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Foreword 
 

The 21st euspen International Conference & Exhibition was planned to be held at the Technical 

University of Denmark, Lyngby, DK in June 2021. Due to the persisting unfavourable conditions 

of the COVID-19 pandemic, it was decided to change the format to a “virtual online web-

conference”, on 7th – 10th June 2021, to ensure the participants remain safely connected. This 

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

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

willingness to provide continuity in supporting the precision engineering community and 

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

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

Five Tutorials and three Workshops are proposed on Monday the 7th June, covering key topics in 

manufacturing, metrology and mechatronics, followed by plenaries during the next 3 days. The 

plenaries will offer the possibility to see latest advances in precision engineering and 

nanotechnologies, in non-mechanical and mechanical manufacturing processes, measuring 

instruments and machine tools, metrology, mechatronics, control and automation. These 

streamed-live sessions will consist of keynotes and oral presentations, followed by live Question 

and Answer sessions.  

The five Keynote presenters will offer a broad perspective of precision engineering: 

- Prof. Anja Boisen, Professor and Head of section at department of Health Tech, Technical 

University of Denmark, DK : “Microdevices for oral drug delivery” 

- Prof. Bianca Maria Colosimo, Professor and Deputy-Head at the Department of 

Mechanical Engineering, Politecnico di Milano, IT : “Complex data as the new normal in 

precision engineering: opportunities and challenges” 

- Peter Fuglsang, Responsible for R&D for wind turbine blades for offshore in Siemens 

Gamesa Renewable Energy, DK : “Offshore blade development research needs” 

- Prof. Dr.-Ing. Gisela Lanza, Professor at the Institute of Production Science (wbk) at 

Karlsruhe Institute of Technology (KIT), DE : “Sustainable production enabled by 

remanufacturing: Production under uncertain product specifications” 

- Dr. Jonathan Pearce, Principal research scientist and Head of contact thermometry in the 

Temperature & Humidity group at NPL, UK : “New perspectives on applied thermometry” 

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

developments by exhibitors; as well as access in advance to three poster sessions where you will 

be able to interact with the poster presenters during a dedicated session. 

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

looking forward to meeting you via the web interfaces. We hope to be able to meet in person 

next year. 

Enrico Savio       Hans N. Hansen 

euspen President     Head of DTU Mechanical Engineering 
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Microdevices for oral drug delivery 
 
Prof. Anja Boisen 
 
Technical University of Denmark, Denmark  

  
Abstract 
 
Our research center of excellence IDUN – Intelligent Drug delivery and sensing Using microcontainers and Nanomechanics combines 
research in nanosensors/centrifugal microfluidics and microfabricated devices for oral drug delivery. This allows us to explore the 
synergy between sensor development and search for new pharmaceutical delivery tools and materials. We will show examples of 
recent findings and results within microdevices for drug delivery. Here we hypothesise that oral drug delivery can be improved 
significantly by utilizing micrometer sized devices loaded with drugs and sealed by lids that open at specific locations in the body. The 
containers protect drugs during passage through the stomach and facilitate adhesion to the intestinal wall for controlled and 
unidirectional release. We will show our recent findings and results within polymer fabrication and in vitro/in vivo characterization. 
 

 

Biography 

Anja Boisen is professor and head of section at department of Health Tech, Technical University of Denmark. She is heading a DNRF 
and Villum Centre of Excellence named ‘IDUN’. She has thorough knowledge on micromechanics and nanotechnology. Her research 
group focuses on development and application of micro and nano mechanical sensors and microfabricated systems for oral drug 
delivery. Anja has held and ERC Advanced grant & three ERC POC grants and is cofounder of companies Cantion, Silmeco, BluSense 
and Lightnovo. She is among others member of the board of Villum Foundation, the Leo Foundation, the Danish Academy of the 
Technical Sciences and the Royal Danish Academy of Sciences. 
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Offshore blade development research needs 
 
Peter Fuglsang 
 
Siemens Gamesa, Denmark 

  
Abstract 
 
The Wind Energy Industry has undergone a dramatic development during the latest two decades and is now a main stream energy 
source and seen as one of the handles the World has to reduce carbon footprint and there is a rising need for energy capacity. The 
cost pressure in the wind market has increased significantly due to the fierce competition among OEMs combined with auction based 
tenders leading to fewer subsidies. This leads to a need for innovation on every element of the balance of plant and on the entire 
value chain in order to reduce cost, at the same time it also leads to OEM cash constraints and short term and incremental thinking. 
 
With focus on large blades for wind turbines, this presentation will provide an understanding of the wind energy sector and market 
together with the major industry trends. The presentation will demonstrate the value of setting a long term agenda for innovation 
and development of new technologies. Also, it will be discussed how this long term agenda defines research topics and collaboration 
between Industry and Academia. Here, one important research topic is new composite materials. 

 

Biography 

M.Sc Mechanical Engineering, 1994, Aalborg University Denmark. 
 
Peter Fuglsang worked as a Senior Scientist at Risø National Lab and has held different management positions in LM Wind Power and 
now at Siemens Gamesa Renewable Energy. 
 
Peter is an expert in wind turbine system design, aerodynamic and acoustic performance and blade design & manufacture. Currently 
responsible for R&D for wind turbine blades for offshore in Siemens Gamesa Renewable Energy. 
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Complex data as the new normal in precision engineering: opportunities and 
challenges 
 
Prof. Bianca Maria Colosimo 
 
Politecnico di Milano, Italy 

  
Abstract 
 
Precision engineering is facing a new renaissance, due to the widespread adoption of emerging process technologies (e.g., additive 
manufacturing, micromanufacturing) combined with paradigm shifts in metrology (e.g., X-ray CT), sensing and computing (e.g., 
Industry 4.0 and big data mining). 
 
A new generation of massive, highly unstructured, multi-sensor, spatially and temporally correlated data represent the “new normal”, 
i.e., the basic ground to develop novel solutions for quality inspection, monitoring and control. 
 
Two main dimensions of data complexity will specifically be discussed in this keynote: i) data describing product quality, where 
freeform, topologically optimized shapes and lattice structures have to be modelled, monitored and inspected; ii) process data, 
available as multiple streams of signals, images and video-images, that have to be modelled and monitored to prevent and possibly 
correct flaws. Starting from real industrial scenarios, opportunities and challenges of complex data mining will be discussed to 
highlight directions for future research. 

 

Biography 

Bianca Maria Colosimo is Professor in the Department of Mechanical Engineering of Politecnico di Milano, where she is Deputy-Head 
of the Department and co-founder of the AddMe Lab, a research laboratory on novel solutions for metal additive manufacturing. 
 
She is also member of POLIMI2040, a board appointed by the Rector to investigate the long-term future scenarios for technical 
universities in Europe. 
 
Her research interest is mainly in the area of quality data analysis (i.e. statistical process monitoring, control and optimization), with 
special attention to complex shapes modelling and monitoring and in-situ data mining for advanced manufacturing, additive 
manufacturing overall. On these topics, she is author of 100+ published contributions, most of them in peer-reviewed international 
journals and books. Since 2018, she has been Editor of the Journal of Quality Technology (Taylor and Francis). 
 
She is also a member of the board of the CLC south of the EIT Manufacturing, part of the steering committee of the World 
Manufacturing Forum (WMF), member of the ManuFuture platform (EU Commission), of the QSR Advisory Board at INFORMS and 
council member of ENBIS (European Network of Business and Industrial Statistics). 
 
She is included among the top 100 Italian woman scientists in STEM – (https://100esperte.it/search?id=170) 
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New perspectives on applied thermometry 
 
Jonathan Pearce 
 
National Physical Laboratory, UK 

  
Abstract 
 
Traceability of temperature measurements to the International Temperature Scale of 1990 (ITS-90) is a critical factor in establishing 
low measurement uncertainty and reproducible measurements. Unfortunately, in a large number of temperature measurement 
settings traceability is lost due to factors relating to the measurement situation e.g. unknown sensor calibration drift, surface 
emissivity, reflected thermal radiation, and heat flow effects. Some developments at NPL to facilitate in situ traceability are described, 
including novel low drift and self-validating temperature sensors, traceable surface temperature measurement methodologies using 
thermographic phosphor coatings, an in situ combustion reference standard (portable standard flame) of known temperature, 
traceable fibre-optic thermometry, a 3D thermal imaging capability, and a practical driftless ‘primary’ Johnson noise thermometer 
which measures temperature directly without recourse to any temperature scale. In addition, implementation of the developments 
in process environments are outlined. The unifying factor is that the measurements are aimed at being traceable to the ITS-90 with 
the linkage maintained through understanding and quantifying the uncertainty of measurement. 

 

Biography 

Jonathan Pearce is a principal research scientist and head of contact thermometry in the Temperature & Humidity group at NPL, 
where he has been based for 15 years. He has authored 143 technical papers on low temperature physics and high temperature 
metrology and currently leads the development of thermocouples and high temperature fixed points for contact thermometry at 
NPL. He represents NPL on the CCT Task Group ‘Guides on Thermometry’. He is the UK representative on the EURAMET Technical 
Committee for Thermometry (TC-T). He sits on the BSI working group GEL/65/2 and the IEC working group TC65/SC 65B/WG 5 which 
are both concerned with standardisation of ‘Temperature sensors and instruments’. He is a Fellow of the Institute of Physics,  and 
currently leads a 26-partner European Metrology Programme for Innovation and Research (EMPIR) project called ‘EMPRESS 2’ aimed 
at enhancing high value manufacturing process efficiency by solving a set of specific process control problems through improved 
thermometry. 
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Sustainable production enabled by remanufacturing: Production under uncertain 
product specifications 
 
Prof. Dr.-Ing. Gisela Lanza 
 
Institute of Production Science (wbk) at Karlsruhe Institute of Technology (KIT), Germany 

  
Abstract 
 
The current social, economic and global political situation is characterized by great uncertainty. The periods of time in which humanity 
is undergoing profound changes are becoming increasingly short-cyclical. In view of the growing population worldwide and the 
increasing scarcity of central raw materials, the course must be set today in order to look into a sustainable future. This is especially 
true for manufacturing companies, as there is no doubt that the traditional linear economic approach “take – make – use – dispose” 
is no longer a recipe for success in the long run. Closed-loop models such as remanufacturing offer the opportunity to continue to 
operate economically but also ecologically. In remanufacturing, used products are recovered, dismantled and selected components 
are returned to the production process. In particular, the decision as to whether an used product is suitable for a further life cycle is 
nowadays mainly made by skilled personnel following an inspection, since the use of the products results in a high variance in the 
states of the declining old products. In addition to possibly missing product components, signs of aging and wear and tear such as 
corrosion or cracks must be detected and evaluated at the same time. This poses unprecedented challenges for automated quality 
assurance concepts, as they have to adapt to constantly changing conditions. At the same time, new methods, such as artificial 
intelligence, offer the opportunity to master these challenges. 

 

Biography 

 
2016  Awarded the “Bundesverdienstkreuz” (Cross of the Order of Merit) 
since 2012 Professorship “Production System and Quality Management” at Institute of Production Science, Karlsruhe  
  Institute of Technology (KIT) 
2009  Heinz Maier-Leibnitz award: Recognition by the German Research Foundation (DFG) for superior postdoctoral 
  scientific performance 
since 2009 Director of ”Global Advanced Manufacturing Institute (GAMI)“ in Suzhou, China 
since 2008 Member of cooperative board of management at Institute of Production Science (wbk) Karlsruhe Institute of 
  Technology (KIT) 
2008-2011 First Shared Professorship “Global Production Engineering and Quality” at the Karlsruhe Institute of Technology 
  in cooperation with Daimler AG 
2005-2007 Sponsorship from the elite sponsorship program of Landesstiftung Baden Wuerttemberg for postdoctoral  
  candidates 
2004  Doctorate at the Department of Mechanical Engineering, University of Karlsruhe (TH); passed with distinction 
  (summa cum laude) 
2003-2008 Director of Production Systems division at Institute of Production Science (wbk), University of Karlsruhe (TH) 
1998  Research visit at Massachusetts Institute of Technology (MIT), Cambridge US 
1993-1999 Studies of Business Engineering at the University of Karlsruhe (TH) 
 
Memberships and Functions 
 
Associate Member of CIRP and Chair of Scientific Research Group “STC O – Production Systems and Organisations” of CIRP – 
International Academy for Production Engineering 
Member of wgp – German Academic Society for Production Engineering 
Member of acatech – German Academy of Science and Engineering 
Vice chair of reviewer group 3 of AiF – German Federation of Industrial Research Associations 
Member of scientific commission of Lower Saxony 
Member of various boards and juries in national and international institutions 
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Abstract 
Real-time monitoring of operation conditions such as tempeatures and vibrations enables efficiency enhancement for maintenance 
tasks. In energy industry monitoring of critical components such as turbine blades is essential for the operation safety. But the 
effective recording of critical process data is a challenging task due to the extreme operating conditions. With a hybrid processing 
approach combining two additive manufacturing technologies new classes of self-monitoring components become possible allowing 
data acquisition directly inside the component. Using the example of a turbine blade, the hybrid process chain is described. The 
turbine blade blank is produced via Laser Powder Bed Fusion (L-PBF) with channels for the integration of high temperature sensors. 
After integration cavities were closed by Laser Directed Energy Deposition (L-DED) followed by classical milling operations for part 
finishing. The data acquisition is integrated in state-of-the-art product lifecycle monitoring (PLM) software to create a digital twin. 
Evaluation shows that temperature could be successfully monitored at conditions of Θ = 550°C. 
 
additive manufacturing, smart maintenance, industry 4.0, IoT, hybrid manufacturing, cyber physical systems 

1. Introduction 

Real-time monitoring of operation conditions such as 
tempeatures and vibrations in components and machines 
enables efficiency enhancement for the planning and execution 
of maintenance tasks as well as the rapid response to system-
critical states. In energy or oil and gas industry monitoring of 
critical components such as turbine blades regarding corrosion, 
cavitation or temperature irregularities is essential for the 
operation safety [1]. However, the effective recording of critical 
process data is a challenging task due to the extreme operating 
conditions in terms of temperature and pressure [2]. The 
integration of sensors close to point of interest is in many cases 
not possible or only achieved through high technological effort 
and expense. With a noval hybrid processing approach 
combining two additive manufacturing technologies new classes 
of self-monitoring components become possible where sensors 
such as thermocouples are safely embedded directly inside the 
part. The so called cyber physical systems allow data acquisition 
directly inside the component instead in its environment and 
thus a more robust evaluation of the overall system [3]. 

2. Methodology 

Methodology and embedding strategy of this work was first 
introduced in [4] and is now applied for a turbine blade 
demonstrator. The component covers typical features of an 
state of the art stationary gas turbine blade such as included 
cooling channels and has a height h = 30 cm. It is shown that by 
redesigning the component for additive manufacturing, its 
functionality can be extended. The turbine blade blank is 
produced via Laser Powder Bed Fusion (LPBF) with the necessary 
channels for the integration of high temperature sensors. After 
integration the cavities were closed by Laser Directed Energy 
Deposition (LDED) using new strategies to prevent the 

electronics from being damaged by the welding heat. After this, 
classical milling operations were used for finishing the turbine 
blade. The data acquisition is integrated in state of the art PLM 
software to create a digital twin. 

3. Hybrid manufacturing process 

3.1. L-PBF of turbine blade blank 
First, a measurement point was defined at the blade tip which 

is the most critical area of a turbine blade in operation. Second, 
a channel was designed to include type-k thermocouple like 
shown in Figure 1. (left). The channel was designed open for a 
robust implementation of sensors. Also, chosen thermocouple 
can handle temperatures T ≤ 1,200 K, it is likely that they will be 
damaged by even higher processing temperatures TP ≥ 2,500 K 
of L-DED embedding process. To avoid this problem, a special 
channel design with an undercut was chosen, were heat input to 
sensor is reduced like visualized in Figure 1. (right). 
 
Measuring point

Channel for 
electronics

Structure by L-DEDStructure by L-PBF

Section plane before and 
after embedding electronics

Thermo-
couple

Section 
plane

Electronic 
connector 

Channel

 
 
Figure 1. L-PBF-built part and embedding strategy for electronics  
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3.2. Sensor embedding via L-DED 
Turbine blade blank is manufactured from stainless steel 

1.4404 (X2CrNiMo17-12-2) via single laser device SLM 250 HL 
from company SLM SOLUTIONS GROUP AG, Lübeck, Germany 
within a process time t = 38 h. After obligatory support structure 
removal, cleaning and heat treatment of L-PBF produced blade 
blank, thermocouples were added manually. To close channels 
a TRUMPF TRUDISK 2.0 kW Yb:YAG laser and a coaxial annular gap 
nozzle was used to process stainless steel 1.4404 metal powder. 
Even if thermocouples are shielded partly, a proper regulation 
of the temperature input is essential to avoid damages. It is 
necessary to prevent heat-related deformation on the very small 
blade walls thicknesses 2.0 mm ≤ tw ≤ 4.0 mm. The groove was 
filled conducting low heat L-DED repair strategy with more than 
20 weld beads according to [5]. A laser power P = 800 W and a 
welding speed v = 600 mm/min leading to a total processing 
time tP ≤ 10 min. Figure 2. shows setup for the embedding 
process. 
 

L-DED nozzle

Channel
before being 
closed 

Blade 
demonstrator 

Positioning 
tags for post 
processes

 
 
Figure 2. L-DED-process to close channels after including electronics 
 
3.3. Finishing procedures 

Since L-DED technology is not able to provide targeted 
precision and roughness the process was conducted with an 
local oversize dtw = 1.0 mm. Also the blade root made by L-PBF 
process does not meet the high precision specifications. Thus a 
final finishing operation is necessary using 5-axis milling 
machine RXP 600 from the company RÖDERS, Soltau, Germany. 
The two-stage machining of the free-form surface requires a 
processing time tP ≤ 5 min. However, positioning of part in 
machine is the major challenge, which can be handled using 
positioning tags (see Figure 2.). These were produced within the 
LPBF process and are also removed in the same process step. 
After an additional grinding process using vibratory finishing 
according to [6] a homogeneous smooth surface was achieved 
with no significant traces of the LDED operation recognizable. 

4. Digital Twin 

The turbine blade demonstrator was connected to a 
RASPBERRY PI single board computer as data acquisition tool using 
a electronic connector inside the part holder (Figure 3.). 
Measurement values were send wireless to an edge computer 
feeding a digital twin of blade inside the cloud platform 
ELEMENTS FOR IOT from company CONTACT SOFTWARE GMBH, 
Bremen, Germany [7]. By using this set-up turbine blade 
condition such as critical high or low temperatures can be 
monitored location-independent in real time on any device. In 

addition, noticeable operating conditions from the entire 
component life as well as information regarding maintenance 
history and part manufacturing conditions can be analyzed. 

5. Experimental results 

To show the feasibility of approach, the turbine blade 
demonstrator can be heated up manually using a simple bunsen 
burner (see Figure 3.). With the thermocouple positioned close 
to the blade wall from the inside, a significant temperature 
increase dT of several Kelvins can already be observed after a 
latency period tL of under two seconds. 
 

Bunsen burner

Holder with 
electronic 
connector
for data 
transmission

Measuring point

Blade 
demonstrator 

 
 
Figure 3. Turbine blade demonstrator at Fraunhofer Institute 
 
To prove methodology also for higher temperature T, the blade 
was heated in an industrial furnance up to Θ = 550°C for a 
duration t = 1 h, bringing the system close to maximum 
operation temperature of chosen steel. It was shown that for 
this temperature, the measurement operated reliably and no 
damages could be detected on part or sensors afterwards. 

6. Conclusion and outlook 

This works shows that by combining two additive production 
strategies, a new functional component can be produced 
opening up significant potential for monitoring, smart 
maintenance and IoT approaches. The methodology of 
producing specific designed channel geometries which are 
closed via DED after sensor embedding could be also applied to 
new applications fields with even more complex designs or 
dimensions. Possible areas are temperature and pressure 
sensors in pressing and diecasting tools as well as vibration 
sensors in pumps. The monitoring of ship propellers by included 
wear sensors could also be an interesting field since down times 
and efficiency losses have a huge monetary impact [8]. 
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Abstract 
 
In recent years, there has been an enormous increase in the need to specifically functionalize surfaces through microstructures and 
coatings. This is an attempt to meet increased performance requirements and the use of new materials in mechanical and automotive 
engineering. In most scientific publications on this subject, microstructures are created by laser ablation. However, this process is 
often not economical in the context of large-scale production. The structure rolling process for microstructuring of rotationally 
symmetric workpieces can close this gap. Short process times, comparatively simple handling and resource-efficient structuring 
characterize the structure rolling process. 
 
In the publication the workflow for structuring typical components is described. In addition, different processing strategies for the 
production of structured rolls using laser material processing are presented and compared. Based on the optimal manufacturing 
strategy derived from this, several structured rollers with different microstructure variants were manufactured. The successful 
application of the workflow and the tooling concept used for the structure rolling process is validated by experimental replication 
tests with different microstructures. The main focus is on the evaluation of the methodology for predicting and setting the necessary 
embossing force on the structure rolling tool to achieve the required structure depth. 
 
 
Machining, Rolling, Tribology, Surface modification, Laser 

 

1. Motivation 

The systematic influencing of technical surfaces to improve 
the performance of the components and in particular materials 
used is increasingly becoming the focus in the development and 
optimization of mechanical systems. In addition to full-surface 
and partial coating solutions, microstructures are also being 
used to enhance functions. In this context, microstructures on 
functional surfaces can be used, for example, for improved 
coating adhesion as well as for influencing tribological 
properties in the hydrodynamic range [1]. The manufacturing 
process micro structure rolling is a combination of the processes 
surface roller burnishing and micro embossing, which has been 
designed for the structuring of rotationally symmetrical 
components. The advantages of the process include the rapid 
transfer of the microstructures to the functional areas of the 
components, low process and tooling costs, the machining of 
small diameters with a high aspect ratio, and easy integration 
into existing process chains. 

 
As part of a research and development project, a tool concept 

was developed for structuring internal diameters up to 
Di > 25 mm on a 3-axis machining center. The concept has 
already been presented at EUSPEN’s virtual conference 2020 [2]. 
In the current paper, the tool concept is qualified for use in 
lathes and a workflow for structuring components is described. 
This was tested under real machining conditions and the 
achieved machining results are evaluated. 

 

2. Structure rolling - Workflow  

The following section describes the individual work steps for 
structuring rotationally symmetrical components, such as plain 
bearings or cylinder liners, for machining on CNC-controlled 
lathes. In addition to the explanations, the structure rolling tool 
used is shown in Figure 1. 

 

 
 
Figure 1. Embossing roller tool concept with load cell 

 
2.1. Technical design process 

Before the manufacturing process can be started, the 
necessary technological parameters for producing the 
microstructured tool roll and for setting the tool and the lathe 
must be determined. The design of the tool roll, in particular the 
distances between the individual structures on the roll, is carried 

Structured tool roller  
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combination 

Roller movement 

Swivel range approx. 1° 
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Swivel head  

Rotational axis 
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Tool holder lathe machine 
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out depending on the structure specification values for the final 
workpiece. Based on the design, a CAD model with the positive 
structure can be created as a input for the laser ablation process. 
In addition, the calculated process parameters are required for 
both the setting of the tool and the lathe. The individual 
components of the theoretical preliminary considerations are 
shown in Figure 2. 

 

 
 
Figure 2. Procedure for determining the technological parameters 

 
2.2. Workflow - technical implementation 

For a better description of the workflow, an overview of the 
individual process steps is shown in Figure 3. The workflow is 

divided into three parts. Part 1 «pre adjustment» describes the 

preliminary work required for the process. This includes the 
theoretical calculations described in 2.1, the steps for adjusting 
the rolling tool, and the specification of the final structure depth. 
Part 2 «Process steps» shows the three main processing steps. 
Part 3 lists the secondary process steps «process control», which 
are used to validate the process. 

 

 
 
Figure 3. Technical workflow of micro structure rolling process 

 
Sequence in part 1: Based on the determined, necessary 

process parameters, the microstructured tool roll can be 
manufactured and implemented in the overall rolling tool. This 
is followed by the presetting of the tool on the tool setting 
device and the parameter input into the lathe. During the 
presetting of the tool, the setting of the calculated embossing 
force is made by adjusting the preload of the spring pack 
installed on the swivel head of the tool. The application of the 
force can be checked by the built-in load cell. After that, the tool 
head can be tilted from its position parallel to the workpiece 
surface by 0.2 mm in its direction, which in the structuring 
process corresponds to the radial infeed of the lathe. 

 
Sequence in part 2 and part 3: In the first main process step, 

the inner diameter of the workpiece is pre-machined up to the 
structural allowance. The main process step is always followed 
by a secondary process step from Part 3, in which the real 
manufactured diameter value is determined and then used 

during the rest of the process. The second process step starts 
with the positioning of the structure rolling tool at the edge of 
the inner bore. The subsequent radial infeed aligns the tool head 
parallel to the workpiece surface again, the set spring force is 
applied and the tool roll can be guided through the bore on a 
helix path. During the subsequent measurement of the bore, a 
smaller diameter is usually determined, which is due to the 
process-related throw-ups. With the third main process step, 
the final calculated infeed is set and the bore is chip finished. The 
calculation of the final infeed takes into account the diameter 
measurement values after micro structure rolling, the structure 
depth actually produced and the structure depth after final 
machining. After the third main process step, the workflow is 
complete. 

3. Manufacturing of the embossing rolls by laser ablation 

The structured rolling tools used in the experiments were 
fabricated by laser ablation. An 8 W Nd:YVO4 picosecond laser 
was used for this purpose in order to avoid melt throw-up [3, 4]. 
The circumferential structuring of the rotationally symmetric 
structural rolling tool was implemented by using an NC-
controlled dividing head. In the course of this, two different 
ablation strategies for roller fabrication were investigated, 
which are contrasted in Figure 4 below. 
 

 
 
Figure 4. Removal strategy for structure roller finishing: single segment 
processing (above), sequential processing (below) 

 
In variant 1, each structural element is machined individually 

to its full depth and the dividing head is then rotated to the next 
structural element until the entire tool circumference has been 
machined. As a result, only one tool revolution is performed and 
the angular error is accordingly minimal. The cut between the 
structural elements in the base is negligible due to the raised 
structure to be molded. 

