear of PCD after direct machining of the 
WC-Co alloy. 

4. Results and discussion   

During the ECO process, Co has the priority to be oxidized. The 
CoO oxide formed is loose and non-adherent and therefore can 
be easily peeled off due to the oxidation of the underlying WC 
and the dissolution of W oxide. Despite this, the material 
structure modification by the ECO process can effectively reduce 
surface hardness. The modified WC-Co surface can be removed 
directly by the PCD tool and no obvious tool wear was observed, 
due to both the hardness reduction and the metallic Cobalt and 
Tungsten, which will cause chemical erosion to the diamond. 

5. Conclusion    

In this study, ECO-assisted diamond turning has been 
conducted on a WC90Co10 cemented carbide. The mechanism 
of the ECO surface modification process has been illustrated. It 
is found that the hardness of the target area was reduced, 
despite the loose structure of the CoO. A scratch test by PCD tool 
was conducted and it is shown that the modified layer can be 
removed without the generation of tool wear. This provides a 
potential method that can increase diamond tool service life. 
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Abstract 
Cemented carbide is used in a wide range of industrial applications as a wear-resistant material, e.g. in mould making and forming 
industry. At state of the art, the machining of cemented carbide is severely limited because of the hardness, high strength and the 
resulting wear resistance of the material. Due to the brittle-hard character cemented carbide materials suffer from surface cracks 
during the machining. The brittle-hard character and the related phenomena result in high tool wear. A promising approach for the 
machining of cemented carbide is the use of the novel cutting material binderless nanopolycrystalline diamond (NPD) with a 
dedicated cutting edge design. Within this work, laser machined tools with a corner radius of rε = 400 µm are fully characterized, 
investigated by Raman spectroscopy regarding the condition of the diamond and applied for first cutting experiments. Cutting 
investigations were carried out using specimens with a tungsten carbide content of cC = 88 %, a cobalt content of cCo = 12 % and a 
grain size of dg = 0.5 µm. Prior to these investigations, the condition of the diamonds and possible changes due to the lasered cutting 
edges were examined by Raman spectroscopy. During the cutting investigations, the brittle-ductile transition as well as the minimum 
chip thickness were identified by scratching tests. It could be shown that a hydrostatic stress state can be used to achieve ductile 
chip formation using cemented carbide as workpiece material.  
 
Keywords: cemented carbide; nanopolycrystalline diamond; Raman spectroscopy    

 
1. Introduction 

Cemented carbide materials are used in a wide range of 
industrial applications. Especially for stamping operations of  
e-mobility parts, as mould material for precision glass moulding 
of complex optics or as wear resistant parts in offshore 
applications precision cemented carbide components are of 
utmost importance. Due to the high strength and hardness 
characteristic, cemented carbide shows even more a great 
potential as wear resistant material in future applications. 
Therefore, the efficient machining of cemented carbide with 
high complexity and precision and low surface roughness is 
required from industry.  

For precision machining of cemented carbides a great number 
of research activities were carried out [1, 2, 3]. At state of the art 
industrial relevant cutting tools are made of single crystal 
diamond (SCD), polycrystalline diamond (PCD), cubic boron 
nitride (cBN) and fine grain cemented carbide tools with 
dedicated chemical vapour deposition (CVD) or high power 
impulse magnetron sputtering (HIPIMS) coatings made of 
diamond, cBN, different oxide and nitride based or diamond like 
carbon (DLC) materials. Nevertheless, available cutting tools still 
suffer from fast and random tool wear during cutting of 
cemented carbide materials resulting in low precision and poor 
surface quality, even though there is a great progress for 
polycrystalline cutting materials and coatings.  

Nanopolycrystalline diamond (NPD) as cutting material for 
machining hard-brittle materials like cemented carbide is a 
promising approach to overcome state of the art challenges 
[1, 3]. Beside the tool wear phenomena different major 
challenges for machining of cemented carbide like dedicated 

cutting edge design, workpiece related surface cracks and poor 
surface quality still exist at state of the art.  

2. Experimental Setup and Results      

Within this work, cutting edge macro- and micro geometries 
of novel NPD cutting tools for turning and the fundamental 
cutting mechanisms for machining cemented carbide  
were investigated. To overcome state of the art  
challenges SUMITOMO ELECTRIC HARDMETAL CORPORATION, Itami, 
Japan, developed the NPD using a dedicated sintering process 
and technology with a pressure of p ≥ 15 GPa and a temperature 
of ϑ ≥ 2,200 °C to convert graphite directly into diamond. The 
novel NPD cutting material shows a polycrystalline structure 
with a grain size of dg ≈ 30 nm, a hardness of H ≤ 150 GPa and 
isotropic characteristic without any binder phase [2]. 

The cutting edge macro-geometry of the NPD cutting tools 
with a corner radius of rε = 400 µm were ground and polished 
with a rake angle γ = 0 ° and a clearance angle α = 15 °. The 
cutting edge macro-geometry design is dedicated to efficient 
tool manufacturing and maximised stability of the tools for 
cutting hard-brittle materials. Ductile cutting of hard-brittle 
materials is enabled by a specific cutting edge micro-geometry 
and related cutting conditions. Due to the extreme hardness of 
the NPD a customized cutting edge preparation for the micro-
geometry were carried out by laser machining. Preparation of 
cutting edge macro- and micro-geometry were done by 
SUMITOMO ELECTRIC HARDMETAL CORPORATION, Itami, Japan. The 
cutting edge radius rβ, the maximum chipping of the cutting 
edge RS,max as well as the K-factor K influence the fundamental 
cutting mechanisms strongly. For machining hard-brittle 
materials in ductile regime the ratio of the cutting edge radius 
to the chip thickness needs to be rβ > h to induce hydrostatic 

549

http://www.euspen.eu/


  

pressure state. For efficient cutting of cemented carbide in 
ductile regime cutting edge radius of rβ > 10 µm are intended. 
Therefore, manufactured cutting edge micro-geometries were 
measured by the focus variation microscope 
Alicon InfiniteFocus G4 of the Company ALICONA MAGING GMBH, 
Graz, Austria. For tools with a corner radius of rε = 400 µm a 
cutting edge radius of rβ = 13.1 µm ± 1.64 µm, a maximum 
chipping of the cutting edge of RS,max = 0.20 µm ± 0.02 µm and a 
K-Factor of K = 1.06 could be identified. To investigate a possible 
modification of the diamond structure by laser machining 
Raman spectroscopy were carried on a WiTEC ALPHA 300 of the 
company WITEC WISSENSCHAFTLICHE INSTRUMENTE UND 

TECHNOLOGIE GMBH, ULM, at BUNDESANSTALT FÜR MATERIALFORSCHUNG 

UND -PRÜFUNG (BAM), Berlin (figure 1). For all investigated tools 
modified diamond structures and even distributed graphite on 
the rake face Aγ and the cutting edge could identified that may 
influence the wear behavior. 