 
This cut can be avoided by partial machining of the structure 

geometry in several depth increments until the structure default 
depth is reached (variant 2) and a variable intersetion edge per 
tool revolution. However, it has been observed that the angular 
error of the dividing head has a significant influence due to the 
high number of tool revolutions. Therefore, for the production 
of the final micro structured roller tool geometries, the first 
removal strategy (variant 1) was applied. Figure 5 shows an 
example of a laser scanning image of a section of the micro 
structured roller tool with a structure diameter of D = 100 µm 
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that was manufactured using removal strategy 1. To avoid burrs 
at the edges of the individual structural elements, an overlap 
area of 10 µm was set. In this overlap area, a trench is created 
which has no influence on the embossing process and the quality 
of the structured surfaces. 

In the following investigations, the structure roll was used with 
the individual structures shown and a maximum structure depth 
of 25 µm that can be embossed. 

 
 

Figure 5. Laser scanning microscope image of a section of the micro 
structured roller 

4. Experiment setup  

Semi-finished plain bearings with an outer diameter of 42 mm 
and an inner diameter of 29.5 mm were used as test specimens 
for the structuring tests. The tolerance range of the finished 
inner bore diameter can vary between 30.000 mm and 
30.050 mm. The structuring tests were carried out on a 
Gildemeister GMX 250 linear lathe. A clamping device was 
manufactured for holding the semi-finished plain bearing parts 
in the lathe, which fixes the semi-finished parts in the axial 
direction. The reason for this is to reduce form errors during 
internal bore machining. An overview of the arrangement of the 
tools and the workpiece in the lathe is shown in Figure 6. The 
turning tool shown was used for both pre-machining and post-
machining and was equipped with a CCGW06T304 type 
indexable insert and a CVD diamant coating. 

 

 
 
Figure 6. Arrangement of cutting and structure roller tool as well as the 
workpiece in to the machine 

 
Figure 7 shows in detail the direction of rotation of the 

workpiece holder with semi-finished product as well as the 
structure rolling tool with the resulting rolling movement. 

Furthermore, a partial area of the micro structured roller with 
the applied positive structure is shown. 

 
 
Figure 7. Workpiece and tool movement as well as position of positive 
structure on carbide roller tool 

 
For the structure rolling tests, the positive structures shown in 

Figure 8 were selected and transferred to a carbide tool roll by 
laser ablation. The maximum individual structure height that can 
be replicated to the part is 25 µm in each case. 

 

 
 
Figure 8. Structural geometry for experiments 

 
To check the settings, the manufactured microstructures as 

well as the workpiece diameters, the measuring equipment 
described below was used to carry out the experiments. 

The setting of the embossing force on the micro structure 
rolling tool was carried out using a Kistler Type 9011C piezo force 
washer, the associated amplifier and a voltmeter. This made it 
possible to visualize the embossing forces during the process 
and to compare them between the experiments. The basic 
determination of the tool lengths and the setting of the position 
of the structure rolling tool were carried out on a tool setting 
system from the company Zollern. A digital three-point inside 
micrometer was used to check the manufactured diameters. 

Due to the inner bore size of 30 mm, no commercial 

measuring equipment was available for in-process 
measurement to determine the depth of the embossed 
structures. Alternatively, a manufactured workpiece was 
destroyed in order to optically measure the structure and 
manufacture further components with the same settings. 
Against this background, a tactile measurement method was 
developed to be able to measure the structure depth in the 
machine. For this purpose, a measuring tip was attached to the 
sensing ball of a lever gauge, which can dip into the inserted 
cavities as it passes over the structured surface, thus providing a 
height value. The smallest diameter at the measuring tip is 
approx. 35 µm and the measuring resolution of the lever gauge 
is 2 µm. In order to be able to make a reliable estimate of the 
structure depth with this measuring device, multiple 
measurements are necessary. 
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5. Experimental results 

When implementing the workflow and manufacturing the 
structured components, three good parts were produced for 
each structure variant. The target value for the structuring depth 
was a range of 8 µm to 10 µm. Optical inspection of the 
manufactured structure variants was performed non-
destructively in a scanning electron microscope with the 
detector swiveled in. Figures 9 and 10 show examples of the 
embossing results for the two structural geometries. 

It is apparent that a roughness has been replicated in the base 
of the structures. This results from the manufacturing process of 
the roling tool. The embossed roughness is a grinding trace from 
the upstream manufacturing process of the tool roll. These 
grinding marks were not removed by the laser ablation process, 
but were removed equidistantly to the structural model. To 
avoid this, the tool rolls should be polished before structuring. 
Furthermore, burr formation can be observed in the cutting 
direction at the edges of the microstructures due to the 
machining process. This usually occurs at low cutting depths or 
large cutting edge radii. In the case shown, the low cutting depth 
of the finishing process of about 10 µm is probably responsible 
for this. 

 

 
 
Figure 9. Structured surface with circular dimple ∅ 100 µm 

 

 
 
Figure 10. Structured surface with elongated asymmetrical dimple 

 
The measurement of the structure depth was determined 

indirectly via an optically measured silicone replica, since 
another non-destructive measurement method was not 
available during the evaluation period. 

The evaluation for the circular cavities with a structure 
diameter of 100 µm showed that the average structure depths 
produced for component KN1 at three different measuring 

points vary between approx. 11 µm and 15 µm. For another 
component KN2, the values vary only between 10.5 µm and 
11.5 µm. Thus, the average structure depth is about 11 µm to 
12 µm, which is slightly higher than the target range. 

The evaluation of the elongated asymmetric dimple structures 
with dimensions of 350 µm x 80 µm showed that the average 
structure depths generated are homogeneous within the 
measured bearing, but there are differences between the 
bearings. For example, the average structure depth for the 
components LN1 is approx. 8 µm, LN2 approx. 12 µm and LN3 
approx. 13 µm. 

In the first case of the fluctuating depth values, it can be 
assumed that the casting for the indirect structure 
measurement was influenced and that this caused the 
deviations. The measuring accuracy of the lever gauge, which 
must be used to reach the deepest point of the rolled structures, 
is probably responsible for the deviations between the bearings. 
Especially with the asymmetrical structures, this is difficult to 
reach because it is not in the center of the structures and thus a 
more shallow structure is measured. 

For future investigations, the method for measuring the 
embossed structures should be modified or optimized in order 
to calculate the correct infeed for the post-processing step. 
Furthermore, a direct measurement method for the final 
structure measurement should be selected for the evaluation of 
the structured components. 

6. Conclusion 

A workflow with test results for structural roller embossing of 
microstructures for small inner diameters and an two ablation 
strategie for roller manufacturing was presented in this paper. 
The functionality of the workflow and the fabrication of the 
structure rollers as well as the test results were discussed. 
Finally, a further research needs for the future were identified. 
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Abstract 
Dispersive spectroscopes are built out of at least two optical functional properties, one diffractive element and one mirror for beam 
shaping. The systems require precise assembly of the optical elements to avoid intensity loss, absorption and aberrations. By 
combining imaging and diffractive properties within one hybrid-optical element, the overall system efficiency can be enhanced while 
the assembly effort is considerably reduced. However, challenges are to be faced during manufacture of diffractive and hybrid-optical 
elements using various micro machining technologies. The requirements regarding form, structure and surface quality could reach 
sub-nanometre range. These requirements are costly and time-extensive for plane diffractive elements, and even more so when 
manufacturing hybrid-optics. To compensate these drawbacks, replication technologies are used to manufacture medium up to high 
size batches of various diffractive elements at reduced time and cost per part. To meet the quality demands, adequate resists, 
compensation of geometrical form failure by adjusted illumination and positioning, as well as appropriated casting and demoulding 
are essential. This requires understanding of the polymerization process and the investigation of the replication method. In this work 
a two-step replication procedure is proposed where a pre-form is manufactured by replication of an original master. The pre-form is 
used then to finally replicate optical elements. The pre-forms, transition molds of UV-PDMS and optical elements consisting of hybrid 
polymers with a curvature up to R = 75 mm are explored. The masters were manufactured employing ultra-precision shaping and 
milling processes. Nano imprint lithographic process is investigated as alternative and/or complementary processes to manufacture 
masters for curved structured optical elements. The preservation of geometrical and surface quality of curvature and nano structures 
are of highest importance. Blaze-gratings produced by means of two-step replication were analysed regarding reproduction accuracy 
using atomic force microscopy. The investigation proved the feasibility of the replication method proposed for manufacturing 
diffractive optical elements. 
 
Hybrid polymers, Replication, Nano structure, Lithography 

1. Introduction 

Ultra-precision machining (UP-machining) for manufacturing 
optical-components has been employed since the beginning of 
the 70s [1]. Despite being very accurate and capable of 
manufacturing metallic components with excellent surfaces, UP-
turning and milling are very time-consuming; even nowadays 
[2].  Therefore these processes are not alone suited for large 
scale production of optical elements in a short time.  
Complex optics such as diffractive optical elements (DOE) are 
used in various applications and in different amounts. For 
instance, in aerospace industry usually single pieces of DOEs are 
required, while for handheld spectrometers for the mass market 
a large scale production of DOEs is required [3]. This large scale 
production can be achieved by creating a production-chain 
including ultra-precision machining of master structures and 
their subsequent replication [4]. This production-chain has the 
potential to significantly decrease the cost of production per 
single element.  
For replicating curved optical elements, approaches like using a 
planar structured surface which is fitted to a curved substrate is 
feasible [5,6]. But limitations are found towards moderate 
curvatures due to the structural changes caused by the 
deformation during moulding. However, in a curvature of about 
1 m, the efficiency losses due to the shape changes could be kept 
in a range of less than 10% [5]. Replication methods have been 

an important topic and focus of discussion in several 
investigations. However, due to the limitations of these 
technologies, a field of investigation for replication of micro-
optics with strong curvatures remains. 
This paper aims to clarify the problems involving thin-film 
replication of nano structured DOEs in comparison to volume 
replication methods. In this context, investigations of the 
influence of the polymerization process on the blaze-angle 
structure (nano structure) of a thin-film replication and the 
complete volume material using lithographic process in are 
explored. 

2. Experimental set-up and methodology 

To further understand the advantages of thin-film replication, a 
comparison of thin-film and volume replication of master nano 
structured workpieces were explored. Investigations started 
with thin-films replications of a planar nano structured 
workpiece with the UV-curable hybrid polymers OrmoStamp®, 
OrmoComp® and OrmoClear®FX (micro resist technology GmbH, 
Germany) and the UV-curable material polydimethylsiloxane 
(UV-PDMS KER-4690, Shin-Etsu Japan). Hybrid polymers were 
selected due to their organic-inorganic composition, which 
provides outstanding optical transparency, high thermal and 
chemical stability as well as excellent mechanical properties. UV-
PDMS is used for generating soft-molds in replication 
technologies such as nano imprint due to its mechanical 
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properties. This material is useful for generating flexible 
transition molds that enable easy extraction.  
Furthermore, the volume replication of the curved master optics 
with and without nano structures were conducted using 
OrmoComp®. At this step an UV-PDMS transition form is 
produced. This form is filled with liquid hybrid polymer which 
subsequently is polymerized by UV-light. Once the 
polymerization process is complete the transition form is 
removed. Afterwards, aluminium is deposited on the surface by 
a PVD process. The thin-film replication step consists of 
depositing a thin layer of OrmoComp® on the volume replicate, 
once polymerized. this process is followed by deposing an 
aluminium layer. Figure 1  represents a scheme of both 
replication methods compared.  

 
Figure 1: Replication methods compared 

To discern the problems encountered during the volume and 
thin-layer replication methods, curved and plane nano 
structured master samples were manufactured by ultra-
precision machining using diamond machinable materials, e.g. 
RSA-501 with curvature radius R = 74,9 mm, NiP with 
R = 20 mm, and gold, due to the capability of achieving a very 
precise and smooth blaze-structure surface. Curved pre-form 
masters were used to further understand the form deviations 
observed at the replication process. The curvature radii of the 
replicates were measured by a chromatic sensor, in which the 
maximum depth coordinates in X and Y axes were found, then 
profiles were traced in X and Y direction. These profiles are then 
analysed using a circle fit function using the Taubin method to 
approximate the curvature of the replica. Figure 2 shows the 
circle fit of a measured profile. Additionally, the residual 
differences of the replicas to the circle fit were also calculated. 

 
Figure 2: Example of Circle Fit analysis of a replicated optic 

Plane nano structured surfaces were manufactured in a gold 
layer on an aluminium substrate. This master sample was used 
to investigate the influence of the hybrid polymers and layer 
thickness upon the nano structured replica. The nano structured 
master and replicas were measured by atomic force microscopy 
(AFM).  Figure 3  shows the nano structured curved master of a) 
RSA-501, and b) NiP. While Figure 3 c) and d) shows the planar 
gold master-structures.   

 
Figure 3: a) RSA-501,  b) NiP master nano structured curved 
DOE, c) plane nano structured gold master d) microscopy image 
of the structures 

3. Results 

3.1 Thin-film replication of nano structures  
 
To explore the influence of hybrid polymers on the nano 

structures, the gold master with blaze angle α = 2,72° and a 
separation of D = 5 µm was replicated using OrmoStamp®,  
OrmoComp® with and without hardbake (3 hours at 150 °C), 
OrmoClear®FX with hardbake (3 hours at 150 °C) and UV-PDMS. 
OrmoStamp® and OrmoComp® without hardbake are used for 
replications directly from the master, while the others are used 
for replications from the stamp. Figure 4 a) shows the blaze-
angle alterations and b) the roughness of the replicates and the 
master. The measurements were performed by AFM. 

 
Figure 4: a) deviation of blaze angle and b) blaze roughness of a 
plane  master grating and its replications made of different 
hybridpolymers and UV-PMDS 

The diagram on Figure 4 a) shows a maximum of 8 % reduction 
of the blaze-angle structures using polymers such UV-PDMS and 
OrmoClear®FX with hardbake. This data is essential and will later 
be used to compensate the volume reduction in future 
investigations. Figure 4 b) shows an improvement of surface 
roughness up to 14 % as a consequence of the replication 
process. To further understand the influence of the layer-
thickness on the process, two replicates applying thin-film layers 
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with thickness of 70 µm and 260 µm were manufactured using 
the planar master workpiece. Figure 5 represents the alterations 
of surface of the nano structure with a) thin-film of 70 µm and 
b) 260 µm, indicating a significant improvement of the surface 
roughness Sa using a thin-film layer of 70 µm. 

 
Figure 5: 2D-Plots of AFM measurments and the calculated 
roughness of replicas on a layer with a) 70 µm and b) 260 µm  

3.2 Volume replication of curved elements 
To replicate the curved optical element with and without nano 
structure, a transition mold is used to produce the curved pre-
forms. This transition mold is a cast from the metallic master. 
UV-PDMS is used for the casting.  UV-PDMS has an extremely 
low shrinkage of 0,02 % when cured at room temperature, is UV 
transparent, has low adhesion, is flexible, and can replicate 
accurately both micro and macro structures. Because of these 
properties, transition molds made of UV-PDMS are ideally 
suited. Due to the two step replication, the curvature 
(convex/concave) of the resulting pre-form is the same as that 
of the master. To produce the transition mold, the metallic 
master is placed in a casting mold. The UV-PDMS is mixed from 
two components and poured into the mold. To prevent air 
entrapment, the filled mold is degassed in a vacuum chamber 
before polymerizing. Afterwards, the filled mold is placed in a 
UV-chamber and, depending on the UV-PDMS quantity and 
thickness used, exposed for a defined time to achieve the 
necessary properties (Figure 6-1). After the exposure process, 
the mold is stored for several hours for relaxation at room 
temperature (Figure 6-2). As a final step, the metallic master is 
removed from the cured mold (Figure 6-3) and the resulting UV-
PDMS mold is available for further process steps (Figure 6-4). 
The same steps were conducted for the NiP master structure 
with and without nano structures and is shown in Figure 7. 

 
Figure 6: Steps taken to the production of a transition mould of 
the RSA-501 master, being 1) mold filling and polymerization, 
2) relaxation, 3) removal of the mold, and 4) UV-PDMS 
transition mold 

 

Figure 7: a) mold filling and b) transition mold of NiP master 

For the following process steps, a curved master without nano 
structure was used, so that the transition mold also shows no 
structure. This mold is now molded via gravity casting. For this 
purpose, it is filled with a defined amount of hybrid polymer 
using a pipette. The material is filled in such a way that no air 
pockets are formed. The quantity of hybrid polymer is measured 
with a precision scale. The filled transition mold is sealed with an 
UV-permeable glass support to ensure a flat back surface. The 
shrinkage of the hybrid polymer (material and post treatment 
dependent about 3 to 9 %) must also be considered in this 
process step. Since the polymer shrinks most probably first 
where it has reached the corresponding dose, this means that 
the side facing the light source initiates the shrinkage and pulls 
material from areas that have not yet been cured. Therefore, at 
this step, the exposure is always from the direction where the 
critical structural features are. After exposure, the filled mold is 
also exposed to the calculated dose and then demolded. The 
resulting pre-form from this process is used for further 
considerations and for the thin-film replications.  
For the analysis proposed in this section, replication 
experiments of a curved master with no nano structure were 
performed. Figure 8 shows the residual difference from a 
volume-replication without nano structures. 

 
Figure 8: Deviation of the Circle-Fit of a curved replica without 
nano structures by volume replication 

3.3 Volume replication of curved elements with nano structure 
At the investigation proposed in this section, a curved nano 
structured master was used. The replication process was 
analysed by measuring the form deviations and nano structure. 
The form deviation is represented in Figure 9.  

 
Figure 9: Wavefront error of RSA-501 and NiP curved replicas 
with nano structure 

As presumed, the volume reduction of the hybrid polymer 
during polymerization has influence on the waviness of the 
curved surface of the optical element.  
3.4 Thin film replication of curved elements with nano structure 
The replication using thin-film starts with same procedure of 
replicating volume curved elements without nano structure. 
However, an extra-step is added which consists of pouring a thin 
layer of hybrid polymer on the volume replication once the 
hybrid polymer is completely polymerized. Then, the transition 
mold is placed on the surface of the volume replica. Figure 10 
presents the results comparing the replicate using volume and 
thin-film method. 
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Figure 10: Example of replicas from RSA-501 and NiP masters by 
using the thin-film and volume techniques 

With regard to form deviation, the residual difference of the 
curved element with nano structure and the circle fit is shown in 
Figure 11. Since the replication was conducted by manual 
processes, there is room for optimizing the procedure by using 
an automated system and compensations of the volume 
reduction. Figure 12 shows the AFM measurement of the nano 
structures of the thin-film replicate and the volume with nano 
structures and master. 

 
Figure 11: Deviation of the Circle-Fit of a thin-film replica with 
nano structures by thin-film replication 

 
Figure 12: AFM-profiles of master, thin-film and volume replicas 

4. Discussion 

With regard to the replication of the nano structures, there was 
no indication of significant changes for a rougher surface despite 
using different hybrid polymer and UV-PDMS material during 
the replication process. However, the thickness of the deposited 
thin-film layer can influence negatively the process due to an 
increase of the waviness and roughness of the blaze grating 
surface. A similar result was also found by analysing the different 
replication techniques. It was shown that the volume of applied 
hybrid polymer has a negative influence on the nano structured 
surface of the replica. As a consequence, the polymerization 
process inflicts alterations and shrinkage to such an extent that 
the waviness of the surface can clearly be seen by the naked eye. 
However, a promising method to increase the quality of the 
replicas is by deposing a thin layer of hybrid polymer on the 
precedingly replicated volume and again placing it against the 
transition mold in order to capture the nano features in a layer 
of hybrid polymer which is much less impacted by shrinkage due 
to its comparatively much smaller volume and its uniform thin 
film.  

However, the methods of measuring the optimal thickness of a 
deposited layer on a curved surface need to be significantly 
improved to render better results. Additionally, the replication 
process was mostly conducted manually. In order to have a more 
controlled environment, the replication of volume and also thin-
film should be further investigated using a multi-axis replication 
machine.  

5. Conclusion 

Some significant alterations on the nano structures in the 
replication process by thin-film were observed. This volume 
reduction alters the blaze-grating geometry, specifically the 
blaze-angle α ≤ 10% and alterations on the surface roughness 
down to Sa ≤ 14%. This information is crucial for further 
compensation during the replication process or during the UP-
machining of the master structure. However, due to the 
difference of the waviness on the surface of the volume 
replication of curved DOEs with nano structure elements, thin-
film replication is proven to be a more promising approach in 
order to accurately replicate curved nano structured optical 
elements. To further improve the thin-film replication, the exact 
amount of reduced volume has to be compensated. 
Additionally, the replication method needs to be carried out in a 
multi-axis replication machine for a more controlled enviroment 
and to deposit thin-films with a micro meter precision. 

6. Outlook 

For future investigations and developments, a multi-axis 
replication machine will be available to generate a more precise 
approach to conduct both replication methods. Moreover, 
different UV-exposure strategies along with demolding 
procedures are currently being investigated.  
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Abstract 
In optical surface texture metrology it is often desirable to have access to large quantities of surface data for the purpose of training 
statistical models. However, these measurements can be time consuming and require user input at many stages of the data 
acquisition. Generative adversarial networks (GANs) have proven useful in the areas of style transfer and image generation in the 
field of computer vision. In this paper, we train a GAN on an augmented dataset of additively manufactured (AM) surfaces measured 
by a focus variation microscope to generate new surface data from a latent input vector. A variety of surface types are included in 
this dataset to cover a range of expected surface categories generated by a metal AM process. We show, through statistical 
comparison of areal ISO surface parameters, that the generated surfaces are in fact representative of the real surfaces. These 
generated surfaces can then be used to generate realistic renderings of AM parts, and for dataset augmentation of machine learning 
models applied to AM surfaces. While AM surfaces are a useful case study, this approach can be applied to surface data of any type. 
 
surface texture, measurement, metrology, adverserial networks, machine learning, additive manufacturing     

 

1. Introduction 

In several fields, including optical metrology, there are many 
scenarios where it is desirable to have large sets of data, 
including for the training of statistical models, such as machine 
learning (ML) networks or to generate realistic surfaces to apply 
to computer aided design (CAD) models for accurate simulation. 
An example specific to the application presented in this paper is 
training a network to detect defects within surface 
measurements of additively manufactured (AM) parts [1]. A 
large barrier to obtaining these datasets is simply the logistics of 
taking such a large set of measurements, typically in the tens of 
thousands; the manual effort required to generate these datsets 
renders the endeavour practically infeasible. It would, therefore, 
be desirable to be able to synthetically generate large datasets 
at high speed that accurately capture surface textures 
representative of those seen in reality. The generation of new 
image data is a highly researched topic in the area of computer 
vision [2] but there is little work synthesising surface texture 
data [3-5] and little, if any, that use the ML approaches 
developed for computer vision tasks. 

To this end, we have trained a progressively growing 
generative adverserial network (PG-GAN) using an augmented 
dataset of focus variation microscope measurements of AM 
surfaces to generate data which are new, unique and 
indistinguishable from an actual measurement. It can be seen in 
the figures presented later in this paper that there is no 
discernible qualitative difference between the measurement 
data and the generated data. Furthermore, through analysis of 
these data, we show the distribution of areal surface texture 
parameters created by the PG-GAN is representative of the 
original data. 
 
 
 

1.1. Generative adverserial networks 
A generative adverserial network (GAN) is a type of ML model 
that is often used in the generation of new data, partcularly 
images [6]. A GAN is composed of two networks: a generator and 
a discriminator that are trained in a zero-sum optimisation. In 
simple terms, the discriminator is trained to detect whether a 
given input image is a real image or a generated image and the 
generator is trained to generate images that cannot be 
discriminated from real images. The generator (𝐺(𝐳)) takes as 
input a vector whose elements are taken from a latent manifold 
of high dimension (typically  𝐳 ∈ (𝑍 ⊂ ℝ100)), a fully 
convolutional network is then used to upscale and reshape this 
input into a generated image. The descriminator (𝐷(𝐢)) takes an 
image (𝐢) as input and through a series of convolutional layers, 
produces a single prediction giving a probability that the input 
was generated or real. Figure 1 shows a basic GAN archetecture. 

 
Figure 1. Example GAN architecture. The generator takes a point from 
the latent space, reshapes and spaitially upsamples this data until the 
desired output size is achieved. The discriminator takes an input image, 
downsamples the image through kernel convolution before outputing a 
prediction (0: fake, 1: real). A batch of images are fed through the 
network before calculating the loss of the model, which is then used to 
update the trainable parameters, improving the performance of both the 
generator and discriminator.  
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Each block shown in the generator is typically a combination 
of three layers: a transpose 2D convolutional layer, batch 
normalisation and a leaky rectified linear unit (ReLU) activation 
function [7]. Transpose convolution is identical to conventional 
sliding window kernel convolution; however, each pixel is 
surrounded by a set of empty pixels determined by a parameter 
called the stride - this is essentially a method of learned 
upsampling. The batch normalisation layer normalises pixel 
values over each batch of inputs. Finally, a leaky ReLU is used as 
the non-linear activation function. A conventional ReLU function 
is linear for values greater than zero and zero for all other values. 
A leaky ReLU instead has a small positive gradient at values less 
than zero; this allows the network to learn to reintroduce nodes 
to the model that would otherwise be dropped. 

The discriminator is similar to the generator model but 
contains conventional convolutional layers that spatially 
downsample the input rather than upsample. The output of this 
layer is a logistic (sigmoid) function that is trained to predict 
whether the input image is real (0) or generated (1). We can 
calculate the loss of the overall model by comparing the 
predictions given by the discriminator to the ground truth (i.e. 
was the input actually real or generated?). A sliced Wasserstein 
distance function [8] is typically used to calculate the loss, which 
gives the distance between two probability distributions; this 
can be interpreted as the minimum cost of transforming one 
distribution into the other. The loss has two components: the 
‘real loss’, how accurately did the discriminator detect real 
images; and the ‘fake loss’, how accurately did the discriminator 
detect generated images? The concatenation of these two losses 
is used to train the discriminator while the generator is trained 
just on the inverse of the fake loss - this is essentially how 
succesful the generator was at fooling the discriminator.  

2. Dataset and model summary 

For the application presented in this paper, we use an extention 
of the basic GAN model, referred to as a PG-GAN. This 
archetecture was first developed by NVIDIA to allow GANs to 
generate high resolution, photorealistic images [9]. The 
innovation in this model is to begin by generating low resolution 
images that are trained against downsampled versions of the 
training data. As the model converges on a stable output at low 
resolution,  additional layers are smoothly added to the model 
to produce higher resolution images. This process is repeated 
until the training data are no longer being downsampled and the 
full measurement resolution has been achieved. In practice, this 
smooth adition of new layers to the model is achieved using the 
architecture shown in Figure 2. 

 
Figure 2. Example showing a PG-GAN growing from simulating 16 × 16 
images to 32 × 32 images. The parameter 𝛼 controls how much the new 
layer contributes to the output; at first 𝛼 is near-zero, as training 
progresses the value of 𝛼 goes to 1, at which point the new layer is fully 
integrated into the model. 

A more detailed explanation of this model can be found 
elsewhere [9].  

The dataset was created by taking a set of surface 
topography measurements of a ring artefact made from Ti6Al4V 
using an Arcam A2X electron beam powder bed fusion process. 
Shown in Figure 3, this part is constructed from a series of planar 
faces in 10∘  increments, approximating a cylinder, allowing the 
dataset to contain surface measurements at a range of 
measurement angles relative to the build plane, as well as 
upward and downward facing surfaces.  

 
Figure 3. Ring artefact. (a) CAD design, support structures shown in blue. 
It is expected that the downward surfaces, near the supports, will 
interact more with the powderbed compared to the upward surfaces. (b) 
The manufactured artefact. 

Fifty-seven measurements of the faces of the ring were 
taken using a focus variation microscope using the following 
instrument settings: 20× objective lens (numerical aperture 0.4; 
field of view (0.81 × 0.81) mm); lateral resolution: 3.51 μm; 
vertical resolution: 12 nm; ring light illumination; measured area 
(3 × 3) mm. More details on the generation of these data is given 
elsewhere [10]. These surface measurements were converted to 
grayscale images, with the normalised height encoded in the 
grayscale value at an image size of (1690 × 1693) pixels. These 
data alone would not be enough to train the model, so the 
dataset size was augmented by taking (512 × 512) pixel squares 
at random rotations from random locations on each image. 100 
such squares were taken from each image leading to a final 
dataset size of 5700 images. These data were further augmented 
during training by permitting the model to reflect the input 
image about the centre lines of that image.  

There are three distinct surface types included in this dataset 
referred to as top, upward and downward surfaces. Top surfaces 
are tangent to the build plane and can be indentified by the 
relatively low spatter and distinctive weld lines. Upward surfaces 
are the angled surfaces on the top half of the ring where the 
external surface is in the build direction. In contrast, downward 
surfaces face in the oposite direction to the build direction 
resulting in the downward surfaces having greater interaction 
with the powder bed and thus, a higher concentration of spatter 
particles, as shown in Figure 4. 

 
Figure 4. The location and example measurements of top, upward and 
downward surfaces. 
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The model was trained on the Augusta [11] high 
performance cluster (HPC) on a graphics node with 2 × 20 core 
processors (Intel Xeon Gold 6138 20C 2.0 GHz CPU), 192 Gb RAM 
and 2 × NVIDIA Tesla V100 GPUs – training took four days to 
converge at the final (512 × 512) resolution. 

3. Results 

After the training procedure is concluded, the model was used 
to produce 1000 synthetic measurements from random points 
taken from the latent manifold. Figure 5 shows a susbet of the 
training data compared with a subset of the generator data. 
These are in unchanged form, so the height values are still 
encoded in the grayscale pixel values. The two sets are unique 
but, given an image of unknown origin, it would not be possible 
to distinguish whether it came from the generator or the training 
set on visual inspection alone. It can be seen that both sets 
include various surface types which correspond to the surface 
types that were shown in Figure 4. Top surfaces are easily 
distinguishable by the relative lack of particles and the distinct 
weld track lines. As the angle increases, the quantity of spatter 

particles increases. Figure 5 shows that the model can reproduce 
each of the surface types described in Figure 4. 

Figure 6 shows un-encoded example measurements for a 
top surface, an upwards surface and a downwards surface. Each 
of these surfaces is compared to an equivalent generated 
surface taken from the model output. The accurate 
representation of surface defects can be seen clearly in Figures 
6(d) and 6(f). Further defects and distinct weld tracks are visible 
in Figure 6(b). From the colour bars and through visual 
inspection of the surfaces in Figure 6, it can be seen that the scale 
of the features simulated are in line with the real data.  
 
3.1 Statistical analysis of generated surfaces 
ISO 25178-2 [12,13] defines a set of areal surface texture 
parameters for the analysis of surface topography mesurements. 
We can compare the distribution of these surface texture 
parameters across the entire training set and generated dataset. 
If the distribution of parameters is similar, this is an indication 
that the model produces generated measurements that are 
representative of real measurements of this kind. The 
parameters we compare are 𝑆𝑞 and 𝑆𝑧, which are the root mean 
square and maximum heights of the scale limited surfaces 

Figure 5. Surface topography measurements with normalised height encoded into image grayscale. (a) Real measurements taken from the training 
dataset, (b) generated measurements. 

Figure 6. Un-encoded surface topography measurements. (a) Real top surface, (b) generated top surface, (c) real upwards surface, (d) generated 
upwards surface, (e) real downwards surface, (f) generated downwards image 
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respectively. Figure 7 shows a comparison between the real and 
generated measurements of the distribution of the areal 
parameters for top, upward and downward surfaces. 

 

 
(a) 

 
(b) 

Figure 7. Comparison of stastical ISO surface texture parameters for 
different surface types, showing  the mean and 95% confidence interval 
for the entire training dataset (real) and the entire set of generated data 
(fake). (a) 𝑆𝑞,  (b) 𝑆𝑧. 

As can be seen in Figure 7, the distributions of real and 
generated measurements for each surface parameter overlap 
for upwards and downwards surfaces. The distributions match 
less consistently for top surfaces, which is likely because top 
surface measurements make up only 6% of the training data, 
whereas upwards and downwards surfaces each represent 47% 
of the training data, making it more difficult for the model to 
learn accurate representations of top surfaces. Figure 8 shows 
an example of an erronious top surface generated image that 
appears to show properties of both top and upward surfaces. 

 

Figure 8. Generated surface which exhibits both top and upward 
surface features. This type of surface is not present in the training data. 

 Better representation of top surfaces could be achieved by 
increasing the proportion of top surface measurements present 
in the training data. 

4. Future work 

We have shown that the PG-GAN model can robustly produce 
synthetic surface measurements of different types. As the 
generated surfaces vary smoothly across the latent space there 
will be regions of this space that correspond to each surface 
type. Through analysis of the latent space, we should be able to 
learn which regions of this space generate each surface type and 
how “walking” in different directions across this space changes 
the various surface texture parameters. This would allow us to 
generate new data with predictable properties. 

5. Conclusions 

We have presented a method of generating large datsets of new 
and unique surface measurements that are representative of the 
kind of data one would expect to obtain through manual 
measurement. This model can produce surface texture 
parameters of different types while maintaining representative 
surface features. We have further shown reasonable statistical 
overlap in the distribution of the areal surface texture 
parameters between real and generated images for each surface 
type. While we use AM surfaces as a case study here, this model 
could easily be applied to surfaces of any type. 
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Abstract 
 
When manufacturing free-form concrete parts, casting approaches are most commonly adopted. While casting allows good surface 
finish, geometric repeatability and easy replication of parts, it is inflexible and costly to setup. Expensive mould tools, with limited 
life, must be created before manufacturing can begin. These mould tools must then be safely stored to ensure future identical parts 
can be manufactured. If damaged, recreating exact replica mould tooling is an expensive and time-consuming process. The cost and 
difficulty of manufacturing new tooling therefore prohibits the economic manufacture of many bespoke parts, or results in significant 
lead time increases and project delays. An alternative approach, that is gaining increasing interest, is the use of 3D printing for 
concrete. A robot is used to guide a concrete deposition nozzle in a layer by layer deposition path, similar to polymer fused deposition 
modelling. However, in Concrete 3D Printing the combination of complex material rheological properties, and the need for high 
volumetric deposition rates, means achieving net shape precision parts from the deposition step is extremely challenging. To address 
this issue, a hybrid robotic 3D printing and milling system has been developed, with integrated in-process structured-light metrology, 
to enable the production of precision concrete parts with well controlled geometric features. The integrated robot manufacturing 
cell is described. Examples structures that demonstrate the ability to create and replicate complex concrete parts with improved 
surface properties are illustrated. Components with surface features that enable concrete assemblies are studied to illustrate the 
capability of the hybrid process to manufacture challenging parts with demanding geometric requirements. These structures are used 
to quantify the performance of the current system and illustrate the future potential for the approach.      
 
 
Manufacturing (CAM), 3D Printing, Milling, Robot  

1. Introduction   

3D concrete printing or 3DCP, has been in development for the 
past 15-20 years. The first 3DCP system developed as an off-site 
manufacturing process was developed from 2006-2008 at 
Loughborough University [1, 2, 3]. Since this work, the 
technology has achieved increasing attention from many 
academic institutions, research and technical organisations and 
industry. Applications for 3DCP range from large-scale robotic 
manufacturing of housing, where manufacturing speed and 
efficiency are the goal, to bespoke production of concrete parts 
for specialist construction applications, were flexibility, lead-
time and eliminating costly special-purpose tooling are the key 
drivers [4 - 9].  

Currently, Casting is the most common approach for 
manufacturing concrete parts. Casting has the benefit of being 
able to produce objects with good surface finish, repeatable 
dimensions, and allows for low-skill easy replication of many 
parts. This is ideal for mass produced objects, where the initial 
cost of setup, such as the production of mould tooling can be 
easily justified. However, mould tools have a limited life, and the 
repair and replacement of the tooling must be factored in to 
production costs. For complicated objects, with intricate 
features, mould tool manufacture is a difficult, expensive and a 

skilled task. Achieving precise replication, which can be 
important for aesthetic or functional reasons, can be a 
challenging process.  The cost and difficulty of manufacturing 
mould tooling therefore prohibits the economic manufacture of 
many bespoke parts, that are required in low quantities, or adds 
significant cost and time to projects where the parts are 
absolutely required, such as for repair or restoration work.  

2. Digital manufacturing for concrete parts      

Digital manufacturing approaches can provide an alternative 
to traditional casting, by combining robotic 3DCP with a 
complementary subtractive process. A serial industrial robot is 
used to guide a concrete deposition nozzle in a layer-by-layer 
deposition path. Wet concrete is extruded from the nozzle to 
deposit a continuous filament of material, like polymer fused 
deposition modelling. However due to the non-ideal material 
rheological properties of the extruded concrete, and the 
economic need for high deposition rates, which calls for large 
diameter filaments, achieving true net-shape parts from the 
deposition step is extremely challenging. To give an idea of the 
typical level of precision necessary for concrete construction, 
tolerances of +/- 5 mm might be expected on the opening 
dimensions needed for fitting a typical window of a few meters 
in size [10]; +/- 0.3 to 1.6 mm could be specified on the width of 
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Cameras 

 
 

2 m wide concrete curved tunnel lining segments, or +/- 2 to 6.4 
mm for the thickness of these segments that are nominally 
between 300 and 500 mm in thickness [11]. While tolerances of 
the order of a few millimetres are relatively large in the context 
of traditional precision engineering, they represent a reasonable 
challenge for 3D printing of concrete parts. To improve part 
precision, in this work a hybrid 3DCP and milling system has been 
developed, with integrated structured-light metrology, to 
enable the production of precision concrete parts with well 
controlled geometric features. 

 
2.1. Hybrid 3DCP for material deposition and precision removal 

An ABB IRB 6640 robot was used as the basis for the deposition 
and milling system. The robot was equipped with a tool 
mounting flange to allow easier change over from deposition to 
milling. In figure 1, the robot can be seen with the deposition 
nozzle attached. Premixed wet concrete is stored in a hopper 
adjacent to the robot. An m-tec P20V screw pump is used to 
pump premixed concrete through a hose to the deposition 
nozzle that is fixed to the robot tool mounting flange.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Photograph of the Hybrid 3DCP robot in deposition mode.   
 

In figure 2 the robot can be seen with the milling tool in place. 
A spindle motor is attached to the tool mounting flange, with 
power and control cables connecting the spindle with the 
control unit. The milling tool used was a non-coated ball nose 
flute cutter, with a diameter of 16 mm and a spindle of 2000 rpm 
was used for milling. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Photograph of the Hybrid 3DCP robot in milling mode.   

2.2. Measurement system  
A re-configurable fringe projection 3D scanner was custom 

built for use with the hybrid 3DCP system. HP Scan Pro v5 
software was selected as this provides a simple calibration and 
scanning framework, and allows for the modular combination of  
user selected components. This allows for a high-performance 
scanning system to be created and configured for the exact 
scanning needs required. In this case, a CASIO XJ-F100W 
projector was selected for its relatively small aperture (f2.5) for 
a projector, high brightness of 3500 lm and illumination 
technology (Laser & LED). This gives good depth of focus and the 
LED and laser illumination is robust to vibration. For the 
cameras, two 12 mega-pixel Basler acA4096-30um were 
selected using 16 mm lenses. For the scanner baseline, a 50 mm 
diameter carbon fibre tube was selected to provide good 
torsional and bending stiffness, as well as low coefficient of 
thermal expansion.  
 
 
 
 

 
 
 
 
 
 

Figure 3. Custom built, reconfigurable structured light 3D scanner. 

3. Scanner performance evaluation     

A basic performance evaluation of the scanner was 
undertaken to access point noise and geometric measurement 
uncertainty. Point noise was measured using a plane artefact 
that was a machined flat, lightly sand-blasted, 20 mm thick 400 
mm square aluminium plate. Measurement uncertainty was 
assessed using a calibrated ballbar artefact traceable to an 
uncertainty of 2 µm with 38 mm diameter spheres and 500 mm 
separation between sphere centres. The plate and ballbar were 
positioned at a series of locations as shown in Figure 4.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Scanner performance assessment artefact test locations, 
values given in mm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Scanner point noise as a function of distance from the scanner. 
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Figure 6. Scanner performance test results. 
 

Scanner point noise is calculated using the distances from 
measured points to a least square fitted plane. The test results 
are shown in Figure 5, which plots the magnitude of the 95th 

percentile of point deviation from the fitted plane, and the mean 
deviation of points from the plane. Point noise remains below 
0.25mm over a 1 m deep working volume. Noise can be seen to 
increase with distance from the scanner, as expected due 
reducing spatial resolution and lower illumination intensity at 
further distances from the scanner. The errors associated with 
geometric measurements of the ballbar can be seen in Figure 6. 
The 38 mm spheres were measured by least square sphere 
fitting to points measured on each sphere surface, giving a 
maximum error of 0.06 mm over the one metre deep working 
volume. The Ballbar length was estimated based on the two 
sphere centres, and this gave a standard deviation of 0.16 mm 
and mean error of 0.1 mm over the measurement depth, with a 
maximum error of 0.4 mm. The ballbar length error shows a 
systematic scaling error, with the error increasing as the 
measurement stand-off distance reduces. This reflects the 
calibration that was done using the HP Scan Pro v5 calibration 
artefact that was positioned a target location approximately 1.5 
m from the scanner and indicates the potential to improve 
performance with an improved calibration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. CAD model of concrete test part. 

4. Net shape manufacturing     

To evaluate the ability of the hybrid 3DCP system to produce 
complex geometry, a test part that includes curved surfaces and 
slender ribs that run the full length of the part is shown in Figure 
7. The test part is similar, for example, to ribbed architectural 
cladding panels. In this example, the overall geometry would be 
important for aesthetic reasons, allowing multiple panels to 
tessellate, and the positions and size of the stiffening ribs would 
be important to ensure the structural performance of the part, 

and to allow alignment with fixing points; note these are 
hypothetical examples to illustrate the need for precision when 
manufacturing such a part. The CAD model of the test part is 
shown in Figure 7.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 8. Photograph of the test part following the deposition stage, 
showing the poor overall geometry due to the material rheology, large 
nozzle size and high deposition rate.  
 

The first stage of the hybrid process is to deposit concrete 
using the robot guided deposition nozzle. Robot tool paths were 
generated from the CAD model, using Autodesk PowerMill 
software [12]. To keep the process economical, high deposition 
rates are desirable, so a large 30 mm diameter nozzle was used, 
and the deposited layers were 13.5 mm thick. The robot was set 
to move the nozzle at a target speed of 50 mm/s. The high 
deposition rate, combined with the rheological properties of the 
wet concrete, that tends to sag and flow laterally during 
deposition, results in a deposited structure that is far from the 
target geometry, however the large concrete part can be 
deposited in approximately 18 minutes.   
 

 
 

 

 
 

 
 

 
 
 
 
Figure 9. Milled concrete part, midway through the milling process, the 
edges and ends have received two passes, however the central rib has 
only been machined once.  
 

For the second, milling stage, of the hybrid process, the wet 
concrete was left to cure partially so that it reaches a solidified, 
but not fully hardened state. This has the advantage of allowing 
easier material removal with significantly lower cutting forces as 
compared to machining fully hardened concrete. Milling tool 
paths were generated using Autodesk PowerMill software, and 
the robot was set to target a tool-tip traverse speed of 100 
mm/s. The milling process, including pauses for manual removal 
of milled debris from the workpiece, took approximately 75 
minutes. Compared to the time required to manufacture mould 
tooling, which can take days to weeks, this represents a 
significant speed increase. Figure 9 shows an image of the 
partially milled test part. It must be noted that the milling 
process is still in development, and work is required to improve 
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the surface finishing with multiple finishing passes. Here, the 
ends of the part and the outer edges have received two milling 
passes; however, the central rib has only received one milling 
pass, hence the central rib is noticeably thicker.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Colour coded point cloud, of the central section of the test 
part, illustrating deviation from CAD model, with all units in mm.  

 
To measure the geometry of the milled part a method similar 

to that applied in [13] was followed. Geometric measurements 
were taken using the structured light scanner at a range  
viewpoints.  The acquired point clouds were aligned and merged 
using an Iterative Closest Point (ICP) alignment algorithm within 
the opensource software CloudCompare. Then, the merged part 
point cloud was aligned and compared with the CAD model to 
attain the dimensional deviations from the target geometry. The 
results from the comparison to CAD are shown in Figure 10 and 
11. In Figure 10 the central partially milled section has been 
segmented from the total point cloud showing that the milled 
edge sections have geometric deviations of approximately one 
millimetre, while the partially milled section of the central rib 
has a geometric deviation or approximately 10 mm.  In Figure 11 
the outer fully milled section of the point cloud has been 
segmented, and this shows that while many measured points 
are now within a few millimetres of the target geometry, there 
is evidence of some systematic error; for example, the upper 
faces being slightly higher than expected. This type of error may 
result from the robotic system calibration, and work is ongoing 
to investigate enhanced accuracy approaches based on detailed 
robot calibration, and closed loop control approaches.  

5. Conclusions and future work     

This work presented a hybrid 3DCP system with a custom built 
structured light scanner that can be used for process 
measurement and control. The performance of the scanner was 
assessed, and it was shown that the expected scanner 
measurement uncertainty is acceptable for the application of 
precision concrete manufacture, were parts of a few metres in 
size must be manufactured with tolerances of around one 
millimetre. The ability to manufacture complex concrete parts 
using 3DCP, with geometric precision of a few millimetres and 
potentially better was shown. Current work is now focusing on 
making use of the scanner as part of an adaptive milling 
approach to provide enhanced manufacturing accuracy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Colour coded point cloud, of outer fully milled section of the 
test part, illustrating deviation from CAD model, with all units in mm. 
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Abstract       
 
In this paper, the most common and inexpensive Additive Manufacturing (AM) technology, i.e. Fused Filament Fabrication (FFF), was 
exploited to manufacture a soft gripper able to grasp and manipulate several objects with different weight and shape. Generally, soft 
pneumatic grippers fabricated through FFF technology consist of more soft elements (soft flexible fingers) separately 3D printed and 
subsequently assembled each other, and a commercial air-connector usually glued to the soft structure. Here, a new soft gripper 
made up of 4 fingers has been manufactured in a single-step printing cycle without resorting to any assembly tasks. No commercial 
air connector has been used: a novel soft air-connector has been manufactured in the same printing cycle of the gripper making it 
fully assembly-free. Two different thermoplastic polyurethane filaments have been used, the rigid one for the air-connector and the 
inextensible elements and the soft one for the extensible fingers. Taking particular care to process parameters, a printing strategy 
ensuring the total air-tightness of the soft gripper was developed: the additive manufacturing of air-tight soft structure with complex 
geometries is very challenging in soft robotic field because it could lead the replacement of the traditional moulding manufacturing 
technology. After the gripper fabrication and the air-tightness test, it has been used to grasp and manipulate several objects, such as 
a bottle of water, a laptop mouse, an alarm clock etc. From this phase stands out that objects with different shape, geometry and 
weight (from 15 g up to over 1000 g) can be successfully handled thanks to soft material used because the soft fingers of the gripper 
passively adapt themselves to unknow objects. 
 
Additive manufacturing; soft robotic; soft gripper; fused filament fabrication; pneumatic manipulator 

 

1. Introduction   

In recent years, a growing interest in the field of the soft 
robotics has emerged: several bio-inspired soft robots[1], 
[2][3][4] were designed, fabricated and characterized showing 
the potential of this new robotic wave, based on soft matter[5]. 
A promising application field of soft robotics concerns the world 
of grippers; at the state of the art, soft grippers can be classified 
into three main classes: actuation, controlled stiffness and 
controlled adhesion[6]. The main advantages of using soft 
grippers is the possibility to manipulate objects with several and 
un-conventional shapes and geometries and different weights, 
because the gripper can passively adapt to the shape of the 
object.   Additive manufacturing (AM), also known as 3D 
printing, technologies well fit with soft robotics requirements; 
recently a huge exploitation of these technologies for soft 
robotics arose. In particular, it is possible to draw up three AM-
based approaches as a function of AM role in the whole soft 
robot manufacturing cycle: rapid mold fabrication approach, 
hybrid approach and total additive manufacturing approach [7]. 

In the present paper, the approach named total additive 
manufacturing has been used to produce a soft pneumatic 
gripper. Two different elastomeric materials have been used to 
manufacture, in a single-step printing cycle a 4-finger soft 
pneumatic gripper: it consists of 4 PneuNets connected each 
other by means of a junction and an embedded air-connector. 
This research lays the foundation for a deep exploitation of 
fused filament fabrication (FFF) technology, well known for 
being inexpensive and very widespread, in the field of the soft 

robotics: in fact, the possibility to manufacture structures with 
embedded elements (such as air connectors), and a reduction of 
fabrication and assembly steps has been proved.      

2. Design, manufacturing and preliminary tets     

In a previous work [8], the authors: i) provided a methodology 
to manufacture soft actuators with embedded air connector, ii) 
defined the best shapes of actuators (rectangular and 
sinusoidal-shape) in terms of bending angle and iii) studied the 
relationship between process parameters and air-tightness of 
the whole actuator.  With this in mind, a novel soft gripper 
actuated by means of compressed air has been designed, 
manufactured and characterized.   The soft gripper consists of 
the following main elements: i) 4 extensible fingers: each finger 
is characterized by an overall lenght of 95 mm, height of 19.4 
mm, width of 18 mm. Also, a sinusoidal shape and a wall 
thickness of 1.6 mm have been set; ii) 4 inextensible layers 
needed to obtain the bending of the four fingers instead that a 
lengthening; iii) a central junction to direct the air flow throught 
the four etensible fingers; and iv) the air-connector described in 
detail in [8]. All the elements are illustrated in Figure 1.    FFF 
technology was employed: the 3D printer Ultimaker 3 
(Ultimaker, Utrecht, the Netherlands), a bowden dual extruder 
machine, was used. Two different thermoplastic polyurethane 
materials have been employed: the rigid one named TPU 95 A 
was used for inextensible layers and air connector while the 
flexible one named TPU 80A was used for the extensible fingers 
and the junction. Two nozzles with the same diameters of 0.4 
mm were used. It is important to point out that all the elements 

61

http://www.euspen.eu/


  

of the soft grippers have been manufactured in the same, no-
stop printing cycle: in this way no assembly tasks between 3D 
printed elements or external parts (i.e. steel air connectors) are 
required. 
 
 

 
Figure 1- Design of the soft gripper 

The open-source slicing software Ultimaker Cura 4.6 was used to 
set the process parameters: the most significant are listed in 
Table 1. The proposed gripper was manufactured with the 
longitudinal axis of the connector perpendicular to the 3D 
printer working platform and without recurring to the usage of 
supports. The total manufacturing time was 22 hours and 28 
minutes, while the total cost estimated by the software was 
10.83 €. As a matter of fact, the total time and cost can be 
reduced by increasing the layer height (in this case, it was set as 
0.1 mm) and reducing infill density of the central junction (in this 
case, it was set as 100%). 
 