 
Figure 1. Raman spectroscopic examination of the investigated cutting edge 
 

Scanning electron microscope (SEM) images of an exemplary 
turning tool with a corner radius of rε = 400 µm are shown in 
figure 2. The polished rake face Aγ shows a smooth surface finish 
for improved chip evacuation, whereas the flanke face Aα shows 
remaining grinding structures for alle investigated tools. A 
polishing process of the flank faces Aα of all tools were explicitly 
avoided, because of the oudstanding hardness of the cutting 
material. Figure 2 b) depicts exemplary the uniformity of the 
cutting edge radius with a constant smooth chipping of the 
cutting edge RS. All investigated tools showed a comparable 
structure with low spread.  

 

 
Figure 2. NPD turning tool, a) overall view and b) cutting edge detail view  

 

To identify fundamental cutting mechanisms and ductile 
cutting regime of hard-brittle cemented carbide scratch tests 
were carried on the machine tool Nanotech 350 FG of the 
company MOORE NANOTECHNOLOGY SYSTEMS, LLC, Swanzey, USA. As 
workpiece material cemented carbide with a carbide content of 
cC = 88 %, a cobalt content of cco = 12 % and a grain size of 
dg = 0.5 µm was used. Scratch tests were done with a cutting 
speed of vc = 0.1 mm/min on a circular path with a radius of 
rc = 12 mm on a length of lc = 25 mm and a maximum depth of 
cut of ap,max = 25 µm. Fundamental cutting mechanisms could be 
identified by scratch tests with a minimum chip thickness hmin at 
a depth of cut of ap = 1.8 µm, a ductile cutting regime with great 
chip formation in the range of ap ≤ 20 µm and a transition to 
hard-brittle material behavior for ap ≥ 25 µm and a force 
measurement in a range of 14 N ≤ Fp ≤ 16 N for cutting tools 
with a corner radius of rε = 400 µm. Figure 3 shows SEM images 
of workpiece surfaces in ductile cutting regime with a depth of 
cut of ap = 20 µm and the transition zone to hard-brittle material 
behavior at ap = 25 µm. For a ratio of the cutting edge radius to 
the depth of cut rβ/ap ≤ 0.524 surface cracks occur and dominate 

the structure. Chip formation during scratch tests of cemented 
carbide at different depth of cut ap is shown in figure 4 to 
illustrate fundamental cutting mechanisms exemplary. 

 

 
Figure 3. Workpiece surface after scratch tests,  

a) ductile cuttinge regime, b) transition zone to hard-brittle behavior 
 

Up to a depth of cut of ap ≤ 1.8 µm elastic and plastic 
deformation of workpiece material dominate and only plastified 
workpiece material can be found, see figure 4 a). For a depth of 
cut in the range of ap ≤ 20 µm uniform and ductile chip 
formation could be observed, see figure 4 b) & c). For the whole 
ductile regime chips show a segmented and regular structure 
with a plastified characteristic. Hard-brittle material behavior 
with whole material outbreaks correlates to surface structures 
in figure 3 b), see figure 4 d). 

 

     
Figure 4. Chip formation during the scratch tests,  

a) plastified workpiece material, b) & c) chip formation in  

ductile regime, d) material outbreaks in hard-brittle regime 

3. Conclusion      

For the novel cutting material NPD tools with uniform cutting 
macro- and micro-geometry could be characterized, successfully 
applied for scratch tests and fundamental cutting mechanisms 
were identified. For the dedicated cutting edge micro-geometry 
an industrial relevant range for ductile cutting of cemented 
carbide could be proofed for a depth of cut ap ≤ 20 µm. A ratio 
of the cutting edge radius to depth of cut rβ/ap ≤ 0.524 leads to 
hard-brittle material behaviour with material outbreaks and 
occurring surface cracks. Further investigations address the 
influence of the feed f and the cutting speed vc on the chip 
formation during face turning and the related wear behavior. 
This work was funded by the GERMAN RESEARCH FOUNDATION DFG. 
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Abstract 
Electrical discharge machining (EDM)  represents  a  key  manufacturing  technology  in  a  broad  range  of  industries,  e. g.  aerospace, 
automotive and mould making. Current industrial and scientific relevant challenges are long machining times to achieve the surface 
roughness values needed, excessive tool electrode wear and the related huge number of tool electrodes needed. At state of the art, 
the challenges mentioned strongly limit the economic efficiency of precision EDM processes. To overcome these major challenges, 
the substitution of time consuming EDM polishing processes by diamond slide burnishing (DSB) shows great potential. During the 
process,  a  monocrystalline  spherical  diamond  burnishing  tool  is  moved  along  the  surface  of  the  workpiece  with  a  defined 
process force. In this way the surface is specifically compressed and roughness peaks are smoothed. Within this work the applicability 
of diamond slide burnishing for the finishing of electrical discharge machined surfaces was investigated. For this purpose, three VDI 
grades with different surface roughness values were subsequently machined by DSB. The results show that the surfaces with different 
initial surface conditions can be successfully finished by DSB. The surface roughness of VDI grade 30 is identified as an upper limit for 
the surface preparation by EDM. A significant improvement of the surface roughness Ra by 93 % and a reduction of the processing 
time by 40 % could be achieved by the post-processing using DSB. Therefore, the new process chain presented shows great potential 
for being used in the field of tool and mould making and especially for the production of injection moulds.  
 

electrical discharge machining (EDM), diamond slide burnishing (DSB), surface roughness
 

 

1. Introduction 

Electrical discharge machining (EDM) represents a significant 
element within the process chains of tool and mould making. 
The production of complex high-precision cavities with low 
surface roughness is strongly related to numerous tool 
electrodes, machine hours and resulting costs. Diamond slide 
burnishing shows a promising approach as finishing operation 
to overcome the mentioned limitations within new process 
chains. This way, the time-consuming EDM polishing processes 
are replaced with additional diamond slide burnishing 
operations. The state of the art shows a reduction of the 
surface roughness Ra by ΔRa ≥ 0.5 µm for the established 
process chains of mould making using EDM polishing as 
finishing process. However, this takes up a significant time 
share of up to 80 % [1]. An alternative to DSB is rolling, where a 
roller is pushed into the workpiece surface. Here, it is essential 
to distinguish between those processes and their workpiece-
tool kinematics [2, 3]. So far, the burnishing technology with 
diamond spheres was mostly used on turning rather than 
milling machine tools [4].  