Table 1- process parameters vs gripper elements 

     Element 
 
Parameter 

Extensible 
finger 

Inestensible 
layer 

Central 
junction 

Air-
connector 

 
Material 

 
TPU 80A 

 
TPU 95A 

 
TPU 80A 

 
TPU 95A 

Line width 
[mm] 

 
0.4 

 
0.5 

 
0.5 

 
0.4 

Printing 
temperature 

[°C] 

 
243 

 
223 

 
240 

 
228 

Printing 
speed 

[mm/s] 

 
15 

 
35 

 
25 

 
25 

 
Infill pattern 

 
lines 

 
Zig-zag 

 
lines 

 
circular 

 
Afterwards, the gripper was tested to understand its behavior 
when objects with different shape and weight were grasped. 
Three different objects were employed: a common funnel 
(weight: 15 g), a wireless mouse (weight: 70 g) and a plastic 
rectangular box filled with several elements (weight: more than 
1000 g). The procedure used is the same for each object: an air-
pressure of 4 bar is provided, the object is kept for 2 minutes by 
the gripper and finally decreasing the pressure up to 0 bar the 
object is dropped. These preliminary tests show a promising 
gripper behavior: it is able to manipulate several objects with 
different weights but more characterization steps to better 
classify the cathegories of objects that can be manipulated are 
needful; also, the integration between industrial robotic arms 
and the proposed soft gripper will be studied to provide a soft 
gripper which could be employed in real industrial scenarios. 
Further details about single finger actuator (i.e. pressure vs 
bending angle) can be found in [8] 
 

           
 

                           

Figure 2- soft pneumatic gripper tested with: (a) 15g funnel, (b) 70g 
wireless mouse and (c) 1000g rectangular box 

3. Conclusions      

In this paper, a preliminry design of a soft pneumatic gripper 
has been fabricated and tested: the novelty of this work is the 
possibility to fabricate the gripper in a monholitic way, using FFF 
technology in order to avoid assembly tasks. The working 
principle of the proposed soft gripper is the same underlying 
PneuNets actuators: the usage of pressurized air to obtain the 
bending of patterned soft structures. Preliminary tests were 
carried out to show the ability of the gripper to manipulate 
different kinds of objects. Future works will be focused on i) a 
deeply characterization of the gripper in order to improve its 
performance under different point of views (i.e. a new design to 
improve the grip with the objects, improved wall thickness to 
increase the life-cycle of the gripper and the performances); and 
ii) the integration of the gripper with industrial systems to be 
effectively employed in industrial automation context.  
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Abstract 
Additive  manufacturing  enables  the  production  of  highly  complex  metallic  components  with  highest  geometrical  flexibility  in 
dedicated lightweight construction. For titanium-aluminium alloys, which are used in particular in the aviation industry, powder bed 
based processes such as the laser powder bed fusion are established. Nevertheless, laser powder bed fusion is limited with regard to 
the producible surface roughness in a range of 5 µm ≤ Ra ≤ 15 µm. According to the state of the art, the increase of the geometrical 
accuracy and the reduction of the surface roughness values of the additive manufactured components are realised by different cutting 
and non-conventional processes. In this investigation, a new approach for the reduction of the surface roughness values by immersed 
tumbling was realised. Therefore, additively manufactured square bars made of the titanium alloy Ti-5Al-5Mo-5V-3Cr were used as 
sample geometries. An immersed tumbling machine tool with planetary kinematics for post-processing was applied and the lapping 
media QZ, HSC 1/500 and M5/400 were evaluated. In addition, the influence of the rotor speed and the holder as well as the depth 
of immersion were considered as influencing factors. As target values the surface roughness values as well as the rounded edge 
radius were examined. Within this investigations the surface roughness values could be reduced by more than 90 %. In addition, a 
targeted rounding of the edges could be obtained, which removed the excess edge height at the part resulting from the laser powder 
bed  fusion  process.  As  a  result  the  immersed  tumbling  process  shows  a  great  suitability  as  a  finishing  process  for  additively 
manufactured components and is particularly suitable for automated and serial finishing processes. 
 
additive manufacturing, post processing, immersed tumbling process         

  

1. Introduction 

Additive Manufacturing technologies enable the production of 
components with highest geometrical flexibility in lightweight 
construction. However, the powder bed based processes are 
limited regarding the achievable surface roughness values in the 
range of 5 µm < Ra < 15 µm. Due to growing requirements 
concerning the process and the workpiece, new application 
areas could be obtained as well as innovative process chains 
need to be developed [1]. For Titanium-Aluminium(Ti-Al) alloys, 
the laser powder bed fusion process is established. At the state 
of the art, cutting and ablative processes are applied for the 
post-processing of these components [2]. These processes are 
often associated with increased effort. Due to thermal stresses, 
the generated geometry deviates strongly and the achievable 
geometrical accuracy ag ist limited. A promissing approach to 
precisely finish the additively manufactured parts is the 
immersed tumbling process. The components are moved 
through a loose abrasive lapping medium by means of a 
planetary gear. In this way, a material separation is achieved [3]. 
In the present study the suitability of the immersed tumbling 
process for the finishing of additively manufactured components 
made of a Ti-Al alloy was investigated. 

2. Experimental setup      

2.1. Lapping media selection 

In this investigation the three different loose abrasive lapping 
media QZ, HSC 1/500 and M 5/400 which were provided by the 
company OTEC PRÄZISIONSFINISH GMBH, Straubenhardt, Germany 
were examined. Detailed knowledge due to previous research 
works enabled a dedicated selection of the media for the 

investigations. The used lapping media are characterised by 
abrasive properties and different materials and grain sizes dk, 
which enable a efficient process. In general, the coarse layers of 
the additively manufactured components were removed with 
subsequent finishing steps. The grain sizes dK as well as the 
compositions of the lapping media are listed in Table 1. 

Table 1. Visualisation of the used processing media  
 

Media Composition 
Grain size  

of abrasive dK 

QZ 100 vol.-% aluminiumoxide 500 µm 

HSC 
1/500 

95 vol.-% walnut granulate 
with 5 vol.-% silicon carbide 

300 µm 

M 
5/400 

99 vol.-% corn granulate  
with 1 vol.-% diamond powder 

17 µm 

2.2. Testing methods and devices      

All experiments were carried out with square bar specimens 
with the dimensions 5 mm x 5 mm x 50 mm manufactured by 
the laser powder bed fusion process. The test samples were  
made of the Ti-Al alloy Ti5Al5Mo5V3Cr0.5Fe (Ti5553) with a 
maximum grain size dmax = 45 µm from the company 
ADVANCED POWDERS & COATINGS, Québec, Canada, using the 
machine SLM 250 HL of the company SLM SOLUTIONS GROUP AG, 
Lübeck, Germany. To produce the sample geometries, a laser 
power PL = 275 W, a scan speed vS = 1.000 mm/s, a hatch 
distance hS = 0,12 mm and a focus offset xF = 0 mm were used. 
The post-processing was carried out on the immersed tumbling 
machine DF-3 Tools of the company OTEC PRÄZISIONSFINISH GMBH, 
Straubenhardt, Germany. To evaluate the influence of the 
process parameters the rotor speed nR, holder speed nH, depth 

63

http://www.euspen.eu/


  

of immersion tE and processing time tP were investigated. The 
surface roughness characteristics was examined with the 
measuring device nanoscan 855 of the company JENOPTIK AG, 
Jena, Germany. To evaluate the edge height hE, the component 
edges were analysed with the optical measurement device 
InfiniteFocus from the company ALICONA IMAGING GMBH, Graz, 
Austria. 

3. Experimental investigations      

 The aim of the investigation was the development of a suitable 
process chain for the surface finishing of additively 
manufactured components made of the Ti-Al alloy Ti5553.  
Therefore, an analysis of the influence of the rotor speed nR, 
holder speed nH, depth of immersion tE and processing time tP 
was carried out. For this purpose, the sample geometries were 
initally machined with the coarse-grained lapping medium QZ 
due to the abrasive properties. After processing times of 
5 min ≤ tP ≤ 60 min the surface roughness characteristics were 
determined. The results are shown in Figure 1.  

  
Figure 1. Surface rougness Ra in dependency of the processing time tP  

 It could be figured out that the set of process parameter with 
a rotor speed nR = 50 1/min, a holder speed nH = 100 1/min and 
a depth of immersion tE = 200 mm shows the greatest impact on 
the surface roughness Ra. In addition, it can be determined that 
the difference between the individual parameter sets increases 
with growing processing time tP. Overall, in this first process step 
the surface roughness could be reduced from Ra = 9.83 µm to 
Ra = 2.80 µm. This represents an improvement of nearly 70 % 
for the evaluated roughing process. 

To broader the range of application for additively 
manufactured parts, surface roughness values of Ra ≤ 1 µm 
need to be achieved. For the development of an efficient process 
chain for finishing additively manufactured components made 
of the Ti-Al alloy Ti5553, the influence of the two additional 
media HSC 1/500 and M 5/400 was evaluated. Based on the 
previuos investigations, the parameter set with a rotor 
speed nR = 50 1/min, a holder speed nH = 100 1/min and an 
depth of immersion tE = 200 mm was used. The results of the 
subsequently and dedicated use of the three media within the 
immersed tumbling process of Ti5553 parts are shown in 
Figure 2. 

 
Figure 2. Surface rougness Ra in dependency of the processing time tP 

 The results show that the surface roughness Ra could be 
strongly improved concerning the specific combination of the 
lapping media. The order of the media was chosen regarding to 
the abrasive properties. Using the lapping medium QZ led to a 

strong decrease of the surface roughness Ra up to a processing 
time of tP = 30 min. Subsequently, a linear improvement of the 
surface roughness Ra could be obtained, caused by the initial 
state of the surface roughness value. The all-ceramic medium QZ 
strongly removes the roughness peaks, which leads to a fast 
improvement of the surface roughness Ra. After using the 
lapping media with reduced grain sizes dk and a processing time 
of tP = 240 min, the surface roughness could improved to 
Ra = 0.56 µm. This behaviour is primarily related to the 
decreasing abrasive grain size dK and the increasing hardness H 
of the media. A further reduction of the surface roughness Ra 
could be achievable with higher process times tP, but results in a 
more inefficient process. 
 The specific process conditions of the laser powder bed fusion 
leads to an elevation of the component edges, which represent 
a form deviation from the desired component geometry. 
Therefore, the edge height hE of the components were 
examined to increase the optical und functional properties [3]. 
The results show that the edge height hE could be reduced from 
hE = 130 µm in the initial state to hE = 57 µm after a processing 
time of tP = 240 min using the lapping media M5/400. This 
represents a reduction of nearly 55 %. An exemplary component 
edge before (a) and after (b) the machining is illustrated in 
Figure 3. 

 
Figure 3. Component edge a) before and b) after the preparation    

 Despite the strong reduction of the edge height hE, it is difficult 
to achieve a sharp edge geometry with the immersed tumbling 
process. Other limitations include the machining of external 
geometries as well as the containment of the lapping medium in 
internal geometries. 

4. Conclusion 

 The findings show that a dedicated process chain composed of 
near net shape Additive Manufacturing and the immersed 
tumbling could be developed. Using a combination concerning 
different lapping media shows a suitable method for the surface 
finishing of additively manufactured components made of the 
Ti-Al alloy Ti5553, which improved the surface roughness to 
Ra = 94 % and enables the reduction of the edge height to 
hE = 55 %. In addition, the used unbonded abrasive grains and 
the avoidance of adaptation to the component geometry 
enables a more efficient machining compared to conventional 
processes. Further investigations will address the use of 
modified immersed tumbling processes with a moving media. 
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Abstract 
Microneedle arrays contain minimally invasive devices which facilitate self-administration of drugs in a straightforward and efficient 
way. In a recent work, we demonstrated a novel methodology to mass produce solid polymer microneedles at a low cost. This 
production technique utilises a femtosecond laser with a cross-hatching strategy to create cone-shaped micro-holes, which are 
afterwards replicated using polymer injection moulding. The depth and aspect ratio of the micro-holes can be adapted by changing 
laser scanning parameters. However, it has not yet been demonstrated how the flank geometry of the needle cavity can be changed. 
Yet, this flank geometry has a huge impact on both the mechanical strength and the penetration behaviour of the replicated polymer 
microneedles. In this study, we have modified the flank geometry of laser induced microneedle cavities by adapting laser scanning 
parameters. This was done by changing the programmed diameter throughout the laser ablation process. Hereby, it was possible to 
widen the width of a needle near the base to increase its strength and decrease the width near the needle tip of another needle. The 
laser ablated moulds are replicated through polymer injection moulding, and afterwards the geometry of the resulting microneedles 
was assessed. 
 
Laser machining; Injection moulding; Microneedles; Micro manufacturing       

 

1. Introduction   

Microneedles are micron-sized invasive structures which can 
be used to deliver vaccines, antibodies or other drugs to the 
human body through the transdermal route [1–4]. These 
microneedles are typically arranged in an array and consist of 
tens to thousands of microneedles per cm². Depending on the 
application, the individual needle lengths can range from 50 to 
2000 μm [5]. The key advantage of microneedles compared to 
traditional hypodermic needles is their pain-free skin 
penetration, which is a result of the microneedles not reaching 
deep enough to stimulate nerve endings [6]. Besides, it is 
possible to integrate these microneedles on a microfluidic lab-
on-a-chip, which facilitates  self-administration for patients 
[7,8]. This process avoids the need of skilled medical personnel 
and the risk of cross-contamination [9]. Moreover, due to their 
small volume, costs related to storage and distribution will be 
much lower compared to traditional needles. However, 
manufacturing these microneedles in large volumes at a low cost 
represents a real challenge [6]. 

Recently, a novel methodology to mass produce solid polymer 
microneedles at a low cost was developed [10]. First, cone-
shaped micro-cavities with very sharp tip radii are ablated in 
metal mould inserts using a femtosecond laser. These mould 
inserts are then used in an injection moulding process to create 
polymer cone-shaped microneedles. The injection moulding 
process enables the use of different polymer materials, yet it is 
important that proper injection moulding conditions are used to 
achieve a good replication fidelity. It is already demonstrated 
that the depth and base diameter of the microneedles can be 
changed by adapting the laser scanning parameters [11]. 

However, it is still not known how the flank geometry of the 
micro-cavity can be changed, while it is very important for the 
strength and penetration behaviour of the needles. Sharp 
needles with small tip radii are needed to effectively pierce the 
skin at low forces [12,13]. However, the needle design should 
also take into account the mechanical performance of the 
needles, to prevent bending or breaking during needle insertion 
[14,15].  

In this study, an existing laser scanning strategy is adapted in 
order to modify the flank geometry of laser induced microneedle  
cavities. This is done by changing the programmed base 
diameter throughout the laser ablation process. Three different 
microneedle designs are created in a tool steel mould insert. The 
geometry of the micro-cavities are assessed using micro-
computed tomography (µ-CT) and are used in an injection 
moulding process to create polycarbonate microneedles. 
Afterwards, the replication fidelity and microneedle geometry  
are evaluated. 

2. Materials and methods   

2.1. Materials 
The thermoplastic material used in this study is polycarbonate 

(PC, Lexan™ HPX8REU, manufactured by SABIC). The material is 
a biocompatible amorphous grade, suitable for medical devices 
and pharmaceutical applications. The melt flow rate is 35 
g/10min, which indicates a high flowability. 

The selected mould material is a low corrosion tool steel 
“Stavax” (grade 1.2083 - AISI 420), which is a common mould 
material within polymer injection moulding. It is often used for 
its high wear and corrosion resistance, both leading to a long 
lifetime. 

65

http://www.euspen.eu/


  

2.2. Laser machining experiments 
A micromachining system (Lasea, Liège, Belgium) with a 

Satsuma HP femtosecond laser source (Amplitude, Pessac, 
France) is employed to laser ablate a mould insert with 
dimensions 70 mm x 60 mm x 4.4 mm. The laser source emits a 
beam with a pulse duration of 250 fs, a wavelength of 1030 nm 
and a pulse repetition rate of 500 kHz. The maximum average 
power of the laser is 7.85 W, giving a deliverable pulse energy of 
15.7 µJ. A galvanometer steers the laser beam within the focal 
plane, with a spot size of 15.0 µm and an average pulse fluence 
of 8.88 J/cm². Small dust particles which are formed from 
ablating the metal surface are extracted by a vacuum collect 
unit. 

A cross-hatching laser scanning strategy, which was recently 
developed [10], is used in this study for the creation of the 
microneedle cavities. In this strategy, the laser spot is scanned 
in a circular region and follows parallel lines in two perpendicular 
directions. The distance between two consecutive lines is 
defined as the hatch pitch. Once the laser has scanned one 
circular grid, the focal point is lowered with a vertical distance, 
defined as the layer pitch, and the laser scans again the same 
area. This process is repeated multiple times for a prescribed 
number of layers.  

In this study, we created three different designs, each having 
a different scanning strategy as illustrated in Figure 1. The first 
design acts as a reference, as this is created by the conventional 
laser scanning strategy. Here we scanned a circular region with 
a constant diameter of 400 µm during a total of 300 layers. In 
the second design we intend to widen the base of the 
microneedle by adapting the programmed diameter through the 
laser ablation process. First, a larger circular region with a 
diameter of 500 µm was scanned during 10 layers. Afterwards, 
the size of this feature was decreased to a diameter of 450 µm 
and was scanned during 25 layers. At last, we decreased the 
diameter to the reference diameter of 400 µm and this region 
was scanned for 265 layers. Similar to design 1, the total number 
of layers corresponds to 300. In the third design we aim to 
decrease the diameter of the needle throughout its height. In 
this scanning strategy, the programmed diameter was 
decreased in four steps of 50 µm, starting from the reference 
diameter of 400 µm. During each of these steps, the circular 
feature was scanned for 60 layers, creating again a total of 300 
layers. For each of the designs, we created a 2x2 array of micro-
cavities with an interspacing between the cavities of 1 mm. The 
hatch pitch, layer pitch and scanning speed were constant 
throughout all of the experiments being 15 µm, 2 µm and 100 
mm/s respectively. 

 

 
Figure 1. Three different laser scanning designs, each having a different 

programmed diameter throughout the laser ablation process. 

2.3. Replication through injection moulding 
Injection moulding was done on an Engel ES 200/35 HL 

hydraulic injection moulding machine (Engel, Schwertberg, 
Austria) with a maximum clamping force of 350 kN and a 25 mm 
screw with an L/D ratio of 24.8. The mould temperature is 
controlled by a WITTMANN TEMPRO Controller (Wittmann, 
Vienna, Austria). The injection moulded part is a 50 mm x 60 mm 
x 1.5 mm flat plate. Injection moulding parameters are given in 
Table 1 and were defined to achieve a high replication fidelity. 
The injection temperature was set to the recommended upper 
limit of the material supplier. The mould temperature was set to 
a high value to delay the formation of the frozen layer during 
injection. The volumetric injection rate was set to a high value, 
to increase shear stresses and thus reduce the melt viscosity 
during injection. The implemented holding pressure was set to a 
value just below the occurrence of flash. The parts produced in 
the first 30 cycles were discarded in order to stabilize the 
process, then the following parts were collected for 
characterization. 

 
Table 1. Process parameters for injection moulding 

 PC 

Injection temperature/°C 315 

Volumetric injection rate/cm³.s-1 149 

Holding pressure/Bar 749 

Mould temperature/°C 115 
 

2.4. Topography characterization 
The geometries of the ablated microneedle cavities were 

characterized using a Phoenix Nanotom μ-CT system (Universal 
Systems, Solon, USA). The device is equipped with a high-power 
nanofocus X-ray tube and a diamond-tungsten target was 
chosen for the high X-ray absorbing steel samples. A high-power 
mode was used to allow focal spot and voxel sizes in the 
micrometre range. The mould insert was cut into  cubic samples 
with an edge length of approximately 3 mm, using a 
metallographic precision saw. The cubic samples were mounted 
on a sample holder and fixed on a high-accuracy computer 
controlled rotation stage. For each scan, 2400 X-ray 2D 
projection images were obtained from incremental rotation of 
the scanned samples over 360°. Acquisition parameters were 
fixed for all samples as follows: voltage = 100 kV, current = 158 
A, voxel size = 3.75 μm, and a 0.1 mm copper and 0.1 mm 
aluminium filter was used during scanning. Reconstruction of 
the acquired 2D projections into 3D volumes was performed 
using GE Phoenix datos|x REC software. Reconstructed datasets 
(XY-slices) were exported from the software for further analysis 
and visualization within Fiji ImageJ. For each set of laser 
parameters, one cubic sample containing four micro-holes were 
measured. The average length and diameter of the four micro-
cavities, along with the standard deviation was reported in the 
results.  

The geometry of the replicated thermoplastic microneedles 
were assessed using a Keyence VH-S30 digital microscope 
(Keyence, Osaka, Japan) with a maximum magnification of X200. 
The system is connected to a VHX-500F monitor with built-in 
measuring software. Ten injection moulded samples were 
collected and on each sample one microneedle was measured. 
The average of these ten measurements along with the standard 
deviation was reported in the results. 
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3. Results      

3.1. Laser ablation 
The reconstructed µ-CT XY datasets of the laser ablated 

microneedle designs with corresponding dimensions are shown 
in Figure 2. First of all, we can clearly observe cone-shaped 
micro-cavities with very sharp tip radii for each of the three 
designs. The formation of this cone-shape is expected to be 
caused by two laser phenomena, being plasma shielding and 
laser reflectance on steep sidewalls. Plasma shielding occurs at 
a laser ablation process with high repetition rates [16]. A part of 
the vaporized material which is formed during the ablation 
process will be unable to escape for the micro-cavity. Therefore, 
it will interact with the next incoming laser pulse, creating a 
protective plasma shield [17]. Secondly, the ablation efficiency 
of the laser is reduced drastically near the edge of the cavity, as 
most of the laser light is reflected rather than absorbed. This 
causes the diameter of the micro-cavity to become smaller as 
the micro-hole is created [18]. Furthermore, the reflected laser 
light will partially be redirected to the bottom of the hole, 
contributing to a deeper and sharper cavity. 

When comparing the three different needle designs, we can 
observe a difference in cavity dimensions. The base diameter of 
design 2 (500 ± 3 µm) is higher compared to the diameter of 
reference design 1 (437 ± 2 µm). The diameter of design 2 is only 
wider near the base of the needle and gradually changes to a 
comparable shape of design 1. Moreover, it can be seen that the 
length of both cavities is also the same. Thus, by increasing the 
size of the scanned circular feature during the first few layers, 
the base of the cavity is increased while the rest of the needle 
shape stays similar to the reference.  

In design 3, the diameter is decreased four times throughout 
the laser scanning process. This results in a micro cavity which 
gradually reduces in diameter throughout the depth, compared 
to reference design 1. Thus, the needle has a sharper shape 
compared to design 1. Besides, the cavity base diameter is 
smaller than reference design 1 and can be explained as 
followed. During the laser ablation process, the laser focal spot 
is progressively moved deeper inside the mould material. 
Therefore, the Gaussian shaped laser beam will start to intersect 
with the edge of the already created micro-hole, removing 
additional material. As a result, we can observe that the base 
diameter of design 1 (437  µm) is larger than the programmed 
base diameter (400 ± 2 µm). However, for design 3, the scanned 
diameter is progressively decreased in size, preventing the laser 
beam to be in contact with the existing micro-hole. Thus, here 
the size of the base diameter (406 ± 3 µm) is almost identical to 
the programmed base diameter (400 µm). 

 

 
Figure 2. Reconstructed µ-CT XY datasets of the ablated micro-cavities 

for: (a) design 1; (b) design 2, and (c) design 3. 
 
 

3.2. Injection moulding 
The laser ablated mould insert was used in an injection 

moulding process to replicate the microneedle cavities. The 
replicated polymer microneedles together with the needle 
length and replication in height are shown in Figure 3. All of the 
microneedles show a similar shape as the corresponding 
microneedle cavity. Yet, the tip of the polymer microneedles are 
not completely replicated.  

Completely filling micro-cavities is known to be very difficult 
within polymer injection moulding [19]. When the polymer is 
injected into the mould, it will follow the path of least resistance. 
Therefore, most of the material will flow in the main flow 
direction through the macroscale cavity, leaving the micro-
features only partially filled. This behaviour is also known as the 
hesitation effect [20]. Yet, as soon as the polymer comes in 
contact with the cold mould surface, a layer of frozen polymer is 
formed which will prevent the complete filling if the micro-
cavities at the time when the macroscale cavity is filled and the 
pressure is built up. This behaviour is in our case minimized, by 
increasing the mould temperature which delays the formation 
of the frozen polymer layer. Therefore, a relatively high 
replication fidelity can be observed for all three designs. The 
needles replicated for design 1 and design 2 exhibit a very similar 
replication in height, being 91 % and 92 %, respectively. The 
lowest replication was observed for design 3, which 
corresponded to 86 ± 0.9 %. 

The reason why the replication of design 3 is lower compared 
to the other two designs is due to the difference in the shape of 
the needle cavity. The micro-cavity of design 3 is much sharper 
near the needle tip, which increases both the filling resistance of 
the polymer and the surface area to volume ratio. As a result of 
the latter, the heat transfer between the molten polymer and 
the mould surface is higher [21]. This causes a faster 
solidification of the polymer leading to a faster formation of the 
frozen layer and in turn a lower replication fidelity. 

It is evident that the performance of the three different 
microneedle designs will be different in terms of mechanical 
strength and skin penetration behaviour, due to the difference 
in needle shape. In design 2, a curvature is added to the base of 
the microneedle. It is expected that this curvature will not affect 
the insertion behaviour of the needle tip, yet an increase in the 
penetration force is likely when the whole needle would be 
completely forced into the skin. Yet, the additional curvature will 
reduce stress concentrations at the base of the needle and will 
improve the mechanical performance of the microneedle. The 
design of needle 3 is expected to reduce the force needed to 
penetrate the microneedle into the skin, due to the sharper 
shape of the needle. 

 

 
Figure 3. Microscopic images of the polymer microneedles 

corresponding to: (a) design 1, (b) design 2, and (c) design 3. 
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4. Conclusion      

In this study, we have shown that it is possible to adapt the 
flank geometry of laser induced micro-cavities, by adapting laser 
scanning parameters. We created three different designs, each 
having a different scanning strategy. The first design acted as a 
reference, as it was created by the conventional strategy, which 
has a constant programmed diameter throughout the scanning 
process. In the second design we increased the width of the 
cavity near the surface, by increasing the programmed diameter 
in the first few layers. In the third design we created a micro-
cavity with a sharp flank geometry compared to the reference 
design. This was done by decreasing the programmed diameter 
throughout the number of layers. The ablated micro-cavities 
were assessed by µ-CT and were used in an injection moulding 
process to create polycarbonate microneedles. A relatively high 
replication fidelity was observed for all of the three designs, 
being 91 %, 92 % and 86 %, for design 1, design 2 and design 3, 
respectively. Design 3 exhibited the lowest replication fidelity, 
which was caused by its sharper needle geometry. Evidently, the 
performance of the three different microneedle designs will be 
different in terms of mechanical strength and skin penetration 
behaviour, due to the difference in needle shape. 