In order to overcome this challenge, the process of DSB offers 
time-saving potentials compared to multi-stage EDM. On the 
one hand, the burnishing process causes a ductile deformation 
of the surface-near boundary layer, which leads to a significant 
improvement of the surface characteristics. On the other hand, 
the cold forming and the induction of internal compressive 
stresses σD influence the crystal structure of the workpiece in 
such a way that the hardness H increases. UHLMANN ET AL. [6, 7] 
successfully showed these effects in the post-processing of 
milled surfaces for the materials X32CrMoV51 (1.2343) as well 
as X170CrVMo18-3-1. An improvement of the surface 
roughness Ra by approximately 90 % down to the optical range 

of Ra = 0.029 µm and Ra = 0.06 µm was achieved. The near-
surface Vickers hardness HV was increased by 5 % and 20 %, 
respectively.  

Typical initial surfaces before polishing operations in tool and 
mould making exhibit surface roughness values below 
Ra = 3.0 µm. By using the latest techniques in EDM this value 
can be reduced down to Ra = 0.07 µm. If the recast layer after 
EDM processing is not removed by either fine sparking or 
grinding, crack initiation may appear during tool use [5]. The 
present work aims at overcoming these challenges by 
elucidating time-saving potentials and surface characteristics of 
DSB finishing compared to multi-stage EDM. 

2. Experimental Setup 

2.1 Tooling, workpiece and preparation 
To investigate the applicability of diamond slide burnishing 

for the finishing of electrical discharge machined surfaces, a 
diamond-slide-burnishing-tool from BAUBLIES AG, Renningen, 
Germany, was used. It consists of a spherical monocrystalline 
diamond (MKD) with a sphere radius rs = 1.5 mm. Using a pre-
loaded spring with a spring constant of cf = 46 N/mm allows to 
increase the process force Fpr by the spring pre-tension force of 
Fs = 40 N and thus to provide a higher burnishing force FBN > Fpr 
that uniformly increases with the penetration depth ap [6, 7]. 
Figure 1 shows the kinematics and the process principle of DSB. 

As workpiece material, the powder-metallurgically produced 
Elmax Superclean X170CrVMo18-3-1 from the manufacturer 
UDDEHOLM AB, Hagfors, Sweden, hardened to a Rockwell 
hardness of HR = 60 HRC was used. After electrical discharge 
machining, a process inherent resolidified surface layer is 
formed. This recast layer is very brittle and hence detrimental 
to the performance of the injection moulds. In time-consuming 
subsequent grinding and polishing processes, this layer can be 
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removed and the workpiece has to be retempered again [8]. 
The aim of this investigation is to eliminate these process-
related effects with the help of DSB without additional post-
processing. For the investigation of DSB for finishing  
of electrical discharge machined surfaces, three  
fields were prepared according to VDI grades 24, 30  
and 36. The surface roughnesses Ra of these grades  
correlate to Ra(VDI 24) = 1.73 µm, Ra(VDI 30) = 3.32 µm and 
Ra(VDI 36) = 6.29 µm [9]. 

 
Figure 1. (a) Kinematics and process parameters; (b) process  

principle of DSB on electrical discharge machined surfaces 

2.2. Testing methods and devices 
The machine tool Genius 1000 from the manufacturer 

ZIMMER & KREIM GBMH & CO. KG, Brensbach, Germany, was used 
for the preparation of the workpieces with the three VDI 
grades, each with a total area of Atot = 16.7 mm x 20.0 mm. 

The experimental investigations for the burnishing of 
electrical discharge machined surfaces were carried out on the 
5-axis high-precision milling machine tool PFM 4024-5D from 
PRIMACON GMBH, Peißenberg, Germany. In the first step, fields 
with areas of Af1 = 7.0 mm x 13.7 mm were burnished for the 
first time in Y-direction (1st DSB). In the second step, a partial 
field area Af2 = 7.0 mm x 7.0 mm was burnished a second time 
(2nd DSB) in X-direction on the already burnished field area Af1. 

The surface roughness was measured with the tactile 
profilometer of the type Hommel Etamic nanoscan 855 from 
the manufacturer JENOPTIK AG, Jena, Germany. Three 
measurements were carried out for both the X- and Y-direction, 
using a cut-off length of λC = 0.8 mm and a evaluation length of 
ln = 4 mm. The surface topography was investigated by using 
an InfiniteFocus G4 digital microscope from the manufacturer 
ALICONA IMAGING GMBH, Graatz, Austria. The analyses of the 
recast layers, visualised via polished cross-sections, were 
carried out with a scanning electron microscope of the type 
LEO 1455 VP from CARL ZEISS AG, Oberkochen, Germany. In 
order to be able to examine the changes in the hardness H 
according to Vickers HV, a hardness measuring device of the 
type Leitz Miniload 2 from ERNST LEITZ WETZLAR GMBH, Wetzlar, 
Germany, was used. A diamond pyramid with an opening 
angle α = 136 ° and a test force of Ft = 0.98 N were applied for 
a dwell time of td = 15 s for the measurement. 

3. Results and discussion 

3.1 Surface roughness Ra 
The examination of surface roughness improvements in 

Figure 2 aims at a direct comparison of the areas Atot (EDM 
according to guideline VDI 3400), Af1 (1st DSB) and Af2 (2nd DSB). 
The roughness measurement was carried out in X-direction in 
order to assess the burnishing process perpendicular to the 
stepover ast. A considerable decrease of the surface 
roughness Ra could be observed for all VDI grades. The initial 
surface roughness Ra for the three VDI grades could be  
reduced by the first diamond slide burnishing (1st DSB)  

down to Ra(VDI 24) = 0.21 µm, Ra(VDI 30) = 0.63 µm and 
Ra(VDI 36) = 2.66 µm. With the subsequent second diamond 
slide burnishing (2nd DSB), where the feed direction was 
rotated by 90 °, the surface roughness Ra could be further 
reduced and correspond to Ra(VDI 24) = 0.12 µm, 
Ra(VDI 30) = 0.22 µm and Ra(VDI 36) = 1.69 µm. The values of 
the surface roughness Rz and surface roughness Rt were 
reduced in an analogous manner. The values of the surface 
roughness Ra and the related standard deviation σ in X- and Y-
direction show clear correlations to the direction of DSB. After 
the 1st DSB the standard deviation σ significantly increases in X-
direction [10]. 

 
Figure 2. Changes of surface roughness Ra, measured in X-direction  

3.2 Surface topography 
Figure 3 presents three-dimensional height profiles as 

qualitative views of the 3D surface topographies. For each VDI 
grade, the three areas of processing with EDM, 1st DSB and 
2nd DSB are shown. The visually recognisable improvements of 
the surface roughness Ra and the cold forming layers indicate a 
gradual homogenisation of the surface. 

 
Figure 3. Representation of the 3D surface topographies in ISO view  
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The material ratio curves of Abbott Firestone allow for a 
qualitative and a quantitative evaluation of the machined 
surfaces by deriving the parameters Rk, Rpk and Rvk. Their 
area-measured counterparts are Sk, Spk and Svk. The 
increasingly steeper curve gradients for areal material ratios 
M < 25 % visualise the reduction of the protruding peaks in the 
form of the reduced peak height Spk, i.e. the fraction above the 
core surface that represents the height of the protruding peaks, 
Figure 4a. Similarly, for areal material ratios M > 75 %, a 
decrease of the reduced pit depth Svk is indicated, i.e. the 
fraction below the core surface that represents the depth of the 
protruding pits, Figure 4b. Depending on the secants with the 
smallest gradient of each individual Abbott Firestone curve, the 
grey gradients on the right side symbolise Spk, Sk and Svk, 
representing the respective areal material ratio M.  

 

Figure 4. Measured areal material ratio M; (a) detail of the reduced 
peak height Spk; (b) detail of the reduced pit depth Svk 

3.3 Recast layer 
Scanning electron micrographs of the processed workpieces 

display the thickness t of the recast layer as a result of EDM and 
visualise the cold-formed material layers, Figure 5.  

 
Figure 5. SEM images of the recast layer in cross-section polish 

The examination of the three process steps EDM, 1st DSB and 
2nd DSB shows the successive transformation of the material 
and the formation of deformed and interlocking distortions. 
This is accompanied by the closure of micro-cracks that resulted 
from the sudden solidification of the molten material within the 
recast layer. In case of machining on VDI 36, not all surface 
roughness pits can be closed. In addition to the material ratio 
curves in Figure 4, the homogenisation of the surface can thus 
be demonstrably attributed to the displacement of material 
from the surface roughness peaks into the surface roughness 
pits. This fact was already visible in Figure 3 as a reduction of 
the surface roughness Ra. 

3.4 Vickers hardness HV 
The initial hardness value of the workpiece according to 

Rockwell or Vickers respectively is strongly influenced by the 
process sequence EDM, 1st DSB and 2nd DSB, Figure 6. 

 
Figure 6. Processed change of Vickers hardness HV 

The highest increase of 37 % was achieved for the VDI 24 
through the 1st DSB. Due to the fact, that a precise and 
consistent positioning of the diamond pyramid is more difficult 
on the surfaces without DSB because of their comparatively 
large surface roughness, the measurements of the EDM process 
steps show largely increased standard deviations that decrease 
considerably with the 1st DSB. For VDI 30 and VDI 36 the 
standard deviations exceed values of σHV = 135 HV0.1. Merely 
for VDI 36, the 1st DSB does not result in clearly increased 
Vickers hardness HV. It can be concluded that the cold forming 
process of DSB necessitates a certain minimal surface 
roughness to uniformly induce internal compressive stresses σD 
and positively influence the crystal structure. If the surface 
roughness is too high, the deformations of the protruding peaks 
to the protruding pits result in severe material displacements 
and incomplete homogenisation of the surface, without proper 
hardening. The threshold can be found between surface 
roughness values of Rz = 19.7 µm and Rz = 33.9 µm, for VDI 30 
and VDI 36 respectively. 

3.5 Potentials of combining  
EDM and DSB into an innovative process chain 

An innovative process chain as a new possibility for finishing 
and further processing of technical surfaces produced by 
electrical discharge machining is shown in Figure 7. 

Comparing this combined processing with purely electrical 
discharge machining results in considerable time and cost 
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saving potentials. Depending on the indicated surface 
characteristics of technical surfaces, specific values of the 
surface roughness Ra, surface roughness Rz and surface 
roughness Rt can be achieved in a significantly shorter time 
with the process combination of EDM and multi-stage DSB. 

 
Figure 7. Comparison of established and innovative process chain  

for post-processing of electrical discharge machined cavities 

For the conventional process chain of a multi-stage EDM 
process using three tool electrodes made of copper with 
successively reduced target VDI, an area normalised machining 
time of tanm = 1.02 min/mm2 was necessary, even though the 
final EDM polishing with the target VDI 3 had to be interrupted 
manually after two hours. The additional time needed for tool 
electrode preparation by means of milling is not yet considered. 
The final surface roughness was Ra = 0.28 µm, i.e. by 100 % 
above the target value. Starting from a surface already 
prepared to VDI 24, the target surface roughness Ra = 0.14 µm 
(corresponding to VDI 3) can be almost achieved in a two-stage 
burnishing process. By using the innovative process chain with 
multi-stage DSB up to VDI 3 and using a 1st and 2nd DSB, a total 
area normalised machining time of tanm = 0.615 min/mm2 was 
possible. This corresponds to a time reduction by 
approximately 40 %. The surface roughness achieved was 
Ra = 0.24 µm for the 1st DSB and Ra = 0.17 µm for the 2nd DSB. 
The final roughness measurement was carried out in the 
Y-direction, i.e. orthogonal to the feed direction of the 2nd DSB. 

3.6 Wear phenomena on diamond burnishing head 
For the diamond slide burnishing of electrical discharge 

machined cavities, a significant positive influence on surface 
roughness and micro-hardness can be determined. These 
effects cause various wear phenomena on the burnishing head, 
which are clearly reflected in the surface topography of the 
MKD sphere, Figure 8, even considering the previous wear.  

On the one hand, crossline-like wear marks are visible, which 
can be assigned to the 1st DSB machining in the X-direction as 
well as to the 90 ° rotated feed direction, i.e. in the Y-direction 
with 2nd DSB. On the other hand, fragment-like micro-cracks are 
visible on the spherical head, which can be attribute to the DSB 
machining of the VDI grade 36. This suggests that the tool life is 
considerably reduced with increasing surface roughness to be 
machined. 

 
Figure 8. SEM images of utilised diamond burnishing head  

before and after all burnishing operations considered 

4. Conclusion and further investigations 

The innovative process chain consisting of EDM and 
subsequent DSB has a great potential to replace the time-
consuming EDM polishing process in suitable cavities. The 
changeover times associated with the innovative process chain 
are significantly shorter than the usual process duration of EDM 
polishing processes. The result shows that the initial state of the 
surface to be polished has a significant effect on the final 
machining result. The presented investigations suggest that a 
VDI grade of maximum 30 can be selected in the initial state.  