In future work, a model will be developed to simulate the laser 
ablation process. With the aid of this model, we will further 
optimise the geometry of the microneedle to improve its 
mechanical strength and penetration behaviour. This will be 
done in combination with micro-mechanical finite element 
analyses. In addition, micromechanical testing equipment will be 
developed to quantify this needle strength and penetration 
behaviour. Furthermore, an in-depth analysis on the replication 
fidelity during the injection moulding process will be conducted. 
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Abstract 
The additive manufacturing of parts made from difficult-to-weld materials through the usage of preheating temperatures of up to 
Θ0 ≤ 500 °C is enabled by newest L-PBF machine tools, such as the RenAM 500Q HT from the company RENISHAW PLC, Wottun-under-
Edge, UK. This work aims to delevop processing parameters for the dense and crack-free manufacturing of tungsten-carbide cobalt 
(WC-Co) via this off-the-shelf machine tool. Therefore the laserpower and scanning speed were varied between 80 W ≤ PL ≤ 350 W 
and 140 mm/s ≤ vS ≤ 650 mm/s respectively. Furthermore the influence of a continuous and pulsed laser mode was analysed. A focus 
was set on the identification of parameters that enable a highly productive manufacturing while maintaining a high part density. A 
parameter set for relative density ρrel. > 94 % and a buildup rate v̇ = 0.59 mm3/s was developed. 
 
additive manufacturing, laser powder bed fusion (L-PBF), cemented carbide, high temperature processing 

 

1. Introduction  

The high hardness and toughness of cemented carbides such 
as tungsten-carbide cobalt (WC-Co) has yet to be fully exploited 
for the manufacturing via additive technologies [1]. Possible 
fields of application lie in the lightweight or near net-shape 
production of wear parts, cutting tools and electrodes for 
electrical discharge machining (EDM) [2, 3, 4].  
In order to produce crack-free and dense parts, so far slow 
scanning speeds vS, specialised machine tools with high 
preheating temperatures Θ0 > 500 °C or a multi exposure 
strategy were investigated [3, 5, 6]. 
This studies aims to overcome the challenges of part cracking 
and low productivity by applying advaved processing strategies 
on a highly productive state-of-the-art machine tool with a 
preheating temperature of Θ0 = 500 °C. 

2. Experimental procedures 

In order to investigate the effects on relative density ρrel. of the 
WC-Co parts produced via Laser Powder Bed Fusion (L-PBF), 
cubic samples of 10 mm x 10 mm x 10 mm were manufactured 
on a RenAM 500Q HT machine device from the company 
RENISHAW PLC, Wottun-under-Edge, UK. These cubic samples were 
analyzed with a PLS 1200-3A precision scale from the company 
KERN UND SOHN GMBH, Balingen-Frommern, Germany, using the 
archimides method of density measurement. 
 
2.1. Powder material 

For this investigation agglomerated and pre-sintered 
WC-Co 83-17 powder from the company OERLIKON METCO, 
Pfaffikon, Switzerland, was used. The particle size distribution 
was measured in accordance with ISO 13322-2 using the optical 
part measurement system CAMSIZER X2 from the company 
MICROTRAC RETSCH GMBH, Hahn, Germany [7]. Figure 1 shows the 
fractions p3 and the cumulative distribution Q3 of the processed 
powder. 

 
Figure 1. Particle size distribution of WC-Co 83-17 powder 

 
2.2. Processing Parameters 

During this investigation, the laser power PL and the scan 
speed vS were varied, while the layer thickness DS, hatch 
spacing hS and preheating temperature Θ0 were kept constant. 
Table 1 shows an overview of the processing parameters as well 
as their respective values. Furthermore the laser mode was 
varied between a continous and a pulsed operation.  
For the pulsed operation the point distance xP and  
exposure time tE were varied between 30 µm ≤ xP ≤ 65 µm  
and 100 ms ≤ tE ≤ 210 ms respectively. 
 
Table 1. Processing parameters 

 

Parameter  Value 

Laser power PL 80 ‒ 350 W 

Scan speed vS 140 ‒ 650 mm/s 

Layer thickness DS 30 µm 

Hatch spacing hS 30 µm 

Preheating temperature Θ0 500 °C 

Laser spot size dS 75 µm 
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3. Experimental results  

The relative density ρrel. is an important factor in order to verify 
the quality of a produced part. Figure 2. shows the relative 
density ρrel. of the manufactured cubic samples depending on 
the volume energy density EV and the buildup rate v̇. Equation 1 
and Equation 2 show the calculation of these parameters [7]. 

 
EV = 

PL

v̇
 (1) 

 v̇ = vS * hS * Ds (2) 

For a volume energy density 222 J/mm3 ≤ EV ≤ 667 J/mm3 a 
relative density ρrel. > 78 % with a maximum of ρrel.;max. > 96 % 
was achieved. Except for three outliers, an increase in volume 
energy density EV led to a proportional increase of the respective 
relative density ρrel. for both, a continuous and a pulsed laser 
mode. Using the pulsed laser mode, the two specimen that were 

manufactured with short exposure time tE and a high laser 
power PL had significantly higher relative densities ρrel. than 
specimen with a similar volume energy density EV but longer 
exposure times tE and lower laser powers PL. During the 
investigation, parts with a volume energy density 
EV > 667 J/mm3 were manufactured, however they were either 
geometrically inaccurate or completely destroyed while the 
other ones showed no sign of cracks.  
For a buildup rate 0.25 mm3/s < v̇ < 0.40 mm3/s a high relative 
density of ρrel. > 88 % was achieved, however it was also shown, 
that a high relative density of ρrel. > 94 % can also be achieved 
for a high buildup rate of v̇ = 0.59 mm3/s. While the continuous 
laser mode shows a local optimum for the buildup rate v̇  in 
regard to the achievable relatve density ρrel., the results of the 
pulsed laser show no clear tendency. Further investigations in 
regard to the variation of the exposure time tE and the point 
distance xP between each exposure xE are needed.   

4. Conclusion and outlook 

The findings of this ongoing research show, that it is possible 
to manufacture parts with a relative density ρrel. > 94 % while still 
maintaining a high productivity. The preheating temperature of 
Θ0 = 500 °C shows promising results in producing crack-free WC-
Co parts. Both, continuous and puled laser modes were capable 
to gain high part quality. A higher volume energy density EV will 
lead to an increase of the relative part density ρrel. up to a limit 
of EV ≤ 667 J/mm3 after which the manufactured parts were 
destroyed.  
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Abstract 
Due to the substantial differences in the chemical and physical characteristics between aluminum (Al) and titanium (Ti) alloy wires,  
few researchers have investigated dissimilar metal deposition using Al and Ti alloy wires in the wire and arc additive manufacturing 
(WAAM) process. Therefore, we objected to clarify the effect of the processing conditions on the welding penetration and the 
intermetallic compounds (IMC) of the Ti/Al bead by WAAM. This study focused on the A5356 and ERTi-2 as filler materials. An A5052 
substrate fabricated on the Al alloy bead or wall at first, and then a pure Ti bead was deposited on the Al layer. From the microscopic 
observations, in the conditions with the high heat input and the Ti deposition on the Al wall structure, the Ti penetrated in the large 
area. And the upper part of the Al wall structure was molten and broken. Besides, the observation revealed an acicular and an 
equiaxed structure with the Ti and Al elements around the Ti/Al interface layer due to dilution of the Ti layer by Al alloy. 
 
Keywords: Wire and arc additive manufacturing, Dissimilar metal deposition,  Aluminum, Titanium 

 

1. Introduction 

Recently, the dissimilar metal deposition by wire and arc 
additive manufacturing (WAAM) has been increasingly gaining 
prominence year by year. The components of titanium (Ti) / 
aluminum (Al) dissimilar alloys have attracted various industry 
fields due to their valuable characteristics. However, the Ti/Al 
welded joint made the process extremely challenging since the 
formation of a large number of brittle intermetallic compounds 
(IMC) in the Ti/Al interface layer. Some researchers reported the 
joining of Al and Ti in the tungsten inert gas (TIG) welding[1] or 
metal inert gas (MIG) welding process[2]. In the WAAM process, 
Yinbao Tian et al. deposited AlSi5 beads on a Ti-6Al-4V layer 
using cold metal transfer (CMT) welding[3]. However, as far as 
the authors’ knowledge, there are no reports about fabricating 
the Ti beads on the Al layer by WAAM.  

In this paper, first, we investigated the effects on the 
penetration and the metal compositions by the processing 
parameters and dimensions of the welding members on a pure 
Ti bead that was welded on A5356 layers by WAAM. Then, we 
observed the IMC and element mass ratios of the Ti and Al on 
the fabricated Ti/Al beads by an optical microscope and energy-
dispersive X-ray spectroscopy (EDX).  

2. Fabricating process and conditions   

In this study, we used A5356 and ERTi-2 as the filler materials 
for the representative example of the industrial Al and Ti. Table 
1 shows the chemical compositions of filler materials. The 
followings show the fabricating process. First, an Al bead or 
about 10-layer walls with 80 mm length and 10 mm width 
fabricated on an A5052 plate (150 mm x 150 mm x 5 mm) using 
a MIG welding power source (P500L, DAIHEN Corp.). After the 
fabricated part cooled to room temperature, a pure Ti deposited 
on an Al layer(s) using CMT welding (TPS5000CMT, Fronius 
Corp.). In this process, a local shield was located on the edge of 
the welding torch for sake of improving the shieldability and 

inhibiting the oxidation of Ti or Ti/Al bead parts. Besides, for 
comparisons of the penetration widths (PW) between Ti/Ti and 
Ti/Al bead, we fabricated a pure Ti bead on a Ti-6Al-4V plate (150 
mm x 100 mm x 5 mm). Table 2 shows the processing 
parameters. 
 
Table 1 Chemical compositions of the filler materials. 

 

 
 
Table 2 Processing parameters. 

 

 

3.  Microscopic Comparison of Fabricated Ti/Ti vs. Al/Ti bead 

Fig. 1(a), (b), and (c) show the cross-sections of Ti/Ti and Ti/Al 
bead that were located about 50 mm from the welding start 
point, respectively. The pure Ti bead was deposited under the 
same conditions, and the torch feed speed (TFS) is 70 mm/min. 
Fig. 1(d) shows the measurement results of PW of all Ti bead. 
According to Fig. 1(a), (b), and (d), the PW of the Ti/Al deposited 
on an Al bead is 40% smaller than Ti/Ti bead. Besides, Ti/Al bead 
has little penetration, and a component value was equivalent to 
the Ti filler material. It assumed that the thermal conductivity of 

O H N C Fe Ti

ERTi-2 ≦0.15 ≦0.008 ≦0.02 ≦0.03 ≦0.20 Bal.

Si Fe Cu Mn Cr Mg Al

A5356 ≦0.25 ≦0.40 ≦0.10 0.05-0.20 0.05-0.20 4.5-5.5 Bal.

Welding machine TPS5000 CMT

Welding mode CMT-P(c1011+P)

Welding current I A 69

Welding voltage V V 17.3

Torch feed speed TFS mm/min 50, 70, 100, 200

Wire feed speed WFS m/min 3.6

Material WT2G (ERTi-2)

Diameter mm 1.2

Ar % ≧99.99

from torch L/min 15

from local shield L/min 20

Wire

Shielding gas
Flow rate
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A5356 is about ten times higher than that of pure Ti. Thus, the 
thermal energy input on the Al bead was rapidly conducted to 
the A5052 substrate. Hence, the heat concentration decreased 
and impeded the formation of a sufficient molten pool. Also, Fig. 
1(b) indicates cracks and gaps around the interface layer of the 
Ti/Al because the polishing process of the test piece separated 
the fragile Ti-Al IMC layer.  

According to Fig. 1(b), (c), and (d), the PW of the Ti/Al deposited 
on the Al wall is 2.5 times or more than that of the Ti/Al bead 
deposited on an Al bead. When Ti bead was deposited on the 
fabricated Al wall, the heat concentration was higher because 
the welding pool was far from the substrate, and the 
temperature of the part around the molten pool tended to rise. 
Moreover, near the end of the welding point, the PW 
significantly increased because the temperature of the 
fabricated object at the end point was much higher than that at 
the start point.  
 

 
 
Figure 1. PW of the fabricated Ti beads (TFS:70 mm/min). 
(a) On Ti plate,  (b) On Al bead, (c) On Al wall, (d) Measurement results. 

4. Results of EDX analysis on Ti/Al boundary 

Fig.2(a) shows the observed cross-section of Ti/Al bead 
deposited on the fabricated Al wall using TFS 70 mm/min. This 
cross-section was polished with 1 µm diamond slurry. Ti/Al bead 
part diluted with the upper layer of the fabricated Al wall, and 
the part contains several types of IMC phases with different Ti-
Al composition ratios. It seemed that the multiple types of Al-Ti 
IMC formed in the molten pool at the same time, and the 
convection generated in the molten metal agitated the IMC. 
Fig.2(b) and (c) respectively show Area.1 around the Ti/Al 
boundary and Area.2 around the deepest part of the penetration 
dashed with the pink line in Fig.2(a). In Area.2, Ti-Al precipitates 
shown in Fig.2(c) scattered into the penetration area with about 
5 mm depth. In the Area.1, acicular structures precipitated as in 
Fig.2(b). Fig. 3(a) and (b) show the results of the area analysis of 
the Ti element around Area.1 and 2 by EDX. And, Fig.3(c) 
summarizes the results of the quantitative investigation at 
Point.1 to 4 marked in Fig.2 and 3. Regarding the elemental mass 
ratio of the precipitation of Fig.3(a), about 20-43% accounted for 
Ti, and 55-77% accounted for Al. On the other hand, at the 
acicular structures scattered in Fig.3(b) around the Ti/Al 
boundary, Ti accounted for 20%, and Al accounted for 80%. Also, 
the Ti/Al bead part was constracted by the IMC with different 
element mass ratios of Ti and Al. At the upper part of the Ti/Al 
bead (Point.1), Ti and Al accounted for 55% and 45%, and at the 

middle part (Point.2), those accounted for 75% and 25%, 
respectively.  

5. Conclusions 

This paper objected to revealing the characteristics of the 
dissimilar metal deposition using pure Ti and A5356 as filler 
materials by the WAAM, the microscopic analyses clarified the 
following results by analyzing the PW of the Al/Ti bead parts. 

1. The thermal conductivity and the temperature of the 
welded object affected largely the penetration of the Ti 
/Al bead. 

2. The PW of the Ti/Al deposited on an Al wall was 2.5 
times or more than that of the Ti/Al bead deposited on 
an Al bead. 

3. When the Ti/Al bead with a large penetration, Ti-Al 
precipitates with multitype shapes were observed in the 
entire area of the penetration part. Besides, the Ti/Al 
bead part was constracted by the IMC layers with 
different element mass ratios of Ti and Al. 

 

 
 

Figure 2. Pure Ti bead deposited on A5356 wall (TFS:70 mm/min). 
(a) overview, (b) Area.1 around Ti/Al boundary, (c) Area.2 around the 
deepest penetration part. 
 

 
 
Figure 3. Results of EDX analysis.  (a)  surface analysis for Ti element on 
an acicular structure, (b) surface analysis for Ti element on Area.2, (c) 
quantitative analysis on Point.1-4.  
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Abstract 
 
Tool making in injection molding is significantly influenced by the requirements of the plastics processing industry. The profitable 
production of increasingly individualized end products requires increasingly higher process speeds, low reject rates and long tool life. 
The venting of an injection mold is an important element to avoid damage to the injection molded part as well as unattained mold 
fillings. There are different strategies for this purpose, which are mostly based on limited local insertion of venting channels, e.g. by 
micro holes in uncritical areas or by placement in ejector elements. The challenge is the required size of a venting gap, which depends 
mainly on the melt viscosity. Another strategy is the use of venting inserts made of sintered metal. They require regular maintenance 
due to time and material-dependent filling of the pores and are associated with corresponding operating costs. It should also be 
noted that where a venting element is provided, effective temperature control is generally not possible. 
 
The new venting technology involves integrating the finest possible primary venting canal network directly into the 3D-printed mold 
insert. This procedure offers the possibility to bring a near-contour cooling closer to the venting system. The experimental 
investigations concentrate on the producibility of the smallest possible air vents. The vents consist of a large number of hollow cones 
arranged in an array with their tips aligned with the inner contour of the tool. After the SLM process, the tips of the hollow cones are 
still closed and are only opened by the subsequent EDM process to finish the inner contour. The experimental results show the 
minimum size of the vent holes and their dependence on the cone angle, as well as the dimensional accuracy of the hollow cones as 
a function of the component orientation in the building space. 
 
High Performance Tools, Injection molding, Ventilation         

  

1. Introduction 

In the plastics processing industry, increasingly individualised 
end products have to be produced profitably. This means that 
demands are increasing not only in terms of quality, but also in 
terms of geometries, surface design and material and resource 
efficiency. 

While conventional approaches using classic manufacturing 
methods such as milling, drilling, wire-cutting or EDM are 
reaching their physical and economic limits, 3D printing and its 
high level of design freedom offer huge potential to improve the 
performance of tools significantly and at the same time save 
costs in manufacturing [1]. This includes, in particular, an 
improvement in the temperature control of the tool through 
new types of cooling concepts as well as a reduction in 
manufacturing effort and costs through integral design, i.e. the 
combination of individual components in a monolithic part. 

When polymeric plastic mass is injected into the injection 
mould, a gas bubble appears in the moulding cavity at the end 
of the flow path. This gas bubble essentially consists of 
contaminated air and vaporised polymer mass from the 
injection moulding process. When the polymer mass is 
completely squeezed out by the injection pressure or the 
holding pressure, the gas bubble is compressed and finally 
escapes at high temperature and pressure through the parting 

line or the moving elements of the injection mould. This can lead 
to undesired damage or defects and the product may be broken. 

The current state of the art venting technology, which allows 
localised optimal mould venting and thus fast mould filling, has 
reached its limits with complex products, especially when 
processing reactive plastics or very filigree geometries [2]. The 
venting of an injection mould is an important element to avoid 
damage to the injection moulded part as well as unachieved 
mould filling. Toolmakers use for example micro-holes in non-
critical areas or place ejector elements in such a way that they 
contribute to venting. Vent inserts made of sintered metal are 
also used [3]. Due to time and material-dependent clogging of 
the pores, they require regular maintenance and involve 
corresponding operating costs [4]. 

However, the design freedom of additive manufacturing offers 
much better possibilities for this. Improved venting systems can 
be integrated directly into the additively manufactured inserts.  

The necessary size of a venting gap depends essentially on the 
requirement as to whether the melt is allowed to flow into the 
vents or not. In the case of surfaces with high quality 
requirements, the vents must not show on the component 
surface. In this case, the gap widths are generally between 5 μm 
and 10 µm, with maximum values up to 20 μm [5]. The exact 
value depends on the melt viscosity of the used plastic. It should 
be noted that where a conventional venting element is provided, 
effective temperature control is in many cases not possible [4]. 
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2. Functional design 

The presented integration of the venting technology will only 
become possible with the use of additive manufacturing 
technologies. Later, it should be possible to bring venting and 
cooling closer together, which is not possible with conventional 
approaches. This will enable a more uniform and targeted 
temperature control of the injection moulds. 

If the openings of the venting system are not small enough, 
high surface roughness caused by the SLM process [6] can 
accelerate clogging of the channels by plastic residues and 
deposits. Furthermore, long channels with a constant diameter 
also have a greater tendency to clog. The 10 µm to 20 µm already 
mentioned cannot be achieved with the use of selective laser 
melting alone [7]. 

Based on this consideration, now cone-shaped openings for 
venting will be printed in the tool insert (Figure 1). 

 

 
Figure 1. Illustration of the vent opening depending on the machining 
steps 

 
These hollow cones are positioned that their tip points in the 

direction of the inner contour of the tool. In addition, a 
processing offset is necessary for the EDM process. After the 
SLM process, the tips of the hollow cones are still closed. Then 
after the EDM process, the necessary material was removed and 
the final surface of the mould is created and the cone tips are 
open. The positioning and the cone shape allow to control the 
opening diameter properly. 

3. Experimental realisation 

Preliminary investigations showed that conventional 
machining processes are not capable of producing such small 
openings, as they easily become clogged during machining. This 
problem also occurred when making a cut through the SLM-
produced test specimens.  

The investigation of the cone geometry was difficult in the 
area of the cut edges, as the milling process partially closed the 
areas marked in Figure 2a. The cone tip uncovered by deburring 
and the resulting cut edge in Figure 2b distort the characteristic 
created by the SLM process. The cone surface shown in 
Figure 2d also appears very rough regardless of the edge 
characteristic. Further measurements will describe the surface 
roughness in more detail. 

The diameter of the opening at the cone tip is 100 µm in the 
CAD model in order to obtain a statement as to whether a hole 
is created with the used process parameters. The cone tips were 
visible but not open on the surface of the part after the SLM 
process. In the design of a final tool insert, the cone tip is then 
modeled in such a way that no unnecessary amount of material 
has to be removed in the subsequent EDM process. The 
mechanically post-processed cone tip in Figure 2c has a diameter 
of approx. 200 µm. 

With an idealized cone tip, it is possible to produce 
significantly smaller openings by material removal. Depending 

on the shape of the cone tip created in SLM and the accuracy of 
the EDM process, there will be corresponding limitations. 

 
 

Figure 2. Microscope examinations of the SLM specimens 

 
Accordingly, the roughness on the tool surface and in the cone 

tip has an influence and should be as low as possible. An 
optimization of the SLM parameters will show which minimum 
opening sizes will be possible. 

4. Summary and outlook 

Cone-shaped vents with EDM finishing have the potential to 
produce significantly smaller opening sizes than would be 
possible with constant diameter vents in SLM. The surface 
roughness is decisive for the smallest possible openings. There 
are several aims when choosing the cone parameters. A small 
angle reduces the sensitivity of the opening dimensions to the 
material height removed by the EDM process. At the same time, 
it also increases the number of hollow cones that can be placed 
on a defined surface. Small angles increase the risk of clogging 
the vent openings. 

For a significant increase of the cross-sectional area of the 
openings, this principle can also be transferred to a prism-
shaped opening geometry. The opening would have the shape 
of a long and very thin slit on the surface. In this case, more air 
can be exhausted per time. Further investigations will show the 
technical limits and prove the advantages in the application. 
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Abstract 
 
The granule extrusion based so called Large Scale Additive Manufacturing (LSAM) has been under constant development during the 
last years. Although granule extrusion technologies enable the processing of a huge variety of materials, they also introduce new 
challenges in printing parts with enhanced mechanical properties. Especially due to the emerging strand geometry, process related 
voids occur, leading to an orthotropic behaviour of the generated components. A promising approach to diminish this characteristic 
is the use of carbon dioxide laser (CO2) radiation. Its wavelength of 10.6 µm is mainly absorbed by the surfaces of polymers, so a 
remelting of generated strands can be achieved. In order to reduce voids as well as improve lateral bonding quality the laser beam 
must be aimed at the gap between an already deposited- and its adjacent, subsequently printed strand.  
For generating three-dimensional parts, LSAM strand deposition is governed by a defined tool path. The used setup provides a fixed 
extruder nozzle and a build platform that is moveable in x-, y- and z-direction. Depending on the deposition direction, the laser beam 
needs to be redirected in order to reach the area between two adjacent and consecutively printed strands. Therefore, an 
optomechanical design for multidirectional laser beam propagation becomes necessary. 
Initially several concepts of deflection systems were systematically developed, compared and evaluated according to the desired 
requirements. A preferred solution was found based on a combination of a fixed elliptical tube-like mirror and an rotating plane 
deflection mirror. Different variations of the principle were simulated regarding ray propagation and reflection behaviour. The final 
design solves the addressed task by covering > 90 % of the nozzle’s circumference. Since a defined angle of the rotating plane 
deflection mirror is required, a suitable dimensioning of the mechanical components as well as an elaborate part arrangement for 
precise alignment steps become necessary. 
 
Optomechanical Mirror Setup, Laser Beam Deflection System, Elliptical Cylinder Mirror, Large Scale Additive Manufacturing (LSAM), Hybrid Additive 
Manufacturing   

 

1. Introduction 

Additive Manufacturing (AM) describes a wide area of 
technologies and processes for industrial applications. Therein, 
Large Scale Additive Manufacturing (LSAM) has been introduced 
during the last years. Such systems realize parts by melting 
polymer granules through a heated extruder and the material 
deposition on a platform, according to the desired geometry. 
Especially in the last years knowledge about the process 
behaviour has been continuously extending [1, 2] and 
experimental setups have been evolving to huge manufacturing 
systems for industrial applications such as Big Area Additive 
Manufacturing (BAAM) [3]. 

Even though LSAM provides huge potential for fast build rates 
and the processing of a huge variety of materials, common 
drawbacks of extrusion-based AM are present as well. Probably, 
the most dominant issue are the remaining cavities between 
deposited strands [4]. These process related defects become 
even more obvious and bigger in shape, when enlarged 
diameters of strands are used to generate large scale parts [5]. 
As a consequence, orthotropic part behaviour is intensified and 
mechanical properties are strongly depending on external load 
orientations. 

2. Background and state of the art      

In extrusion-based AM fracture resistance is primarily affected 
by inter- and intra-layer adhesion as well as void occurrence and 
size [4, 6]. Investigations reveal that voids can be minimized by 
increasing printing temperatures, although distortion and part 
deformation occur as a negative side effect [4, 7, 8]. Especially 
in LSAM this effect is intensified since void size is increased with 
bead width [9]. Hence, a suitable compromise between nozzle 
temperature and resulting meso structure needs to be found. 
Furthermore, additional energy treatments become necessary 
to remelt deposited strands and solidify the parts. 

In order to mitigate the mentioned characteristics, several 
laser beam heat treatment approaches have been developing 
for FLM during the last years, e.g. [10-12]. Laser radiation is 
directed onto deposited strands in order to reheat defined areas 
locally and increase interlayer as well as intra-layer bond. Since 
polymers provide wavelength-dependent absorption properties 
[13], laser selection is also associated with the chosen materials 
as well as necessary additives. On the other hand, there are 
materials such as styrene-acrylonitrile-copolymer (SAN - TYRIL 
790 - Trinseo) and poly(methyl methacrylate) (PMMA – Altuglas 
VSUVT) which provide perfect properties regarding a carbon 
dioxide laser (CO2) beam treatment of unmodified raw material 
[14]. However, strand deposition direction is changed based on 
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the part’s geometry and the manufacturing routine, so the laser 
beam needs to be redirected as well. Thus, especially when 
CO2-laser radiation is used, a mirror based, optomechanical 
design for multidirectional laser beam propagation becomes 
necessary. Such a setup has not been demonstrated in LSAM, 
yet. 

3. Problem formulation      

In order to provide an insight into the relations between the 
acting machine components a short overview about the 
collaborating parameters of the hybrid printing process is given 
in Figure 1. 

 
Figure 1. In- and output values of the interaction area with focus on the 
laser energy input 
 

An interaction area (IA) is defined having four input values: 
mass flow rate, translational movements (x, y, z), building 
platform temperature and preceding layer temperature, 
respectively as well as laser energy input. With the addition of 
the latter component the process is transferred into a hybrid 
additive manufacturing application. The nozzle is fixed and 
therefore, the part solely is generated by a movement of the 
platform. As a result of the interaction of these variables a 
certain strand bonding quality is achieved, defined by the inter-
layer and intra-layer bond.  

Under consideration of the spatial orientation of the 
components (Figure 2) it is obvious that the direction vector of 
the incorporated laser radiation (𝑉𝑉𝐿𝐿���⃗ ) needs to be linked to the 
vector of the deposition direction (𝑉𝑉𝑣𝑣𝑣𝑣������⃗ ) under a certain angle α. 

 
Figure 2. Working principle demonstrating the laser beam movement 
from 𝑉𝑉𝐿𝐿���⃗  to 𝑉𝑉𝐿𝐿���⃗ ′ when deposition direction is changed from 𝑉𝑉𝑣𝑣𝑣𝑣������⃗  to 𝑉𝑉𝑣𝑣𝑣𝑣������⃗ ′  
 

Otherwise it is impossible to guarantee an unhampered heat 
treatment of the interaction area. At the same time, the z-axis 
of the extruder (zext) as well as 𝑉𝑉𝐿𝐿���⃗  and 𝑉𝑉𝑣𝑣𝑣𝑣������⃗  create a plane AT. Only 
under the condition of the constant angular relationship 
𝑉𝑉𝑣𝑣𝑣𝑣������⃗  ⏊ 𝑧𝑧𝑒𝑒𝑒𝑒𝑒𝑒  and α = α‘, a defined coupling of the laser radiation 
into the interaction area can be achieved by rotating AT around 
zext. Thereby the orientation of 𝑉𝑉𝐿𝐿���⃗  is always depending on the 
direction of 𝑉𝑉𝑣𝑣𝑣𝑣������⃗ . 

4. Approaches 

Based on the problem formulation, different principles have 
been developed as part of the conceptional phase. The following 
solutions require a laser beam radially shifted to the extruder 
axis. Its propagation direction and beam shape have been 
defined previously. There are no dependencies between beam 
shaping and beam guidance at the principle synthesis. All 
depicted illustrations are not true to scale. 
 
4.1. Version 1 – radially arranged 4-mirror-system 

The first concept for variable laser beam deflection comprises 
a system of four plane mirrors (M1 – M4), radially arranged to 
each other by 90° (Figure 3) and possessing a degree of freedom 
(DOF) of six. 
 

 
Figure 3. Working principle radially arranged 4-mirror-system as top 
view (left) and side view (right) 
 

Initially, the incident beam hits M1 and is directly reflected into 
the interaction area. Furthermore, a deflection onto M2 or M4 is 
possible. For this, M1 is moved along M1b and guides the beam 
into the mirror plane of the 4-mirror-system. At the same time a 
shutter blocks the beam for a brief moment to avoid any damage 
of the extruder. A swivel-movement along M1c enables a 
reflection to M2 or M4. Besides directly deflecting the laser beam 
into the interaction area, either M2 or M4 needs to be able to 
pass the radiation onto M3. Hence, one of these elements needs 
to provide another degree of freedom (M2a or M4a). 
Consequently, and analogous to the deflection principle at M1, 
the laser beam is projected to M3, parallel to the mirror plane. 
Whether M2 or M4 is extended by a further DOF is insignificant 
regarding the functional principle. 
 
Table 1 Parameters of the radially arranged 4-mirror-system 
 

Heat treatment area at the 
nozzle – top view Remarks 

 

- 80% of the circumference 
- option for scanning 
- 7 necessary controls 
- moderate costs 

 
The described principle requires two of the four elements 

providing a degree of freedom of two. Again, the rotation about 
the mirrors’ local z-axes makes a laser beam treatment of a small 
interaction area as well as little scanning fields possible. The 
setup realizes a heat treatment along all main deposition 
directions (positive and negative x- and y-direction) but cannot 
handle diagonal movements. As a result (Table 1), six rotations 
of four plane mirrors become necessary to cover approximately 
80% of the nozzle’s circumference. The expenses for this setting 
are expected to be moderate. 
 
4.2. Version 2 – cone-shaped-mirror system 

A further approach utilizes the combination of a plane and a 
cone shaped-mirror, known from quasi simultaneous laser 
material applications, e.g. laser soldering [15]. Due to the 
present part arrangement, a concentrically orientation of the 
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incident laser beam is not feasible. Consequently, the principle 
incorporates two plane swivel-mirrors (M1, M2) as well as a cone 
shaped-mirror (M3). M1 and M2 have a defined distance a to the 
middle axis of the extruder. As depicted in Figure 4, the incident 
beam needs to be switched in order to gain two different rays. 
 

 
Figure 4. Working principle cone-shaped-mirror system as top view (left) 
and side view, with cone-shaped-mirror as sectional view (right) 
 

For this separation two additional shutter become necessary. 
Since, the configuration of beam shaping and -separation is not 
relevant for the working principle, further details are not 
considered at this point. The incident laser beam strikes on 
mirror M1 and is reflected onto M3 by a swivel-movement of M1b 
and M1c. Due to the radial deviation a, the beam deflected at M3 
is not guided into a defined interaction area beyond the cone 
shaped mirror. Therefore, a tumbling motion, achieved through 
a superimposition of M3a and M3b, is needed in order to correct 
the offset. The principle works analogous for M2. Additionally, 
M1 and M2 are able to achieve deflections at more than one half 
of the cone shaped-mirror’s circumference (Figure 4 left). 
 
Table 2 Parameters of the cone-shaped-mirror system 
 

Heat treatment area at the 
nozzle – top view Remarks 

 

- 100% of the circumference 
- no option for scanning 
- 8 necessary controls 
- high costs 

 
The cone-shaped-mirror systems’ parameters are shown in 

Table 2. Each of the components provides a DOF of two. Due to 
the wide deflection angle of M1 and M2, the entire 
circumference of the nozzle can be reached by the laser beam. 
The incident beam direction is selected by the shutter in 
dependency to the deposition direction. In addition, the 
tumbling motion of M3 needs to be synchronized to every 
deflection angle position of M1 or M2. Because of the system’s 
inertia only a very slow scan field movement can be realized. The 
overall design requires eight controlled units of three mirror 
elements and achieves a 100% heat treatment of the nozzle’s 
circumference. High expenses are expected for a realization. 
 
4.3. Version 3 – elliptical mirror system 

The third concept of laser beam deflection combines a rotating 
plane mirror (M1) and an elliptical mirror (M2). M1 is located at 
the left focal axis (F’) of the elliptical mirror, so the local z-axis of 
M1 and F’ are concentric. When the laser beam, which is also 
concentric to the focal axis at F’, strikes onto M1, it can be 
deflected onto the right focal axis (F) by a rotation along M1c. 
This is due to the general deflection behaviour of an elliptical 
mirror [16]. Based on a certain configuration of M1 and M2 the 
laser beam is directly coupled into the interaction area on the 
building platform (Figure 5 right). This requires the middle axis 
of the extruder being concentric to the focal axis at F, too. Due 
to the elliptical mirror the laser beam can be deflected to most 

of the nozzle’s circumference, except the area shadowed by the 
extruder (Figure 5 left). 

 

 
Figure 5. Working principle elliptical mirror system as top view (left) and 
side view, with elliptical mirror as sectional view (right) 
 

The elliptical mirror system utilizes a combination of a 
rotational plane mirror (M1), having a DOF of one and a fixed 
elliptical mirror (M2). Consequently, only one component needs 
to be controlled by software. There is no synchronization 
between the used elements necessary. A scanning procedure of 
M1 can be realized through a repeated swivel-movement within 
an angular range. Considered holistically (Table 3), the laser 
beam heat treatment can be applied onto approximately 90% of 
the nozzle’s circumference. Nonetheless, due to the none 
conventional shape of M2, high costs for this setup are expected. 
 
Table 3 Parameters of the elliptical mirror system 
 

Heat treatment area at the 
nozzle – top view Remarks 

 

- 90% of the circumference 
- only 1 necessary control 
- limited option for scanning 
- high costs 

5. Evaluation of the approaches 

The developed approaches provide different properties which 
have been described at the principle synthesis.  
 
Table 4 Evaluation of the approaches 
 

Evaluation criteria Ver 1 Ver 2 Ver 3 
Number of beams ++ o ++ 
Number of deflections o + + 
Required control effort – – – – ++ 
Number of needed optical elements o + ++ 
Covered treatment area o ++ + 
Estimated costs o – – 
Result – o + 

++ excellent + good o satisfactory – sufficient – – insufficient 

The evaluation (Table 4) contrasts advantages and 
disadvantages and leads based on the evaluation criteria, to 
version 3 – elliptical mirror system. Nevertheless, it will take 
huge effort of realization due to the new development of this 
setup and its introduction into the LSAM process. 

6. Mirror geometry and simulation of beam propagation 

For laser beam treatment of polymer strands, the combination 
of a rotational plane mirror (MRot) with an elliptical mirror goes 
beyond the state of the art. Consequently, it becomes necessary 
to develop a defined shape of the elliptical mirror’s reflectional 
surface. Based on the principle in Figure 5 (right) shape 
variations were conducted at four different geometries depicted 
as quarter-sectional view in Figure 6. The laser beam 
propagation was simulated utilizing the commercialised ray 
tracing software TracePro®. When the plane mirror MRot is being 
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rotated the beam intersects with the right focal axis of the 
elliptical mirror. But, depending on the angle of rotation, this 
intersection occurs at different distances beneath the mirror 
system when an inclined or circular shape is used. The elliptic 
design leads to a rotational ellipsoid which describes a special 
case. It achieves a beam propagation from the left to the right 
focal point both laying in the same working plane. Since both 
focal points are located inside of the mirror system a deflection 
into the interaction area is not possible. Therefore, the 
rotational ellipsoid is not suitable for the addressed task. 
 

 
Figure 6. Sectioned segments of different mirror designs (schematic 
illustrations, not true to scale) 
 

The final solution was found in a parallel mirror surface which 
leads to an elliptical tube-like mirror. When MRot is rotated with 
respect to its z-axis, the deflected beam intersects the right focal 
axis on a defined and fixed distance beneath the mirror system. 
 

 
 

Figure 7. 2D-CAD-model of the elliptical mirror system and extruder 
 

The developed design (Figure 7) is realized as a rotational 
mirror mount attached to a monolithic elliptical tube-like mirror. 
The deflection system is implemented into an experimental 
setup of a LSAM machine. Requirements regarding accessibility, 
lifetime and maintenance are considered in the design, too. 

7. Summary 

Large Scale Additive Manufacturing enables fast build rates as 
well as the processing of a huge variety of materials. A new 
approach aims onto an LSAM process improved by a laser beam 
treatment. The realization of such a setup requires the 
development of a multidirectional deflection system. 

After depicting the problem formulation several concepts are 
described. In general, the three approaches shown are suitable 
to solve the task. They possess different benefits and drawbacks. 
In the end an evaluation of the principles leads to the preferred 
solution, called elliptical mirror system. 

Further development steps became necessary in order to 
design an appropriate mirror geometry. By means of an optical 
simulation software four designs were investigated. The final 
result was found in an elliptical tube-like mirror shape. This 
system is well suited to realize a repeatable laser beam 
treatment, tailored to the LSAM process. 

Future work will transfer the gained results into an 
experimental setup. The elliptical tube-like mirror will be 
manufactured under ultra precision conditions in order to 
minimize the alignment effort. After implementation into the 

LSAM machine and commissioning the hybrid process, utilizing 
the laser beam deflection system, will be examined. 
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Abstract 
POM (Polyoxymethylene) is a widely used engineering thermoplastic. It is relatively easy to be recycled in many industrial applications 
and one such way could be through 3D printing. FDM printing of polyoxymethylene comes with numerous challenges such as: poor 
bed adhesion, warping, delamination, and loss of mechanical properties. This research aims to develop reliable printing parameters 
to improve print quality and investigate the corelation between print quality and mechanical properties of printed samples. Multiple 
repetitions of varying print parameters have resulted in parts ranging from small prints failing on the first few layers, to large beams 
and dog-bone samples printed with relatively high quality and just under 60% of bulk material strength.  
 
Additive manufacturing, POM, Polyoxymethylene, FDM, 3D printing 

 

1. Introduction  

Polyoxymethylene (POM) is an engineering thermoplastic, 
preferred for its relatively high stiffness and hardness, low 
friction, dimensional stability and excellent chemical resistance 
to fuels and solvents. Many parts with engineering purpose 
utilize this material’s advantageous material properties, such as 
bearing surfaces, pulley wheels, housing parts and gears. It is 
therefore not surprising that POM production has been rising 
steadily from the 1980’s with a rate of about 5-7% annually. [1] 
This polymer is widely used in injection moulding and extrusion 
processes, as well as being applicable for machining operations. 
Because of its application in machining operations there is some 
waste generated in machine shops and factories, creating 
incentive to find ways to recycle this waste. One such way could 
be to process the discarded material into filament to use in FDM 
3D-Printing. However, additive manufacturing of POM parts 
using FDM technology is restricted by a number of challenges 
arising mainly from the level of shrinkage occurring in 
solidification and by the low coefficient of friction of the material 
resulting in low adhesion to the build plate, delamination, and 
warping. FDM printing of POM filament has only recently 
become accessible through the availability of POM filament and 
therefore little research can be found about these problems. As 
an example, Yi-Ta Wang et al. documented effects of print angle 
on the mechanical properties of FDM manufactured POM 
structured. However, the article failed to document the printing 
parameters, show printed samples, or address the challenges 
involved in the FDM printing of POM material. [2]  

The following work focuses on the experimental development 
of printing parameters, the qualitative assessment of their 
influence on print quality and destructive testing to evaluate 
mechanical properties of parts printed from POM material. 

 

2. Material and methodology      

Tensile bars and beam samples were produced using FDM 
technology to perform print quality evaluation by visually 
inspecting the parts and identifying faults and failures, as well as 
investigating the tensile strength of the samples by mechanical 
testing. The beam samples were visually inspected, and the 
tensile bars were tested. 
   
2.1. Polyoxymethylene 

The material used in the work was a polyoxymethylene 
copolymer supplied as pellets for injection moulding and 
extrusion production. The material was supplied in pellet form, 
however, needed to be extruded into rolls of filament to be used 
in an FDM printer. The filament was produced in a twin screw 
extruder, at 205°C with a diameter of 1.75 ± 0.2mm. 
 
2.2. FDM printing parameters      

The machine used for the printing of the samples was a 
Creality Ender 3 Pro with a simple temporary enclosure built 
around it to try to reduce rapid cooling of the printed parts.  

 

 
 

Figure 1. Printer with enclosure. 
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The Ender’s build plate can reach 135°C without modification, 
limited by the slicer software to 130°C and was set to that 
maximum temperature throughout all successful prints. 
Successful printing also required using the backside of a sheet of 
Masonite hardboard as the build surface to increase bed 
adhesion. These factors would ensure that the print would not 
fail after only a few layers because of excessive warping or poor 
bed adhesion. Printing parameters that were adjusted included 
nozzle- temperature and diameter, material flow rate, layer 
hight and print angle. The tensile testing samples were printed 
in 5 different layer orientations: along the tension, 
perpendicular to the tension, alternating between the two by 
layer, printed standing with alternating print direction and 
printed standing with a uniform print direction. These are 
illustrated visually in figure 2 below and have been designated 
with abbreviations: LO for longitudinal, LA for lateral, C for cross 
layered, ZU for unidirectional z-print and ZC for cross directional 
z-print. The slicer software used to adjust parameters and 
generate the g-code of the printing process was the Ultimaker 
Cura 4.6.1. 
 

 
 
Figure 2. The figure shows how print direction is varied in the samples. 
LO: longitudinal, LA: lateral, C: cross layered, ZU: unidirectional z-print 
and ZC: cross directional z-print. 

3. Experimental procedure and qualitative evaluation 

The printed samples were beam samples for quality 
assessment and dog-bone specimen for tensile testing. Using 
the beam specimen to evaluate the quality of the prints, the 
print parameters could be tuned to ensure the best outcome for 
the printed test specimen. 

 
3.1. Quality assessment 

Print quality is assessed with two main characteristics in mind: 
warping and delamination. These are rated on a scale from 1-5, 
1 being the worst and 5 being best. Table 1 shows the ranking of 
beam specimen from figure 3 and their respective print 
parameters. These print samples were used to progressively 
tune the parameters of the printing to ensure the highest quality 
of the tensile specimen. The parameters that were investigated 
as factors in the print quality were: diameter of the nozzle, 
nozzle temperature, material flow and layer height. 
 
3.2. Mechanical testing 

Tensile tests were conducted on dog-bone specimen after 
preliminary screening of print quality. The specimen were 
printed at 250°C with a 0.8mm nozzle diameter, 0.32mm layer 
height and 100% flow rate. The tensile tests were done in 
accordance with ASTM D638 – 14 and the specimen were 
modelled after the type 1 specimen from the standard. As per 
the standard, the specimen were measured before tests were 

conducted and the area of the neck was recorded for future 
stress calculations. The tests were conducted at 5mm/min using 
the Mecmesin Emperor™ Force tensile testing machine. 

4. Results      

4.1. Print quality 
Figure 3 clearly shows that a vast difference in print quality is 

experienced if certain print parameters are varied. The process 
of continuously improving print quality through trial and error 
began with figuring out the nozzle- and bed temperature range, 
followed by experimenting with various textured build surfaces 
for increased bed adhesion. Finally, the beam samples from 
figure 3 were produced to assess build quality and screen for the 
optimal printing parameters moving forward. 

 

 
 

Figure 3. The figure shows beam samples printed at different 
temperatures and flowrates. 
 
Inspecting the beams visually there are clear signs of both 
warping and delamination of the layers, as well as other visual 
defects that will not be evaluated in this report.  
Table 1 shows the specific print parameters for each beam as 
well as the resulting grade each beam is given with respect to 
print quality. Higher nozzle temperature and flow-rate seem to 
result in the highest quality samples. 
 
Table 1 Beam samples and their print quality score. Parameters are 
nozzle temperature and flow-rate. (Nozzle diameter: 0.8mm, layer 
height: 0.32mm except beam nr 8 and 9) 

Beam nr Print parameters Warping Delamination 

1 230°C & 100% 3 1 

2 235°C & 105% 1 1 
4 240°C & 110% 3 3 

5 250°C & 110% 3 5 
6 250°C & 100% 1 4 
7 255°C & 100% 2 5 

8 260°C & 100% 
0.4mm layer height 

2 5 

9 250°C & 100% 
 0.5mm layer height 

1 5 
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4.2. Mechanical properties 

Mechanical properties were evaluated by subjecting the dog-
bone specimen to tensile tests and measuring their ultimate 
tensile strength (UTS). Figures 5 show the results from the 
tensile tests of the specimen. Unsurprisingly, the samples  
printed in Z-direction exhibited the lowest tensile strength as 
experienced in previous experiments. [4, 5] It is also noteworthy 
that the samples did not all break within the gage length of the 
specimen as is clear by the accompanying pictures of samples 
after testing besides each graph. This must be considered when 
evaluating the strength of the samples. 
In figure 4 the results from samples that broke outside the gage 
length have been discarded and the UTS of the remaining 
samples has been averaged and compared to the UTS from the 
datasheet of the bulk material. The disregarded samples were: 
C1, C6, La2, Lo2, ZC1, ZC2, ZC3, ZC5, ZU4 and Zu5. It should be 
considered that this leaves only one sample from the ZC type.  
 
Table 2 Mean UTS values of tested samples and bulk material as shown 
in figure 4 [3]. 

 

Figure 4. Mean UTS for each of the five sample types tested, as well as 
UTS of stock shape bulk material taken from the datasheet [3]. 

5. Analysis      

The process of manufacturing parts from POM using FDM 
technology requires optimized printing parameters and the 
environment at which the printing is done must be kept under 
control to provide the best conditions to achieve consistent and 
high print quality as well as maintain mechanical properties at 
an acceptable level. The following sections will detail the results 
of this work with regards to print quality and mechanical 
properties.  
 
5.1. Print quality 

Warping and delamination are both a result of the shrinkage 
that the extruded material endures when it begins to cool down. 
Rapid cooling and insufficient bond strength cause the parts to 
warp and layers to separate. To counteract this, it is important 
to let the part cool slowly and, improve the bond strength by 
increasing the thermal energy and pressure of the extruded 
material to ensure a better fusion of the bead to the previous 
layer. 

 
Figure 5a. Cross layered tensile test specimen UTS results (left) and 
broken samples (right). 
 

 
Figure 5b. Laterally printed tensile test specimen UTS results (left) and 
broken samples (right). 
 

 
Figure 5c. Longitudinally printed tensile test specimen UTS results (left) 
and broken samples (right). 
 
 

 
Figure 5d. Cross-layered, vertically printed, tensile test specimen UTS 
results (left) and broken samples (right). 
 

 
Figure 5e. Unidirectionally-layered, vertically printed, tensile test 
specimen UTS results (left) and broken samples (right). 

Samples Strength [MPa] % of bulk 
strength 

Cross 30.47 45.5 

Lateral 25.59 38.2 

Longitudinal 38.22 57.1 

Z-Cross 24.15 36.0 

Z-Unidirectional 26.03 38.9 

Bulk material 67 100 
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5.2. Mechanical properties 

It is clear from figures 4 and 5 that the strongest orientation of 
the printed samples is the longitudinally oriented print direction. 
The average strength of the longitudinally printed samples was 
about 57.1% of the bulk strength of 67MPa [5], according to the 
datasheet.  These results suggest a more loss in  UTS of the 
material  after  printing  than  some  previous  work. [6,  7] 
Unsurprisingly the lowest strength was exhibited by the samples 
printed vertically (in the z-direction), with the Z-Cross sample 
reaching only about 36%  of  the  bulk  strength.  These results 
intuitively make sense since the FDM process is based on layer- 
by-layer replication and the tension carried by the pieces printed 
standing is only as much as the strength of bonding between 
layers.  It is surprising, however, to see that the ZU samples 
display marginally higher strength on average than La samples, 
and the difference between strongest and weakest orientation 
is only about 14MPa or 36.8% of the Lo sample average strength 
compared to about 50% in the findings of Rybachuk et al [4]. This 
could be explained by the difference in materials being tested, 
however, another explanation could be that since POM has a 
relatively high heat capacity, it requires more energy to bond 
layers and fuse subsequent print-bead passes. Therefore, the 
concentrated heat, as a result of continuously depositing 
material on the small cross-sectional area of the sample, 
favourably effects the bond strength between the layers. 

6. Conclusion and future work 

To achieve relatively high print quality of larger parts, the 
results suggest using a nozzle temperature of 250°C and 110% 
flow rate and a layer height of 0.32mm and a nozzle of 0.8mm 
diameter. Furthermore, to achieve up to 57.1% of the tensile 
strength of bulk material orientating the print direction along 
the tension applied will have the most influence on UTS, as well 
as having the same printing parameters as for quality, however, 
the effects of flow rate on UTS were not investigated. 
The ability to produce parts from POM using FDM technology 
could be a real benefit for professionals and enthusiasts alike. 
The ability to use additive manufacturing to produce parts with 
such favourable properties could reduce lead time of parts and 
product, inspire new design and stimulate innovation. What is 
even more promising is the relative ease at which POM can be 
recycled into printable filament.  Thus, the use of FDM 
technology for the production of POM parts could reduce the 
waste even more since it utilizes additive manufacturing as 
opposed to subtractive manufacturing, thereby generating 
exponentially less waste. 
For future work, experiments with recycled material, increased 
build volume temperature and more thermally conductive build 
surfaces would be suggested, as well as investigating the effects 
of printing and print parameters on other material properties 
such as stiffness and hardness.  
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Abstract 
Additive manufacturing enables the fabrication of parts in a single process step – largely independent of the complexity of their 
geometry. This is particularly interesting when conventional manufacturing technologies (e.g. casting, forming, machining) are 
associated with extreme effort and usually only allow simple component shapes, as it is the case with Ni-Ti alloys. These not only 
have excellent mechanical properties and a high resistance to corrosion and wear as well as outstanding biocompatibility, but also 
exhibit a characteristic phase transformation in the solid state resulting in the shape memory effect and superelasticity. If an additive 
manufacturing approach is chosen for a Ni-Ti component, thus enabling the fabrication of complex and even intentionally porous 
components in one process step, post-processing of the surface becomes inevitable. Plasma electrolytic polishing (PeP) shows 
particular potential for this application due to its ability to achieve low roughness and high gloss levels within short processing times. 
The influence of PeP on the surface morphology of additively manufactured Ni-Ti components was investigated using corresponding 
compression springs, so-called smart springs. Using PeP, a structured morphology unimpaired by powder adhesions as well as a 
considerably smoother and glossy surface could be successfully achieved after five and fifteen minutes processing time, respectively, 
on Ni-Ti samples additively manufactured by Selective Laser Melting (SLM). 
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1. Introduction 

Additive manufacturing enables the fabrication of parts in a 
single process step – largely independent of the complexity of 
their geometry. This is particularly interesting when 
conventional manufacturing technologies (e.g. casting, forming, 
machining) are associated with extreme effort and usually only 
allow simple component shapes, as it is the case with Ni-Ti alloys 
[1]. These not only have excellent mechanical properties and a 
high resistance to corrosion and wear as well as outstanding 
biocompatibility [2–4], but also exhibit a characteristic phase 
transformation in the solid state resulting in the shape memory 
effect and superelasticity. If an additive manufacturing approach 
is chosen for a Ni-Ti component, thus enabling the fabrication of 
complex and even intentionally porous components in one 
process step, post-processing of the surface becomes inevitable. 
Otherwise, powder adhesions can become detached during 
operation leading, for example, to increased abrasion or short 
circuits and thus need to be removed. In addition, a smoother 
surface with regard to roughness is usually preferable in terms 
of mechanical performance. However, it could be shown that 
retaining the underlying Selective Laser Melting (SLM) structure 
can enhance biocompatibility of the components [5]. The 
influences of the respective processing technologies on the 
surface morphology of Nitinol are, to date, largely unresearched. 
Plasma electrolytic polishing (PeP) shows particular potential for 
this application due to its ability to achieve low roughness and 
high gloss levels within short processing times. Here, the 
workpiece is immersed in a cathodically contacted electrolyte 
bath with a material-specific, aqueous salt solution and 
anodically contacted. With potential u (typically in the range of 

180 V to 400 V) and current density J (approx. 0.2 A/cm2) within 
a specific process window, a vapour skin forms around the 
workpiece in which a plasma stabilises. Here, an interplay of 
electrochemical and physical mechanisms occurs, which remove 
material preferentially at protruding contours and thus 
eliminate burrs and reduce roughness peaks. On milled surfaces, 
a roughness of Ra < 0.2 µm can be achieved within a few 
minutes, although the significantly higher initial roughness of 
additively manufactured metal surfaces usually requires longer 
processing times. The influence of PeP on the surface 
morphology of additively manufactured Ni-Ti components was 
investigated using corresponding compression springs, so-called 
smart springs. Their function is based on the unconventional 
mechanical behaviour of martensite, which results in a 50 % to 
75 % drop in spring rate compared to austenite [6]. Thus, they 
react to a change in temperature by performing work and are 
therefore simultaneously sensors and actuators. 