In general, it was possible to successfully influence the 
surface properties of electrical discharge machined surfaces for 
three different initial conditions in a targeted and effective 
manner, so that the micro-hardness H of the surface layer was 
increased by up to 37 %, the surface roughness Ra was reduced 
by up to 90 % and micro-cracks were verifiably closed. The 
factors lead to higher thermal resistance and could contribute 
to a prolonged life time of injection moulds. 

In further investigations, the influence of the sphere radius rs 
of the burnishing tool should be examined in interaction with 
the penetration depth ap and stepover ae. An appropriate 
determination of the process force Fpr is essential for closing 
micro-cracks and surface roughness pits. It has been possible to 
increase the hardness H while diamond slide burnishing by 
inducing residual compressive stresses σRC. Consequently, the 
field of application of diamond slide burnished components can 
be extended. For this purpose, it is necessary to further 
investigate the distribution of residual compressive stresses in 
the surface layer [11]. In addition, further research should be 
conducted into the interrelationships in the post-processing of 
electrical discharge machined cavities with different materials, 
which are established in the broad range of industries, e.g. 
aerospace, automotive and mould making. 
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Abstract 
In recent years, the precision and accuracy requirements of optical lenses are higher and more accurate with the rapid development 
of smartphones and the wearable electronic equipment industry. Ni-P alloy is widely used in the production of aspheric and free-
form surfaces molds due to its excellent machinability, but the tool marks formed by ultra-precision turning or grinding will seriously 
affect the performance of optical components. Recently, Compliant polishing technology has begun to attract the attention of 
researchers, especially the shear thickening polishing technology. Shear-thickening polishing has the advantages of low cost, good 
form adaptability and low subsurface damage, and has great application prospects in the field of optical finishing. In this paper, a 
spherical polishing tool is used to achieve ultra-smooth polishing of Ni-P alloy by setting a certain working gap. The effects of tool 
speed and working gap on surface roughness are studied. The results show that ultra-smooth surface with a roughness of Sa 0.5 nm 
was obtained under the working gap of 0.1 mm and tool speed of 5000 rpm. Finally, by designing the tool path, an aspheric Ni-P alloy 
mold with an aperture of 8 mm was processed. An undamaged smooth surface with a roughness of Sa 0.5 nm was obtained. Surface 
error caused by non-contact polishing is less than 600 nm. 
 
Keywords: Optical mold; non-contact polishing; nickel-phosphorus alloy; tool mark removal; surface morphology 

 

1. Introduction 

In recent years, with the rapid development of the consumer 
electronic equipment industry represented by smart phones, 
the precision and accuracy requirements of optical components 
such as optical lenses have become higher and higher [1]. 

Due to the form complexity of curved optical elements, 
researchers have been seeking reliable and efficient ultra-
precision polishing methods. For softer materials, traditional 
methods have failed to achieve good results, and will produce 
tool marks, scratches and subsurface damage on the surface of 
the workpiece [2]. Currently commonly used non-contact 
polishing methods include ion beam polishing, plasma polishing, 
magnetorheological polishing and shear thickening 
polishing(STP). But the material removal efficiency is extremely 
low (60 nm/min), which limits its application in the optical field 
[3]. Magnetorheological polishing is also one of the non-contact 
methods. But the equipment is very expensive. Shear-thickening 
polishing(STP) is a new type of non-contact polishing technology 
that has attracted more and more attention in recent years. 
Compared with other contact and non-contact polishing 
methods, STP has the advantages of low cost and high removal 
efficiency. Zhu et al. [4] used the rubber ball head to polish the 
nickel alloy flat workpiece by the method of sub-aperture, and 
the surface roughness reached 3.9 nm, and pointed out that the 
STP was better than the airbag polishing. Li et al. [5] polished 
lithium niobate wafers by adding chemical action to the shear 
thickening solution, and obtained a smooth surface with Ra 1.46 
nm, and the damage layer was less than 5 nm. The above studies 
have confirmed the great application potential of STP in the 
optical field. However, the surface quality achieved so far is not 

good. 
In this study, a new type of STP fluid was prepared, the effects 

of tool speed and working gap on surface roughness of the 
workpiece were obtained, and the optimal process parameters 

were obtained. A non-contact polishing method for optical 
aspheric surfaces was proposed. The optimal parameters were 
used to finishing the aspheric surfaces of nickel-phosphorus 
alloy molds, and the surface roughness, material removal rate 
(MRR)and form accuracy of the aspheric surfaces were 
evaluated. 

2. Method and principle 

In this work, the shear thickening effect of non-Newtonian 
fluid is used to achieve non-contact removal of workpiece 
material. [6].The workpiece sample in this study is a nickel-
phosphorus alloy aspheric form with a diameter of 8 mm, the 
polishing tool is spherical with a damping pad attached. Before 
polishing, tilt the polishing tool to 60°, and scan the tool back 
and forth from the axis to the edge along the diameter of the 
workpiece. Working gap between tool and workpiece is fixed 
during polishing process. The feed scan speed is set to 100 

mm/min. 

 
Figure 1. Diagram of the method and principle 

3. Experimental equipment and parameters 

3.1 Equipment 
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As shown in Figure 2, this work was carried out on a high-
precision CNC grinding machine (QGM3050, ZCS, China). The flat 
and curved nickel-phosphorus alloy workpieces are mounted on 

the spindle through a fixture, and the spindle Ⅰ  with the 
polishing tool installed is connected to the Y-axis through an XYZ 
micro-displacement platform. The polishing slurry is transported 
to the polishing interface through the supply pipeline. Adjust the 
distance between the tool and the workpiece by moving the Y 
axis. Spindle II with polishing tool installed can be adjusted 

between 100-12000 revolutions. Spindle Ⅰ  speed can be 
adjusted between 0-3000 rpm. The XY axis accuracy is ±2μm. 

 
Figure 2. Experimental equipment and tools 

3.2 Parameters 
In this study, the polishing slurry was prepared by mixing 20 

nm silica sol, polyhydroxy polymer and deionized water, the 
proportion of polyhydroxy polymer is 58 wt%, and the 
concentration of SiO2 abrasive particles in the system was 10 
wt %. The working gap interval used in the polishing experiments 
was 0.01–0.3 mm, the tool speed was 2000, 5000 and 8000 rpm, 
and the workpiece speed was 100 rpm. 

4 Results and discussion 

4.1 Influence of working gap on surface roughness  
Figure 3 indicating that the non-contact polishing process used 

in the study has a good continuous removal capability.The initial 
surface roughness (NewView9000, Zygo, USA) of the nickel-
phosphorus alloy flat part is 3.2 nm, and the surface roughness 
tends to decrease with the increase of the working gap.  