2. Methodology  
For this investigation, smart springs with a wire diameter d of 

2.0 mm and a spring length l of 25.0 mm were designed. The 
pitch p corresponds to three times d, as shown in Figure . 

 
Figure 1. CAD-rendering and design parameters of the samples 
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 Nine samples (#1 to #9) were then additively manufactured 
by SLM using a powder with the chemical composition shown in 
Table 1 along with the process parameters listed in Table 2. 

Table 1. Chemical composition of the SLM powder in wt% 

Ni Ti Fe C O + N 
56.570 43.325 0.021 0.009 0.043 

 
Table 2. SLM process parameters 

Laser 
power 

Laser 
speed 

Layer 
thickness 

Hatch 
distance 

150 W 900 mm/s 60 µm 90 µm 
 

Subsequently, the samples were PeP polished in a material-
specific electrolyte for two minutes (#4 − #6), five minutes (#9), 
ten minutes (#7), fifteen minutes (#8) and twenty minutes (#1) 
at u = 330 V while being turned over after half of the processing 
time. In comparison to the initial as-built condition (#2, #3), the 
processing objectives were defined as the removal of powder 
adhesions while retaining the fissured SLM structure (T1) as well 
as its removal in order to achieve a smoother, uniform surface 
with lower rougness (T2). The evaluation of the investigated 
states was carried out by assessing the surface morphology 
using a Keyence VHX 900F optical microscope and determining 
the remaining sample mass using a KERN 572 precision scale. 

3. Results and discussion 

 The initial surface after SLM is characterised by the presence 
of spatters and partially melted powder adhering to the part. 
Furthermore, surfaces manufactured in hanging orientation 
exhibit a golden brown discolouration due to titanium oxide, 
which consequently ends at the centre of the lateral surface. As 
shown in Figure 2, it can be successfully removed after only two 
minutes of PeP polishing time. This is due to the dissolution of 
the oxide by complexing agents in the electrolyte. However, a 
glossy surface free of powder adhesion can only be observed 
after five minutes of processing time. Simultaneously, the 
underlying SLM structure is slightly rounded, but preserved. This 
stage can therefore be equated with target T1. With continued 
polishing time, the fissured morphology is further removed and, 
after fifteen minutes of PeP, transforms into a coherent and 
glossy surface with a roughness several orders of magnitude 
lower than the initial state. Despite a waviness visible in the light 
reflection and elongated notches located in the build plane, it 
thus approaches the desired geometry and achieves target T2. 
The notches can be reduced by further machining, but at the 
cost of additional material removal. However, it is more 
promising to counteract their formation by optimising the SLM 
parameters. The achievable results in this scenario are shown in 
Figure 3, which compares the upskin surface of the springs in the 
initial state and after twenty minutes of PeP. 

 
Figure 3. Optical micrographs of the upskin surface before and after PeP 

This processing is accompanied by a corresponding material 
dissolution, which at a rate of approx. 45 mg/min reaches 6 % 
for target T1 and 18 % for target T2, as shown in Figure 4. This is 
significantly lower than the 25 % and 41 % reported for chemical 
etching by Jahadakbar et al. [7]. 

 

 
Figure 4. Remaining relative sample mass in relation to the PeP time 

4. Summary      

Using PeP, a structured morphology unimpaired by powder 
adhesions as well as a considerably smoother and glossy  surface 
could be successfully achieved on SLM Ni-Ti samples after five 
and fifteen minutes processing time, respectively. The material 
removal required for this is significantly lower than with 
chemical etching as a researched alternative process. This 
demonstrates the potential of PeP for this application, although 
its influence on phase transformation and functional properties 
remains to be investigated. 
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Abstract 
Additive manufacturing as a key enabling technology is increasingly being used in industry. So far, for metallic parts, the powder bed 
fusion based selective laser melting (SLM) or the directed energy deposition based laser metal deposition (LMD) process integrated 
in machine tools or linked to robot arm systems are the most widespread. 
Wire based wire arc additive manufacturing (WAAM), as a technology with one of the highest build-up rates per unit of time will be 
of particular interest in the future and is being used more and more in hybrid machines. Materials and parameters for conventional 
arc welding with the welding torch in vertical (PA) position are well known and investigated. However, apart from the ideal PA- 
position, not much is known about deposition in so called ‘forced’ positions. This is becoming increasingly important in the case of 
particularly large components, as these can efficiently neither be clamped nor moved on a rotating and tilting table. More flexibility 
is achieved when the welding gun is moved as tool on curvilinear paths to build up complex parts without necessary part movement. 
This link to the component surface means to leave the ideal vertical position. To make this possible, optimal parameters must be 
found for each angular positions to enable high-quality and reliable build-up welding. Experimental investigations conducted within 
this study show that various dependencies exist and therefore angular positions can be interpolated. This enables a prediction of 
how various welding parameters must be set or have to be regulated at a given angle, based on which a control system can be 
programmed. 
 
 
Wire Arc Additive Manufacturing, Inclined plane, CMT Welding 

 

1. Introduction  

Overlay welding has been known for years and extensively 
been used in industry. Much previous work has focused on 
parameter finding. Xiong et al. [1] and Ding et al. [2] investigated 
the best approximation of the cross-sectional representation as 
well as the ideal bead spacing for multi-lane welds. Adebayo et 
al. [3] examined the limit value of the wire feed speed vD as well 
as the changes in the individual widths w and heights h of multi-
layer welds. All of these investigations have been carried out in 
the ideal, vertical, PA position. This paper examines the 
feasibility of welding outside the ideal PA position towards 
constrained positions for flexible WAAM with moving torch. 

2. Methodology and investigation  

CMT welding process from FRONIUS/GEFERTEC is used for the 
investigations. 1 mm diameter G3Si1 wire is welded on a 6 mm 
thick S235JR base plate. Further material combinations are 
feasible and will be examined if future studies. The welding torch 
was integrated into the tool spindle of a parallel kinematic multi-
optional machine tool from METROM, allowing the torch to 
move and tilt freely. Three boundary considerations are of 
interest to deposit a weld bead on an inclined surface. The 
combination of inclined burner and inclined plane with: 

1. Horizontal torch movement (PA, PB, PC) 
2. Rising torch movement (vertical seam PF) 
3. Falling torch movement (vertical-down seam PG).  

In a series of a total of 83 tests with angle settings 0°, 15°, 30°, 
45° and 60°, different machine (vf) and wire feed speeds (vD) 
were investigated. In principle, four layers were built on top of 
each other. The machine feed speeds examined are vf = 300, 450 
and 600 mm/min, the wire feed speed ranges from vD = 2 to 
9.4 m/min. The ratio of machine feed speed to wire feed speed 
corresponds to the value λ (λ = vD / vf) and should be determined 
for ideal parameters and used for subsequent characterization 
of weld beads, Figure 1. Adebayo et al. [3] found that for PA 
position a humping effect (Fig. 1a) is very likely to occur above a 
limit for machine feed of 600 mm/min.  

a) 
 

b) 
 

c) 
 

d) 
 

 
Figure 1. 
a) Classic humping effect at 0°,  
  (vD = 3 m/min, vf = 600 mm/min, λ = 5) 
b) Humping effect and formation of pearls on the side at 60°, 
  (vD = 6 m/min, vf = 600 mm/min, λ = 10) 
c) Lateral pearl formation at 60°, 
  (vD = 7 m/min, vf = 450 mm/min, λ = 15) 
d) Very good weld with bead characteristics at 60° 
  (vD = 6 m/min, vf = 300 mm/min, λ = 20) 

Only those welding patterns are taken into account, which 
have typical bead characteristics without an excessive humping 
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effect in the lower layers (Fig. 1d). It must be mentioned that a 
hump formation sometimes took place in the second layer but 
was corrected due to the good control of the CMT process in the 
layers above (Fig. 1c). 

3. Results and Discussion 

It is noticeable that the possible ratio of λ becomes smaller 
with increasing angle (Table 1). In the case under consideration, 
the machine feed speed of 300 mm/min, possible wire feed 
speed decreases as the angle increases. Less mass and hence 
less energy can be absorbed by the wire feed per route section. 
If vf exceeds this value, weld pearls are created, which are 
formed according to the force of gravity. 

When the machine feed rate is increased to 450 mm/min and 
towards the limit value of 600 mm/min, it becomes clear that 
the allowed ratio band is getting narrower and narrower - 
especially at higher angles. For vf > 400 mm/min, hardly any 
usable results were achieved at 60° angle. For vf = 600 mm/min, 
no usable results are possible at 60° angle. The maximum angle 
for the creation of a multi-layer weld for this machine feed rate 
is 45°. 

The achievable values are shown in Table 1. It becomes clear 
that a ratio between 13 and 16 must be found for reworking 
free-form surfaces. Xiong et al. [1] noted that there is a limit λ of 
12.5 for the caterpillar geometry. Up to this value, the cross-
section can be represented particularly well by a parabola [1, 2]. 
This ratio is close to the values found and offers integer values 
for vf and vD for further investigations. 

 
Table 1. Ratio λ as a function of angle and machine feed 

 
Angle 0° 15° 30° 45° 60° 

vf in mm/min Ratio λ 

300 10 to 31 13 to 31 13 to 27 13 to 31 7 to 20 

450 7 to 21 9 to 21 9 to 20 11 to 21 disregarded 

600 12 to 16 10to 16 13 to 16 13 to 16 disregarded 

 
The introduced energy per unit length can be calculated using 

the following formula: 

𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =
𝐼𝐼𝑊𝑊 ∙ 𝑈𝑈𝑊𝑊 ∙ 𝜂𝜂𝑡𝑡ℎ ∙ 60

𝑣𝑣𝑓𝑓
 

Since the welding current IW correlates with the wire feed 
speed vD in the CMT process, it can also be said that the energy 
ELine is proportional to the speed ratio λ. However, the welding 
voltage UW also increases with the welding current IW, so that 
there is no direct proportionality. Thus, with the same ratio λ, 
different energy per unit length can be introduced into the 
substrate. The CMT characteristic applied here enables the 
following line energies in the range of possible wire feeds, with 
the best option highlighted (Table 2): 

 
Table 2. Characteristic values of the applied CMT-process 

 
vD vf λ UW IW UWIW η ELine 

m/ 
min 

mm/ 
min 

 V A VA  kJ/m 

2 160 12,5 8,9 68,0 605,2 0,8 181,560 

3 240 12,5 9,8 83,0 813,4 0,8 162,680 

4 320 12,5 10,4 97,0 1008,8 0,8 151,320 

5 400 12,5 11,5 120,0 1380,0 0,8 165,600 

6 480 12,5 11,9 152,0 1808,8 0,8 180,880 

7 560 12,5 12,8 170,0 2176,0 0,8 186,514 

8 640 12,5 14,4 185,0 2664,0 0,8 199,800 

9 720 12,5 15,9 198,0 3148,2 0,8 209,880 

9,4 752 12,5 16,4 204,0 3345,6 0,8 213,549 

Additional investigations showed that the lowest possible 
energy input is advantageous. With the premise of achieving 
maximum welding speed with a sufficient weld bead shape, the 
best combination is found to be a feed speed of 400 mm/min 
with a wire feed speed of 5 m/min. With this combination, the 
welded metal does not form any lateral weld pearls even at an 
angle of 60°. The assumption that this effective combination, 
which works at a 60° angle, is also applicable in smaller angular 
positions has been confirmed. 

4. Conclusions 

A setting has now been found for the horizontal torch 
movement. The investigations have shown that the weld bead 
geometry is stable for different angles (Table 3). The achieved 
mean weld bead width w is 5.93 mm with a standard deviation 
of 0.11, the mean weld bead height h is 2.72 mm with a standard 
deviation of 0.13. 

 
Table 3. determined values w and h in horizontal burner movement  

 
Angle vD vf λ UW IW ELine w h w/h 

 m/min mm/min    V A kJ/m mm mm  
0 5.6 450 12.44 11.8 139.0 174.95 5.955 2.675 2.23 

0 5 400 12.50 11.5 120.0 165.60 5.923 2.616 2.26 

0 5 400 12.50 11.5 120.0 165.60 5.924 2.563 2.31 

0 5 400 12.50 11.5 120.0 165.60 5.893 2.652 2.22 

15 5.6 450 12.44 11.8 139.0 174.95 6.143 2.670 2.30 

15 5 400 12.50 11.5 120.0 165.60 5.820 2.688 2.17 

30 5.6 450 12.44 11.8 139.0 174.95 6.093 2.825 2.16 

30 5 400 12.50 11.5 120.0 165.60 5.873 2.670 2.20 

45 5 400 12.50 11.5 120.0 165.60 5.856 2.966 1.97 

60 5 400 12.50 11.5 120.0 165.60 5.831 2.865 2.04 
Standard 
deviation 0.29 24.15 0.03 0.14 9.18 4.52 0.11 0.13 0.11 

Arithmetic 
average 5.18 415.00 12.48 11.59 125.70 168.41 5.93 2.72 2.19 

5. Summary and Outlook 

For build-up welding according to a path contour in the 3D 
space, the path geometry must be split according to a horizontal 
(1), rising (2) or falling (3) torch movement. Initial investigations 
have been carried out accordingly for the horizontal movement 
and inclined torch.  

In future investigations, the parameters for the falling and the 
rising torch movement must be researched. It can be assumed 
that the parameters for the horizontal movement are also valid 
for the downward weld, since this position is suggested as 
mitigation when the humping effect occurs [3]. The limits are 
even further set accordingly. A very narrow limit area is 
expected for the increasing movement, since this is the most 
technically demanding welding [4]. 
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Abstract 
 
The project work deals with the optimization of an existing, one cubic meter tall, fused-filament-fabrication-machine. The 
investigation of the machine led to the decision of the design of a completely new machine. Setting boundary conditions like the size 
of the build volume and space requirements was the first step of the realization of the new design.  The machine was completely 
designed using CAD before ordering the needed parts. The frame was built using aluminum construction profiles because of the big 
modularity they allow. The concept was to use a solid, bottom-mounted aluminum build platform. For the motion of the printhead, 
a core-xy motion system with two stepper motors and self-designed belt-leading and belt-tighten elements is used. For z-motion 
there are four individually driven threaded spindles. The motion system is supported by linear rails in all axis.  For the controlling, 
there were purchased components that use open-source software. The wiring and programming were other elements of the task. 
Finally, the new machine had to prove its function. Therefore, a lot of printing tests were done. Referring to the tests, the machine 
process boundaries could be set. The result of the project is a working, additive manufacturing system, operating with fused filament 
fabrication which is able to use two filaments at the same time. This can be useful for dissolvable support materials for example. 
 
Additive Manufacturing, Fused Filament Fabrication (FFF), Large volume FFF-machine      

 

1. Introduction   

Additive manufacturing developed from a niche application to 
a more and more common fabrication method. Higher freedom 
of design, growing range of processable materials and omission 
of expensive, part specific tools are only a few of numerous 
advantages. Fused filament fabrication (FFF) is one of these 
fabrication methods. Being patented under the designation 
“fused deposition modelling (FDM)” by Stratasys first in 1992 [1], 
meanwhile it ranks among the most popular AM technologies, 
especially in the private use. At the chair for Additive 
Manufacturing of the technical university “Bergakademie” 
Freiberg, FFF technology is a part of research. As part of our 
student project, a large volume FFF-machine should be 
optimized structurally and functionally. Like said before, FFF-
technology is very common today, especially in private use, with 
desktop machines. For industrial use, often larger parts have to 
be fabricated. For this, there are several machines with a roughly 
one cubic meter tall build volume on the market. They work on 
the same principle as the desktop machines. 

2. Methodology      

Before starting to work on the machine, we did a market 
research to check the state of the art. After that, we determined 
a catalogue of requirements for the machine. Following, the 
existing machine had to be examined, looking for weaknesses. 
On the basis of this, we decided to design and build-up a 
completely new machine. The next step was to do the new 
design using CAD. After ordering and manufacturing (FFF) the 
needed parts, the build-up started. Next, the machine had to be 
programmed and tested. Printing tests should show the 
reachable quality and accuracy.   

3. Existing machine      

While the existing machine Quadron 1001 was checked, we 
found a lot of weaknesses. The frame, which consists of 
aluminum tubes, is not stiff enough and doesn’t allow a high 
modularity. Tubes are connected using fff-printed corners. The 
spindles run in plastic sleeves and are made of metric thread 
spindles, which aren’t appropriate for a motion system. In 
addition, the build platform moves up and down with the 
spindles, this can be a problem with bigger and heavier parts. 

Furthermore, the motion system contains a weak six 
millimeter GT2 toothed belt which isn’t strong enough for the 
size of the machine, it would stretch during accelerating 
movements. There was also no option for tightening the belt. 

The electronics, especially the mainboard (running on Marlin) 
in combination with undersized stepper motor drivers results in 
slow reactions on operator inputs and malfunction of the 
drivers. The positioning of the electronics also didn’t allow an 
appropriate cooling. The filament should be moved by a geared 
dual-extruder but its production quality causes that it doesn’t 
provide a filament feed in our test. Another weakness is the 
positioning of the end stops which weren’t reached reliably by 
the printhead, this results in crashes between the printhead and 
the electronics which are positioned unfavourable in a corner of 
the frame. Summarizing, the following issues were noted: frame 
not stiff enough; plastic connectors in the frame; glued parts 
instead of reversible screw connections; z- motors at the 
bottom, carrying the weight of the printed part; metric threaded 
spindles for z-motion; spindles supported by plastic sleeves; 
6mm GT2 toothed belts; no adjustable belt tension; imprecise 
manufactured extruder; no accurate filament feed; no filament 
guidance; printing bed loose; laborious bed levelling (8 screws) 
by hand; bad endstop positions; bed not heatable. Figure 1a 
gives an overview of the existing machine.  
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The listed disadvantages of the machine led us to the decision to 
design and build up a completely new machine. 

3. Design and build-up      

We started designing the new machine using CAD software. 
The new frame consists of 40mm edge length aluminum 

construction profiles for a higher modularity and stiffness. The 
frame is mounted on adjustable supporting feets. The profiles 
are connected with angle brackets and slot nuts. The linear rails 
from the existing machine were reused for the new one because 
they were in a good condition and it saves costs. For the vertical 
movement, four new trapezoidal threaded spindles are used, 
each driven by one stepper motor. The new belt is a 10 mm GT2 
toothed belt. The needed deflection pulleys are mounted in self-
designed and fff-printed parts. For tightening, there are new 
parts which allow to tighten both belts to the same strain, 
preventing the extruder axis being pulled skew. We used a 
bought dual extruder, the Bondtech BMG-X2 for saving time and 
because of its good supply with spare parts and compatibility 
with other nozzles for example. The build plate, a 10 mm 
aluminum plate, is fixed at the bottom of the build volume, so it 
can tolerate heavy parts as well. The filament roll holders are 
mounted to the rear upper profile. Then, the filament runs 
through ptfe bowden tubes to the direct drive extruder. The 
electronics, now based on 24 volts were improved to a new 
mainboard with higher performance which can power the the 
motors properly. The operator can now use a 3.5-inch 
touchscreen to control the machine. The electronics are 
mounted in a self-designed housing which improves the cooling 
by two noctua fans. The bed levelling works with an inductive 
sensor, after a coarse levelling by hand. Figure 1b shows the new 
fff-printer design. 
 

 
Figure 1. a) existing system, b) rendering of the new designed fff-printer    

4. Printing tests      

After the build-up, the new machine had to be tested. We used 
test objects helping us to calibrate the steps per axis for the core-
XY motion system. The accuracy, which also depends on the 
material and printing settings, was measured at five points, as 
seen in figure 2b). In z-direction there were measured deviations 
of 0.05%, the levelling has also an influence on this value. The 
motion resolution in z-direction is 0.0125mm.  X and y direction 
show deviations of 2%, caused by the 0.8mm nozzle, pressing 
wide the first layer. The motion accuracy for x and y direction is 
0.01mm. 

5. Conclusions      

The analysis of the existing fff-printer Quadron 1001 showed 
many weaknesses which made a new design more reasonable. 
The costs of the new printer are approximately a third of the 
price of the old one. The weaknesses were fixed following our 
catalogue of requirements. The final tests verify this assessment. 
Figure 2a) shows the prototypical printer as result of the project. 

 
Figure 2. a) new system b) printing test cube    
 

Nonetheless, the machine is a prototype, this means there are 
also things we couldn’t realise in the given time, but we would 
advise to improve furthermore. 

A build plate made of spring steel should be added to simplify 
the unsticking of fabricated parts. The bed should be improved 
with a heating which allows a wider range of manufacturable 
materials. 

Also, all the printed parts used for the machine which are 
made of PLA should be fabricated out of ABS because PLA will 
deform under a permanent load. 
 
Table 1 shows the improvements which were realized during the 
design of the new machine. 
 
New machine 

aluminum construction profiles 

aluminum connectors 

screw connections 

z- motors on top, only for motion 

trapezoidal threaded spindels 

ball bearings 

10 mm GT2 toothed belt- less srtretching 

adjustable belt tension 

reliable filament feed 

filament guide, runout sensor 

printbed mounted at the bottom of the machine 

automatic bed leveling 

endstops are reached reliably 

preparation for bed heating 
Table 1. Improvements of the new machine 
 

The new machine is a basis for further researches of the fused 
filament fabrication process. It is shown that the precision of the 
motion system is appropriate for such a fff-machine. The 
printing test showed, that the result of the same g-code file 
printed, leads to measured geometry values which indicate an 
appropriate repeatability. 
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Abstract	
In	the	paper,	digital	models	of	a	fossil	tetrapod	skull,	obtained	by	various	3D	scanning	methods,	have	been	investigated	by	means	
of	digital	metrology.	The	unique	skull	of	Madygenerpeton	pustulatum	was	selected	as	example	because	it	is	of	high	interest	for	the	
palaeontological	community	as	well	as	its	characteristic	surface	covered	by	minute	tubercles,	thus	challenging	for	digitization.	Using	
the	CAD	software	Geomagic	Studio	and	Autodesk	PowerShape,	triangulated	models	generated	with	the	devices	AICON	SmartScan,	
Mitutoyo	AR	 Crysta	 and	AR	 Strato,	 Artec	 Space	 Spider,	 CREAFORM	GoScan,	 CREAFORM	HandyScan	 and	 EinScan	 Pro	 have	 been	
compared	with	 each	 other	 in	 couples.	 The	 geometrically	 and	 dimensionally	 closest-fitting	models	 underwent	 detailed	 statistical	
analysis	between	surface	polygons.	Rating	of	the	3D	triangulated	models	was	done.	Three	of	them	exhibited	differences	Δd	below	
0.1	mm,	which	can	be	considered	highly	satisfactory	for	the	smallest	tubercles	of	ca.	0.7	mm	diameter.		
	
Keywords:	Madygenerpeton,	Additive	Manufacturing,	triangular	model,	polygonal	analysis,	accuracy	 	 	

	

1.	Introduction	

Fossil	remains	of	ancient	organisms	are	unique	documents	of	
life	 in	 the	 geological	 past.	 Their	 individual	 appearance	 is	
determined	 by	 biological	 characteristics	 but	 also	 by	 the	
geological	 processes	 related	 to	 fossilization,	 resulting	 in	
different	 preservational	 patterns.	 Fossils	 are	 often	 fragile	 and	
can	be	easily	damaged	during	transportation	or	reproduction.	
Non-destructive	 or	 even	 non-contact	 digital	 methods	 offer	

various	 advanatges	 for	 providing	 access	 to	 fossils	 for	 several	
groups	 of	 users	 (researchers,	 students,	 museum	 visitors,	
broader	public).	Digital	models	can	be	viewed,	manipulated	on	
screen	 or	 used	 for	 obtaining	 analogue	 (printed)	 copies	
simultaneously	and	without	touching	the	actual	object.	
Although	digital	representation	increasingly	becomes	standard	

in	 palaeontology	 [1],	 no	 quantitative	 studies	 evaluating	 digital	
models	of	fossils	have	been	published	so	far.	The	novel	aspect	
of	our	contribution	is	an	attempt	to	fill	in	this	gap	using	digital	
metrology	 and	 to	 provide	 a	 method	 for	 further	 objective	
evaluations	in	terms	of	required	reproduction	accuracy.		

2.	Description	of	the	object						

We	 obtained	 and	 evaluated	 several	 digital	 models	 of	 the	
holotype	 specimen	 of	 Madygenerpeton	 pustulatum	 [2],	 a	
detached	 and	 somewhat	 deformed	 skull	 of	 a	 ‘reptiliomorph	
amphibian’	from	the	Triassic	of	Kyrgyzstan.	The	skull	 is	 lacking	
the	 lower	 jaw.	Besides	 interest	 in	 the	type	and	only	specimen	
of	 a	 Madygenerpeton	 skull	 for	 exhibitions	 and	 research	
purposes,	 its	 challenging	 morphology	 characterized	 by	
numerous	minute	 tubercles	 covering	 the	 surface	 of	 the	 bone	
makes	it	an	object	valuable	for	digital	reproduction.	The	object	
is	shown	in	Figure	1.	
The	 analyzed	 3D	 models	 have	 been	 generated	 using	

photogrammetry,	 handheld	 structured	 light	 scanning,	 laser	
scanning,	 industrial	 structured	 light	 scanning,	 coordinate	

measuring	 machines	 and	 computer	 microtomography	 (µCT).	
Here,	 we	 compare	 triangulated	 3D	 models	 obtained	 from	
AICON	 SmartScan,	 Mitutoyo	 AR	 Crysta	 and	 AR	 Strato,	 Artec	
Space	Spider,	CREAFORM	GoScan,	CREAFORM	HandyScan	and	
EinScan	 Pro	 devices.	 Additonally,	 physical	 copies	 have	 been	
produced	by	various	additive	manufacturing	methods	based	on	
the	Artec-derived	3D	model	[3].		
	