 
Figure 3. Surface roughness at different working gaps 

4.2 Influence of tool speed on surface roughness 
Figure 4 shows the three-dimensional topography 

(NewView9000, Zygo, USA) at different rotational speeds. The 
results show that a smooth surface with sub-nanometer 
roughness and no scratches can be achieved at tool speeds of 
2000, 5000 and 8000 rpm. 

 
Figure 4. Surface topography of (a) before polishing and (b) 8000rpm, (c) 
5000rpm and (d) 2000rpm after polishing 

4.3 Aspheric surface polishing test 
Based on the previous experiments, the non-contact polishing 

experiment of aspherical nickel-phosphorus alloy optical 
surfaces was carried out. It can be seen (Figure 5) that there are 
obvious tool marks formed by turning on the surface of the 
workpiece before polishing, and the surface roughness before 
polishing is between 2.5-3.5 nm. After contact polishing, the tool 
marks on the surface are removed, and the roughness is the 
same as before. After non-contact polishing, the tool marks on 
the workpiece surface are completely removed and the 
workpiece surface becomes smoother, and the surface 
roughness after polishing converges to 0.4-0.6 nm. The form 
(Form TalySurf PGI 840, Taylor Hobson, UK) error due to non-
contact polishing is less than 600 nm. 

 
Figure 5. Surface roughness of (a) aspheric surface (b) before polishing, 
after (c) contact and (d) non-contact polishing 

5 Conclusion 

In this work, non-contact sub-aperture method is used for 
ultra-precision polishing of optical aspheric surfaces. The the 
working gap increases, the surface roughness gradually 
decreases. The sub-nanometer roughness surface can be 
obtained under the gap of 0.1-0.3 mm. The tool speed has little 
effect on the surface quality. When the tool rotation speed is 
2000 and 5000 rpm, the obtained surface roughness is about 0.5 
nm, and when 8000 rpm, the surface roughness is 0.85 nm. For 
aspheric optics, sub-nanometer roughness and sub-micron 
shape accuracy can be obtained by non-contact sub-aperture 
methods. The surface roughness can reach 0.5nm, and the 
surface form error is within 600nm. Subsurface damage is an 
important factor for the performance of optical components. In 
the future, the formation law of sub-nanometer surface 
roughness and sub-micron surface accuracy and the formation 
and evolution law of subsurface damage will be studied. 

 
Reference 
[1] Wang Z Z, Shi C C, Zhang P F, et al. Recent Progress of Advanced 
Optical Manufacturing Technology. Journal of mechanical engineering, 
2021, 57 23-56. 
[2] Zhang Y, Zhang L F, Chen K Y, et al. Rapid subsurface damage 
detection of SiC using inductivity coupled plasma.International Journal 
of Extreme Manufacturing, 2021, 3 035202. 
[3] Yin G J, Li S Y, Xie X H, et al. Analysis of Removal Efficiency of Ion Beam 
Figuring for Optical Component. Nanotechnology and Precision 
Engineering, 2014, 12 351-357. 
[4] Zhu W-L, Beaucamp A. Non-Newtonian fluid based contactless sub-
aperture polishing. Cirp Ann-Manuf Tech, 2020, 69 293-296. 
[5] Li M, Liu M H, Riemer O, et al. Origin of material removal mechanism 
in shear thickening-chemical polishing. Int J Mach Tool Manu, 2021, 170 
103800. 
[6] Li M, Lyu B H, Yuan J L, et al. Shear-thickening polishing method. Int J 
Mach Tool Manu, 2015, 94 88-99. 

556



 

 

List of authors 

 

Surname Initial Page 

A   

Adam B. 513 

Aguirre G. 189 

Ahmed A. 275 

Ahmed Mir B. 373 

Aimon A.H. 237 

Alcaraz Y. 281 
Aravindan S, 499 

Archenti A. 205, 213, 433 

Arshad M.H. 283, 297 

Artigas R. 399 

Arumugam K. 337 

Aurich J.C. 455, 479 

Aziz-Lange K. 509 

   

B   
Baba A. 385 

Bader R. 83 

Balsamo A. 423 

Banzhaf K. 209, 313 

Batusov V. 309 

Baur C. 43, 153 

Bazina T. 101 

Bednyakov I. 309 

Berger T. 289 

Bergs T. 331 

Bermudez C. 399 

Bernard F. 319 

Bernardi L. 403 

Bertrand J.C. 289 

Bielke U. 209, 313 

Bircher B.A. 411 

Blanc F. 319 

Blateyron F. 365 

Blattler A. 385 

Blumröder U. 381 

Blunt L. 415 

Boban J.   275 

Bonato N. 403 

Börret R. 209, 313, 509 

Bösing M.   245 

Bosse H. 381, 423 

Brand U. 449 

Branson D. 305 

Brohmann M. 509 

Brouwer D. 47, 119 

Bruus H. 323 

Bui P.V. 105, 273 

Bui V.D. 289 

   

C   

Calaon M. 175, 237, 323, 419 

Caldwell D. 39 

Cao A. 437 

Carbonatto A. 361 

Carmignato S. 401, 403, 405 

Castagne S. 91, 281 

Chang W. 285 

Chao L. 349, 437 
Chaudhary V. 247 

Chen T. 419 

Chen X. 475 

Chen Y. 475, 529, 533 

Cheng K. 171 

Cheng X. 241, 475 

Cheung B. 269 

Choi Y-M. 413 

Choong W.K. 463 

Colinas-Armijo N. 189 

Comden Z. 349 

   

D   

Dai G. 441 

Darnieder M. 81 

Dassen M. 139 

Day R. 331 

de Jong J. 47 

de Pastre M-A. 407 

De Smet E. 297 

Demarbaix A. 69 

Dencker F. 77 

Denkena B. 505 

Díaz-Pérez L. 177 

Doki K. 181, 231 

Donose R. 139 

Dörgeloh T. 471, 505 

Ducobu F. 69 

Dürre G. 451 

   

E   

Eastwood J. 345 

Edelmann J. 93, 113 

Egaña F. 145 

Eguskiza J. 145 

Evans A. 423 



 

 

Evens T. 91 

   

F   

Fan P.   285 

Favre G. 423 

Fischer A. 357 

Florez S. 377 

Flügge J. 381 

Fritz M. 425, 467 

Fröhlich T. 233, 381 

Frumosu F. 175 

Fukada S. 193 

Fukuda T. 459 

Furuki T. 459 

Füßl R. 381 

   

G   

Galetto M. 361 

Gao F. 
353, 389, 393, 
415 

Gao J. 285 

Garcia J.A.A. 177 

Garcia L. 209, 313 

Gärtner E. 113 

Gascuel J-D. 365 

Gayde J-C. 301, 309, 319 

Geng Y. 285 

Genta G. 361 

Gerhardt U. 381 

Gerlach E. 81 

Ghosh S. 499 

Gljušćić P. 73 

Gnüchtel S. 113 

Goda S. 371 

Gonzalez Bassante M.K. 205, 213 

Gorges S. 233 

Gorissen B. 261, 297 

Goto A. 519 

Goto D. 385 

Gou N. 171 

Groeb M. 467 

Gubler Q. 43 

Guo J. 523, 555 

Guo W. 547 

Guttenberg Z. 113 

   

H   

Hackl C. 113 

Haddad D. 55 

Hageney T. 209, 313 

Haijiang L. 545 

Hakvoort W. 123, 195 

Hannesschläger G. 445 

Harnisch K. 289 

Harrison D. 313, 509 

Hasan R. 285 
Hauffe-
Waschbuesch T. 331 

Hayashi A. 221 

Hebenstreit R. 97 

Henein S. 43, 153 

Heng Z. 545 

Heper M. 129 

Herty A. 203 

Hesse S. 233 

Higuchi S. 459 

Ho L.T. 269 

Hocke T. 549 

Höfler S. 509 

Holgado I. 377 

Hornberger C. 83 

Hesse S. 233 

Hu L. 241, 545 

Hu X. 441 

Huaman Loayza A.S. 233 

Huang R. 463, 547 

Huang W. 501 

Huber N. 327 

Huo D. 171 

   

I   

Iñigo B. 189 

Isa M. 305 

   
J   

Jagodzinski M. 515 

Jamet O. 319 

Javadzadeh M. 127 

Jeong H.B. 367 

Jiang X. 353, 389, 393, 415 

Johnson H. 179 

Jones R. 36 

Jonitz-Heincke A. 83 

Joo K-N. 367, 397 

Jung K. 183 

   

K   

Kadoya S. 369, 371 



 

 

Kaho I. 105 

Kain M. 237 

Kajihara Y. 341 

Kamenar E. 101 

Kang R. 523 

Karpuschewski B. 471 

Kartenbender J-M. 149 

Katzschmann M. 233 

Kawai R. 181 

Keck L. 55 

Kelder R. 195 

Khajornrungruang P. 279, 385 

Khanesar M. 305 

Khatait J. 247 

Kieren-Ehses S. 455, 479 

Kim D. 367, 397 

Kim D-M. 413 

Kimura F. 341 

Kirsch B. 455, 479 

Klemme H. 505 

Kletzenbauer S. 425 

Kode S.K. 251 

Koechert P. 381 

Kohse M. 331 

Koiso K. 135 

Konietzny L. 161 

Krämer S. 251 

Kuche Y. 525 

Kühne S. 515 

Kumar D. 131 

Küng A. 411 

Kurebayashi Y. 537 

Kushwaha S. 225 

Kutomi S. 279 

Kuzkin A. 309 

Kweon S-H. 183 

   

L   

Lahoda C. 117 

Lange A. 483 

Langfahl-Klabes J. 449 

Leach R. 305, 345 

Lee K-I. 183 

Lee M.G. 413 

Lee Y.J. 487 

Leiro A. 433 

Leiss-Holzinger E. 445 

Li D. 389 

Li G. 555 

Li L. 555 

Li S. 545 

Lickert F. 323 

Liedecke C. 139 

Lin K-T. 341 

Lindner R. 319 

Liu K. 495 

Liu X. 167 

Liu Y. 415 

Loebel S. 293 

Lopez de Lacalle L.N. 189 

Lorenz M. 83 

Lucca D. 513 

Ludwig J. 257 

Luo X. 285 

   

M   

Ma Y. 167 

Maculotti G. 361 

Makino T. 519 

Malcher M. 515 

Manske E. 97, 233, 381 

Markovic E. 73 

Markovic K. 101 

Martin A. 289, 293 

Martinez P. 399 

Mastylo R. 381 

Masuda S. 369 

Masui S. 371 

Matsuda Y. 231 

Matsuyama S. 105, 273 

Matsuzaki K. 375 

Mayer T. 455, 479 

Mayr J. 149, 157 

Meinshausen A-K. 289 

Meli F. 411 

Menze C. 539 

Mergelkuhl D. 309 

Mezic I. 51 

Michihata M. 369, 371 

Miettinen M. 187, 317 

Mill F. 229 

Mishra S. 499 

Miwa N. 373 

Mizutani Y. 107 

Montavon B. 217 

Moriizumi T. 519 

Morimoto Y. 107 

Morimoto Y. 221 



 

 

Moriz A. 217 

Mototani S. 181, 231 

Mukherjee S. 247 

Muro-Fraguas L. 177 

Mutilba U. 145 

   

N   

Nagahata Y. 373 

Nagarajan B. 281 

Nakagawa T. 519 

Navare J. 251 

Naves M. 119 

Navidfar A. 127 

Nefzi M. 199 

Neo D.W.K. 463, 495 

Newell D. 55, 349, 437 

Niewiem W. 309 

Nijenhuis M. 119, 123 

Nikolitsas K. 319 

   

O   

Obata M. 221 

Oberschmidt D. 515 

O'Connor D. 423 

Oge E.O. 139 

Ohlin M. 323 

Okabe M. 221 

Olea G. 327 

Ortega N. 377 

Ortlepp I. 381 

   

P   

Pan B. 523 

Park H.M. 397 

Park J-K. 367 

Pecur T. 229 

Pedersen D.B. 237 

Peerlinck S. 261 

Percic M. 51, 73 

Perera C. 349, 437 

Perez B. 377 

Permpatdechakul T. 279 

Petzold T. 293 

Phillips D. 423 

Piano S. 305, 345 

Plaza S. 377 

Pluzhnikov A. 309 

Polak K. 301 

Polte C. 549 

Polte M. 549, 551 

Przyklenk A. 423 

   

Q   

Qian J. 225, 261, 283 

Qian W. 545 

Qin Y. 285 

Quinsat Y. 407 

   

R   

Radhakrishnan U.M. 237 

Rankl C. 445 

Reynaerts D. 225, 261, 283, 297 

Ribo M.M. 175 

Rickens K. 513 

Riemer O. 471, 505, 513 

Rivière-Lorphèvre E. 69 

Rolon D. 515 

Roussak L. 113 

Roy L. 319 

Rucki M. 165 

Rude V. 203 

   

S   

Saeedabadi K. Saeedabadi 

Sainvitu P. Sainvitu 

Sakai K. Sakai 

Sakai T. Sakai 

Sakaida M. Sakaida 

Sakuma R. Sakuma 

Sano Y. Sano 

Sasaki T. Sasaki 

Sato O. 375 

Sato Y. 491 

Saxena K.K. 283, 297 

Sbettega E. 405 

Schlamminger S. 55, 349, 437 

Schmitt R. 217 

Schneckenburger M. 509 

Schneegans H.   43, 153 

Schneider J. 93 
Schnurrer Luke 
Vrbanić T. 101 

Schönemann L. 471, 505 

Schönhoff U. 161 

Schreiber P. 505 

Schubert A. 289, 293 
Schulte-Westhoff B. 257 

Schulz S. 59 



 

 

Schulze S. 337 

Schwarze M. 445 

Schweitzer L. 265 

Schwerdt D. 83 

Seifert F. 55 

Seinhorst B. 123 

Seitz H. 83 

Senthil Kumar A. 463, 495, 547 

Sesselmann T. 38 

Shan S. 175 

Sherlock A. 229 

Shizuka H. 537 

Sims-Waterhouse D. 345 

Slocum A. 179 

Smreczak M. 153 

Solecki M. 165 

Sosin M. 203 

Spanjer S. 195 

Spitaels L. 69 

Steinhoff L. 77 

Stickel F-J. 509 

Stöbener D. 357 

Stoop F. 157 

Strehle S. 97 

Sturm H. 549 

Sulc M. 301 

Suzuki A. 459 

Suzuki H. 459, 519 

Suzuki K. 279, 385 

Szumiata T. 165 

   

T   

Takahashi S. 369, 371 

Takaya Y. 107 

Takeda K. 111 

Tan N.Y.J. 463, 495 

Terabayashi K. 373 

Theissen N.A. 205, 213 

Theska R. 55, 67, 81, 87, 97, 337 

Thielens V. 69 

Thißen K. 257 

Tiainen T. 429 

Tian W. 143 

Tian Y. 167 

Tissot-Daguette L. 43 

Tjahjowidodo T. 281 

Toh D. 105, 273 

Tomasova L. 113 

Tomkowski R. 433 

Tong Z. 543 

Torii A. 181, 231 

Torralba M. 177 

Torres Melgarejo M.A. 67 

Tosello G. 237, 323, 419 

Trabzon L. 127 

Trösch M. 411 

Tunesi M. 513 

Turnbull R. 251 

   

U   

Ueki M. 107 

Uenohara T. 107 

Uhlmann E. 549, 551 

Urreta H. 189 

   

V   

Vainio V. 187, 317 

Van Bael A. 91 

van Maasakkers F. 139 

Van Merris A. 261 

Vanwersch P. 91 

Verma J. 131 

Vieites Diaz M. 319 

Viitala R. 187, 317, 429 

Vila B. 37 

   

W   

Waiblinger N. 551 

Waletzko-Hellwig J. 83 

Walther F. 93 

Wang C. 269 

Wang R. 389 

Watanabe M. 375 

Weber U. 199 

Wedrich K. 97 

Wegener K. 149, 157 

Weigert F. 81, 87 

Wendt M. 527 

Werner N. 419 

Widuch K. 203 

Wiedenmann E. 209, 313 

Wieland S. 93 

Wittke M. 67, 81 

Wolf M. 81, 87 

Wolfschläger D. 217 

Wu Z. 475, 529, 533 

Wurz M.C. 77 

   



 

 

X   

Xie W. 285 

Xu M. 449 

Xu Y. 353 

   

Y   

Yabroudi S. 551 

Yadi M. 107 

Yague-Fabra J. 145, 177 

Yamabe E. 373 

Yamauchi K. 105, 273 

Yan J. 491, 501 

Yan Y. 285 

Yang H. 537 

Yang S-H. 183 

Yang T. 139 

Yang Z. 555 

Ye L. 261 

Yildirim K. 281 

Yoon K-T. 413 

Yu J. 393 

Yu N. 229 

Yui A. 135, 519 

Yuya A. 221 

   

Y   

Zanini F. 401, 403, 405 

Zeeb J. 327 

Zelenika S. 51, 73, 101 

Zemanek A. 319 

Zha J. 529, 533 

Zhang C. 63 

Zhang J. 523 

Zhang J. 143 

Zhang L. 475, 529, 533 

Zhang L. 491 

Zhang M. 555 

Zhang P. 555 

Zhang Y. 175 

Zhang Z. 393 

Zhang Z. 269 

Zhao X. 433 

Zhong Y. 251 

Zhou T. 547 

Zimmermann K. 81 

Zimmermann N. 149 

Zupancic B. 365 

   

   

   

   

   

   

   

   

   
   

   
   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   
 



european society fo
r precision engineering and nanotechnology

Conference 
ProceedingsCo

nf
er

en
ce

 P
ro

ce
ed

in
gs

2022

info@euspen.eu
www.euspen.eu

22nd International Conference & Exhibition,

Monday 30th May to Friday 3rd June 2022

CERN
Hilton Geneva Hotel and 
Conference Centre, Geneva


	Insert from: "Session 2 - Compiled.pdf"
	Insert from: "ICE22279.pdf"
	1. Introduction
	2. Micro-laser assisted diamond turning (µ-LAM) process
	3. Experimental Method
	4. Results and Discussion
	5. Conclusion

	Insert from: "ICE22300.pdf"
	1. Introduction
	2. Methodology
	2.1. Measurement procedure
	2.2. Experimental testing procedure

	3. Measurement and Data Analysis
	3.1. Dimensional Measurement
	3.2. Surface characterization

	4. Experimental Testing Result
	5. Conclusion
	6. Acknowledgements

	Insert from: "ICE22175.pdf"
	1. Introduction
	2. Construction of measurement and processing system
	3. Processing mode and measurement mode
	4. Performance
	5. Conclusion
	References


	Insert from: "Session 5 - Compiled.pdf"
	Insert from: "ICE22283.pdf"
	1. Introduction
	4. Discussion
	5. Conclusion

	Insert from: "ICE22240.pdf"
	1. Introduction
	2. development of the passive THz spectroscopic s-SNOM
	3. Near-field measurements
	4. Conclusion


	Insert from: "Session 6 - Compiled.pdf"
	Insert from: "ICE22179.pdf"
	1. Introduction
	2. Materials and method
	The straight-grade tungsten carbide tools (WC-6Co, WIDIA CNMA120408) have been used for texturing and final machining experiments. Nanosecond (solid-state Nd: YAG) laser has been used for texturing of carbide cutting tools. The laser processing parame...
	3. Results and discussion


	Insert from: "Session 5 - Compiled.pdf"
	Insert from: "ICE22283.pdf"
	1. Introduction
	4. Discussion
	5. Conclusion

	Insert from: "ICE22240.pdf"
	1. Introduction
	2. development of the passive THz spectroscopic s-SNOM
	3. Near-field measurements
	4. Conclusion