	
	
Figure	1.	 Skull	 of	Madygenerpeton	pustulatum	 (holotype	 FG	596/V/4,	
housed	 at	 the	 TU	 Bergakademie	 Freiberg):	 a)	 general	 view,	 and	 b)	
close-up	 picture	 of	 bony	 tubercles	 covering	 the	 skull	 in	 the	 region	 of	
left	orbit	
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3.	Comparative	analysis						

A	 comparative	 analysis	 was	 performed	 in	 two	 stages.	 First,	
coupled	3D	models	underwent	visual	and	statistical	analysis	of	
the	differences	between	them.	Next,	the	closest	fitting	models,	
geometrically	 and	 dimensionally,	 were	 chosen.	 These	 models	
underwent	 detailed	 statistical	 analysis	 between	 surface	
polygons.	 In	 the	 experiments,	 CAD	 software	Geomagic	 Studio	
and	Autodesk	PowerShape	was	used.		
Due	to	the	uniquenness	of	the	analysed	object,	no	reference	

model	was	 available.	 Thus,	 each	 couple	of	models	underwent	
comparison	 between	 one	 another	 based	 on	 the	 distance	 Δd	
between	polygons.	 Figure	2	 shows	an	example	of	 comparison	
of	 two	 digital	 models,	 and	 Table	 1	 contains	 the	 results	 for	
AICON	model	compared	with	AR	Crysta	and	AR	Strato.	
The	 most	 informative	 parameter	 appeared	 to	 be	 average	

distance	 ∆! 	 and	 its	 standard	 deviation	 σ{Δd}.	 Especially	 the	
latter	 one	 is	 a	 good	measure	 for	 the	 difference	 between	 the	
tested	3D	models.	Figure	3	represents	graphically	the	rating	of	
the	digital	3D	models	provided	by	 the	 respective	devices.	The	
doubled	blue	 lines	corrspond	with	close	 results,	while	 the	 red	
lines	show	the	couples	where	the	models	differed	substantially.	
Three	 of	 the	 analysed	models	 exhibited	 differences	 Δd	 below	
0.1	mm,	which	can	be	considered	highly	satisfactory,	since	the	
smallest	tubercles	on	the	surface	of	the	scanned	skull	were	of	
ca.	 0.7	 mm	 diameter.	 Others	 had	 Δd	 up	 to	 0.5	 mm,	 so	 that	
accuracy	of	these	models	was	insufficient.		

4.	Conclusions						

The	 performed	 comparative	 statistical	 analysis	 enabled	
assessment	 of	 technical	 abilities	 of	 the	 scanning	 devices	 and	
respective	 3D	 models	 of	 the	 fossil	 skull	 of	Madygenerpeton.	
The	objectives	were	focused	on	the	correctness	of	the	further	
fabrication	 of	 its	 copy	 with	 the	 Additive	 Manufacturing	
technology.	
	

	
	

Figure	 3.	 Rating	 of	 the	 devices	 based	 on	 the	 smallest	 distances	 Δd	
between	the	respective	3D	models	obtained	from	scanning	
	
Due	 to	 the	 object’s	 uniqueness,	 no	 reference	 model	 was	

available.	 As	 a	 result	 of	 the	 analysis	 of	 distances	 between	 3D	
surfaces	 of	 each	 couple,	 the	 models	 with	 small	 differences	
related	 to	 the	demanded	reproduction	accuracy	were	chosen.	
It	allowed	to	avoid	the	unnecessary	expenses	in	the	subsequent	
AM	process	of	3D	printing	of	the	copies	of	this	fossil	object.	
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Figure	2.	Automatic	superposition	of		tested	3D	models	from	2000	measurements	
	
Table	1	Example	of	the	obtained	distances	between	surfaces	represented	by	different	models	
Reference	model	 Test	model	 Distance	statistics	

Maximal	Δd	 Average	∆!!!!! 	 Standard	deviation	
σ{Δd}	positive	 negative	 all	 positive	 negative	

AICON	 AR	Crysta	 0.652	 -2.823	 0.101	 0.126	 -0.054	 0.095	
AICON	 AR	Strato	 0.686	 -4.502	 0.119	 0.128	 -0.051	 0.080	
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Abstract 
Cemented carbide parts are commonly used as wear resistance components in a broad range of industry, e.g. for forming, mould 
making and matrices. At state of the art the machining of precision cemented carbide components by milling is strongly limited due 
to excessive tool wear and long machining times. Promising approaches for precision machining of cemented carbide components 
are dedicated cutting tool coatings, new cutting materials like binderless polycrystalline diamond and ultrasonic-assisted machining. 
Nevertheless, for all these approaches the components need to be machined of monolithic materials. The new approach addresses 
an innovative manufacturing process chain composed of near net shape Additive Manufacturing followed by a precision finishing 
process. Within this investigations for the manufacturing of precision cemented carbide parts, cemented carbide with a cobalt 
content of 17 % and a grain size in a range of 23 µm ≤ gs ≤ 40 µm were used. As Additive Manufacturing technology laser powder bed 
fusion was used. Diamond slide burnishing and immersed tumbling were investigated as finishing technologies. Based on the 
investigations, a dedicated process chain for the manufacturing of precision cemented carbide parts could be realised. The findings 
show that the developed process chain composed of near net shape Additive Manufacturing and the finishing process diamond slide 
burnishing enables the manufacturing of precision cemented carbide parts with a geometrical accuracy of ag ≤ 10 µm. Due to the 
finishing process the initial surface roughness after Additive Manufacturing could reduce by Ra = 89 %. 
 
additive manufacturing, immersed tumbling, diamond slide burnishing, precision finishing    

 
1. Introduction 

Additive Manufacturing (AM) enables the production of highly 
complex metal components with maximum geometric flexibility 
in lightweight construction. These manufacturing processes are 
limited concerning the achievable surface roughness values of 
5 µm ≤ Ra ≤ 15 µm, the geometrical accuracies ag ≤ 1 mm and 
the residual stress condition. Fundamentally, additively 
manufactured components suffer from tensile residual 
stresses σE, which result in relevant distortion during the post-
processing. The current state of the art shows no established 
precision finishing method, which addresses the geometrical 
accuracy ag, the surface roughness value as well as the residual 
stress condition according to the application. Due to increasing 
requirements from industry regarding additively manufactured 
parts, innovative process chains need to be developed [1]. For 
manufacturing cemented carbide parts of forming tools, moulds 
and matrices powder bed based processes like the laser powder 
bed fusion (LPBF) are established [2, 3]. The new approach 
addresses an innovative manufacturing process chain composed 
of near net shape Additive Manufacturing followed by a 
dedicated precision finishing process. As finishing technologies 
diamond slide burnishing (DSB) and immersed tumbling were 
investigated. 
2. Experimental Setup 

For manufacturing precision cemented carbide parts a 
dedicated process chain composed of near net shape Additive 
Manufacturing by LPBF followed by a precision finishing process 
was investigated. As finishing technologies DSB and immersed 
tumbling were analysed in correlation to LPBF. Cemented 
carbide with a cobalt percentage of 17 % and a grain size in a 
range of 23 µm ≤ gs ≤ 40 µm were used as part material. The 
investigated process parameters for LPBF are shown in Table 1. 

 

Table 1. Investigated LPBF process parameters 

Parameters Part 1 Part 2 Part 3 Part 4 Part 5 

Pre-heating hp 500 °C 500 °C 500 °C 500 °C 500 °C 

Laserpower pL 310 W 119 W 80 W 100 W 80 W 

Energy 
density ρE 

1,722 
J/mm3 

224 
J/mm3 

213 
J/mm3 

333 
J/mm3 

222 
J/mm3 

Speed vL 
0.2 
m/s 

0.59 
m/s 

0.42 
m/s 

0.33 
m/s 

0.4 
m/s 

Pulsation pu Const. Pulsed Pulsed Pulsed Const. 

Point  
distance lP 

4 µm 65 µm 50 µm 40 µm 8 µm 

Exposure  
time tE 

20 µs 110 µs 120 µs 120 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 LPBF 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 tool made 
of single crystal diamond with a radius of r = 1.5 mm from the 
company BAUBLIES AG, Renningen-Malmsheim, Germany. The 
four lapping media HSC 1/500, HSC 1/300, QZ and M 5/400  
were applied for the investigation of the immersed  
tumbling process on the machine tool DF-3 Tools of the 
OTEC PRÄZISIONSFINISH GMBH, Straubenhardt, Germany. The 
measurements of the surface roughness values and geometrical 
accuracies ag of the machined parts were done on the contour 
and surface roughness measurement device nanoscan 855 of 
the company JENOPTIK AG, Jena, Germany.  
3. Experimental investigations 

Within the investigation of the Additive Manufacturing 
process chain for manufacturing precision cemented carbide 
parts composed of LPBF and a dedicated finishing process two 
different finishing technologies were evaluated, see Figure 1.  
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As a result of the investigations concerning Additive 
Manufacturing the cemented carbide parts showed different 
specific properties regarding the surface roughness Ra and 
density ρ, which were considered in the evaluation process. To 
gain fundamental knowledge about the influence of the material 
part conditions regarding the finishing process, the parts with 
the highest and lowest surface roughness values were selected 
for the investigation of DSB. Correllating to Table 1 specimens of 
class ′part 1′ showed a surface roughness of Ra = 11.43 µm 
paired with a density ρ = 15.019 g/cm3 and specimens of class 
′part 5′ of Ra = 13.41 µm paired with ρ = 13.123 g/cm3 after 
LPBF. For the DSB experiments a process force in a range of 
80 N ≤ fp ≤ 140 N was applied.  

In general, the findings show that the surface roughness values 
of LPBF machined parts made of cemented carbide can be 
drastically decreased by DSB. It could be determined that the 
surface roughness values decreases with an increased process 
force fp. The results of the investigations show a great influence 
of the initial specimen condition after LPBF on the DSB process. 
In general, specimens with lower density ρ paired with higher 
surface roughness values result in lower surface roughness 
values after DSB. Using the DSB for specimens of class ′part 5′ 
the surface roughness could be reduced from Ra = 13.41 µm to 
Ra = 1.48 µm, which correlates to a reduction of the surface 
roughness Ra of 89 %. Regardless of the set of LPBF process 
parameters a penetration depth tE with a geometrical accuracy 
of ag ≤ 10 µm for each process force fp was achieved during the 
DSB. According to the results it could be proven that DSB enables 
a high-precision finishing of LPBF parts made of cemented 
carbide, which results in an innovative process chain (Figure 2). 

       
Figure 2. SEM images of the cross sections of the dedicated process 
chain composed of Additive Manufacturing followed by the DSB 

As second approach for precision finishing of LPBF parts made of 
cemented carbide the immersed tumbling process was 

investigated. Therefore, four lapping media QZ, HSC 1/500, 
HSC 1/300 and M 5/400 were evaluated. Thereby, the process 
parameters of the LPBF process showed no significant influence 
on the process results. For this purpose, the part with the 
highest surface roughness of Ra = 15.16 µm was used. The 
results of the investigations are shown in Figure 1 c) and 
Figure 1 d). It can be determined that the lapping media QZ and 
M 5/400 led to an improvement of the surface roughness values 
compared to the lapping media HSC 1/300 and HSC 1/500. Using 
the lapping medium M 5/400 a reduction of the surface 
roughness of approximately 30 % with Ra = 10.61 µm after a 
process time of tB = 240 min could be achieved (Figure 1 c)). 
Additional experiments concerning the geometrical accuracy ag 

showed depending on the lapping media a significant spread of 
the results. The highest geometrical accuracy of ag ≥ 25 µm was 
achieved using the lapping medium M 5/400 (Figure 1d)). 
However, the immersed tumbling enables a more time-efficient 
process due to the ability to machine several parts 
simultaneously. This advantage can only be used for applications 
with geometrical accuracies of ag ≥ 25 µm and surface 
roughness values of Ra ≥ 10 µm.  
4. Conclusion and further investigations 
   The findings show a great interdependency of the LPBF process 
parameters and the related finishing process. For the LPBF 
process a suitable set of process parameters for a near net shape 
manufacturing of cemented carbide parts could be identified. 
The results for the investigation of the two finishing processes 
DSB and immersed tumbling show a great applicability for 
precise finishing of cemented carbide parts. Especially the DSB 
process enables high precision with an achievable geometrical 
accuracy of ag < 10 µm and a surface roughness of Ra = 1.48 µm. 
Within the investigations the surface roughness values could be 
reduced by Ra ≤ 89 %. As a result a dedicated process chain 
composed of near net shape Additive Manufacturing by LPBF 
and DSB could be successfully developed. In further 
investigations, the correlations of the LPBF parameters and the 
finishing technologies on the residual stress σ will be analysed. 
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Abstract 
Optical sensors, especially in the Infrared range (IR), allow the measurement of the absolute surface temperature, recorded for 
each layer during fabrication. In order to record the true temperatures, the effective emissivity is of great importance, as it is 
utilized as input parameter for the IR camera. Many existing methodologies for estimating the emissivity, has formerly been 
reported [1]. However no viable solutions have been proven for the high temperature regime upward of 500 °C. The motivation for 
the research, is to acquire the surface temperatures of a heated black body radiator, and compare it to different topographies of 
AISI 316 stainless steel, which is commonly used as an AM material. The article furthermore seeks to compares to dynamic 
methods. The first method uses the black body cavity to estimate the emissivity of other regions of the surface, where the other 
method uses the more traditional by the use of thermocouplers to get the absolute surface temerpature.  The simple method 
examines the possibility of using a more simple approach in the estimation of the emissivity of a surface in general which is much 
faster and requires less equipment, such as an oven with transparent IR glass. Furthermore a numerical model is created in 
ABAQUS, in order to examine the heat transfer mechanism, parameter sensitivity and further verify the numerical model by the 
experimental data. The model investigates the variation of temperature through the thickness and the viewfactor variation over 
the surface. The results of this study pave the way for better temperature measurement, using in-process IR cameras during Laser-
based Additive Manufacturing, by proposing a simple geometric method for estimating the emisivcity by black body radiators at the 
high temperature regime.  
     
 

Keywords: True emissivity, Blackbody, Calibration of IR-camera  

 
 
1. Introduction 

   Infrared (IR) Thermography, has formerly been shown to be a 
well suited method, for measuring the temperatures during  
manufacturing processes, in order to achive better process 
control. Challenges however arise, utilizing IR thermography, as 
the camera only monitors the radiation emitted from a surface, 
related to its emissivty. The emissivty will variate with 
temperatures and morphologies of the surface, and it therefor 
becomes attractive, to develop a simple method, for a rapid and 
inexspensive estimation of different materials and 
morphologies. Former methodologies have successfully 
computed the emissivity of surfaceses, using a geometrical black 
body radiator at the lower temperature regime [1-5]. However, 
no verified method has been investigated at the high 
temperature regime from 500°𝐶 and above . The current paper 
therefore proposes and scrutinize, a simple method for 
estimating the emissivty at elevated temperatures. This is 
suggested accomplished, by the means of a black body (BB) 
radiator with known emissivity, as a reference for computing 
surface emissivities. A blackbody allows all incident radiation to 
be absorbed without any reflection or transmission. [6] The 
paper further compares the pros and cons for the different 
simple dynamic methods for estimating the emissivity of a 
surface. This includes the black body cavity method and the 
thermocouple method. Both methods are based on the same 
experimental setup utilized in the paper and will be discussed 

and compared. From former work, it has been shown that 
conductors such as metals in general shows an increasement in 
emissivty with increasing temperature [8] and vice versa for non 
conductors. This raises questions about the effect on emissivity 
from oxide formations at the surface, when during 
measurements at elevated temperatures in open atmosphere.   

2. Experimental Setup 

The basic setup, includes a geometrical black body radiator 
model (Fig 1), an Nabertherm LE 4/11/R6 oven, 4 type k 
thermocouples recorded using a National instruments 
thermocouple module (NI 9213, autsin TX) and a labveiw 
program. The thermal imaging system was recorded by a (FLIR-
SC645) with a resolution of 640 x 480 pixels and maximum 
temperature range up to -20  to 1500 °C. The distance between 
the camera and the black body surface was ≈ 30mm and the 
angle was ≈48 °. The radiator was placed within sand, where 
tempepature were sampled with a frequency of 1 [Hz] during 
cooling. The material investigated is AISI 316 stainless steel. 

Figure 1 a) Geometry of BB b) IR image of BB c) Probe locations 
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3. Methodlogy 

 
 

The black body radiator was heated in 3 runs, of [200 900 900] 

°C in the oven until steady state, and then transferred out of the 

oven for measurements.  Absolute and radiation temperatures 

were then recorded during the cooling.  The emissivity was then 

calculated, based on 2 dynamic methods. (i) The black body 

method, where the emissivity is determined from camera 

measurements only. (ii) The thermocouple method, where it is 

estimated based on the thermocoupler measurement of the 

absolute surface temperature.  In both methods the emissivity 

can be calculated from either a known reference emissivity of an 

ideal surface being 𝜀 ≈ 1, or by the comparison to a known 

absolute surface temperature.  A numerical model was 

constructed to investigate the temperature dissipation through 

the geometry.  

 

3.1 Emissivty calculation  

The amount of energy emitted from a surface will variate with 
temperature and surface morphology, and it is therefore of vital 
importance to estimate the emissivty for ability to acuratly 
monitor a process. The emissivty was determined using the 
following equation [7]. 

𝜀 =
𝑇𝑟

4 − 𝑇𝑎
4

𝑇𝑠
4 − 𝑇𝑎

  (1) 

 
 
Here 𝑇𝑎 is the ambient temperature, 𝑇𝑠 is the absolute surface 
temperature measured by the thermocupler, and 𝑇𝑟 is radiative 
temperature from the measured surface. In the black body 
method (i) the abosulte surface temperature is replaced by the 
temperature reporte by the camera at the black body 
temperature.  
 
3.2 Numerical model  

The radiation from the blackbody radiator was analysed in the 
commercial modelling software ABAQUS. This was done in order 
to investigate the teamperture distribution, through the 
thickness of the body, to prove that the temperature below the 
surface does not change significantly. The top surface radiation, 
was modelled by a free cavity radiation feature with an 
assumption of static effective emissivity at 0.8. The heat 
dissipation through the sand, was modelled by a surface film 
condition, based on a calculation of the thermal resistance of the 
sand. The sand was assumed to have a thermal conductivity of 

0.15 [
𝑤

𝑚𝐾
]. The model was validated by comparing the numerical 

and experimental temperatures at the probe location, which 
showed a good fit for the model. A plate was further modelled 
to replicated the cameras position and the viewfactor was 
investigated from the spatial data of the experimental setup.  
 
The model was used to investigate the temperature variation 
through the thickness, where the temperature probe had been 
placed. The viewfactor variation over the surface between the 
plate and the black body was examined.  

 

4. Results and discussion 

 

The proposed method contains several advantages and 

disadvantages, when compared to the tradiational methods. 

Here the emissivity is measured from steady state of the sample 

within a vacuum chamber that is being heated [1]. The emissivity 

is then measured through transparent Infared glas.  This method 

ensures no thermal gradient in the body and further removes 

the risc of oxidation and radiative reflection by the air molecules.  

 

The current method utilized for this particular study, estimated 

the emissivity by measurements taken in a normal atmosphere, 

and therefore had potential risc of being inaccurate. It might 

have potential issues, such as thermal gradients and rapid 

cooling times on the sample. Oxidation of the surface layer will 

also have an effect. This is minimized in the current case by using 

stainless steel 316L. The method however showed great 

advantages in  a fast experimental procedure without the need 

specialized oven. The measurements can also be conducted on 

a wide temperature range. The method however has several 

disadvantages compared to the common methods.  

 

4.1 Numerical results 

From the analysis of temperature variation through the 
thickness it was indicated by the numerical model, that the 
probe was only reading ≈ 0.5°C  lower than the actual surface 
temperature. The location of the measurements is shown in 
figure 5, where the a temperature profile of the model 
replicating a run at 900 °C is shown after 207 seconds of cooling. 
Form the viewfactor analysis the model only showed a slight 
deviation in the viewfactor. But might not completely replicated 
the precise optical properties between the camera and the black 
body surface.  
 

 

 

4.2 The black body method (No thermocouples) 

 

 (i) The Blackbody method removes the need for a 

thermocouple, and can be conducted using only the black body 

cavity, infared camera and an oven. Here the emissivities is 

determined, based on the black body radiator point, which has 

the known, close to ideal, surface properties due to its 

geometry.  

 

Figure 2, shows temperatures recorded by the thermocouples 

during the 3 runs. The black body experience continuous 

temperature gradient, due to radiation. This however also 

allows the emissivity, to be calculated over the fully recorded 

range in a single run.  The probe was attached to the geometry, 

after the heating, which is shown in the initial state of the probe 

Figure 2 Numerical model showing the location of the thickness 

measurement and the inside of the black body cavity. 
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data. One can see a good consistency between the temperatures 

between the 2 runs at 900 °C.   

 

Based on the infared recorded images, the emissivity of the two 
tracks, has been been determined by the application of equation 
1. The method uses the assumnption of ideal emission 
properties at the black body radiator point.  
 
Figure 3, shows the determined emissivity with no 
thermocouple for the 2 tracks on the geometry. Here the 
emissivity was calculated based on the camera data only.  
 

One can observe an inconsistency in the determined emissivity 
for the 3 runs, as they seem to deviate. The run at 200 °C shows 
an expected behaviour for a conductor as the emissivity 
decreases, as the temperature goes down [8] making the 
excitation of the atoms smaller and reduces the ability to absorb 
and emit. The difference between the 2 last runs, could be 
explained by a difference in viewing angle, as the black body 
cavity was placed with a 90 ° differences relative to the camera. 
This is potentially the reason for the deviation between the 2 
high temperature runs. Another possibly effect could be an 
increased oxide formation at the surface for the second run at 
900 °C due to the sample being cycliced heated.  
 
One can further observe an unexpected behaviour, as the 
emissivity seems to rise with decreasing temperature. This could 
be explained by variation in thermal gradiatients and potentially 
an oxidation of the surface. The oxidation should however have 
less of an influence due to the use of steel 316 L.  

 

4.3 The thermocouple method  

This method removed the necesscity for a known surface 
emissivity as the black body cavity and is the more tradiational 
method for estimating the property. The particular method in 
this study, however deviates from former study as it is executed 
in an open atmosphere and monitored during cooling and not 

steady state, within the oven. Compared to the dynamic black 
body method (No thermocoupler) the applied method 
(Thermocoupler )has several advantages, as there is a reliable 
temperature measurement of the absolute surface temperature 
during the experiments. It however also includes other potential 
issues, such as reliable placement, ensurance of good thermal 
contact, and the fact that the thermocouple is sinked into the 
surface. This issue was however indicated by the numerical 
model, to have a neglectable effect.  
 
Figure 4 shows the emissivity, based on the temperatures 
reported by the IR camera and the thermocouplers. Here the 
thermocouple was place at the location of the black body cavity 
point. The relatively small flucations, could be explained by the 
different temperature gradients, throughout the black body, as 
the bottom surface was placed on a table. This further showed 
a disadvantages in the method, as the bottom surface of the 

sample, would consist of a different heat transfer condition, 
than the thermal radiation emitted from the free surfaces at the 
top.  
 
The emissivity results presented in figure 4, shows an expected 
emissivity behavior for the track and near track locations [8] 
where the emissivity is decreasing as the temperature goes 
down. This has formerly been reported for conductors. [8]  The 
emissivity reported at the black body point is above 1, which 
indicates that the system is not replicating the true temperature 
of the top surface, but rather the bottom of the geometry.  For 
the track one can orbserve, that it goes towards a meta platuea 
at 450-300 °C The emissivty here seems to be responding well 
compared to records for heavyliy oxidized metal surfaces [9]. In 
general the data recording, seems to be unstable from the 
approach, due to the transferring of the geometry outside the 
oven. A more stable reading can be achived by measuring the 
body at steady state inside an oven. Hower the method seems 
to provide a rough indication of the variation and magnitude of 
emissivity which is much faster and less expensive than 
tradiational methods.   
 

4.4 Comparison 

The 2 model showed different behaviours during the estimation 
of the emissivity by the dynamic method. The emissivity by the 
cameras, showed and emissivty in the range of ≈ 0.73 to 0.78, 
compared to the emissivity estimated by the more tradiational 
thermocouple method, was found for the initial run at 900 °C to 
be ≈ 0.85 and spanding from ≈ 0.85 to 0.89. It is clear to 
orbserve a variation between the two methods, which could be 
explained by the many disadvantages of the methods described 
formerly. The method however shows potential in rough 

Figure 4 Emissivity plot based on camera measurements without thermocoupler 

Figure 5 Emissivty plot using the thermocouple method 

Figure 3 Temperature comparison between probe and camera measurements 
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estimation of the emissivity when compared to other emissivity 
results found in other studies. 

 

5. Conclusions 

Estimating the emissivty in the high temperature regime, has 
never been a straightforward task, as there are many properties 
and condition effecting the radiative flux between objects. The 
results showed, that the position of the camera among the 
reflection and arbosoption from ambient environment, has a 
large effect on the temperature mesasured by the IR imaging 
system. The method also shows a disadvantage in transferring  
the geometry outside the oven, as it is subjected to convective 
cooling, which is also shown in the data. The geometry of the 
black body has a disadvantage as the bottom will cool slower 
than the top surface giving rise to thermal gradients, which was 
orbserved in the temperature comparison plots. 
 
The current paper proposed 2 simple dynamic methods for 
estimating the emissivity of a surface fast and inexpensive 
compared to traditional methods.  
 
5.1 The black body method 

The first method utilized the geometric black body, to estimate 
the emissivity of two tracks on the surface of the geometry. The 
method showed advantages in fast experimental runs, without 
the necessity of an oven an ideal atmosphere, it however also 
showed an unexpected behaviour in the emissivity. Here it rised 
with decreasing temperature, which have been reported not to 
be common for conductors (metals). It should also be 
empathized, that comparison to other studies is in general not 
easy, as many studies finds results with relatively large variation 
of the emissivity for the same material, further illustrating the 
many variables effecting the measurements.    
 

 

5.2 The thermocouple method 

The emissivity was indicated to have a more expected tendency 
by falling with decreasing temperature, the emissivity was 
further around the expected ranges when compared to another 
study found [8-9]. The method further showed a good 
consistency in the probe data, between the runs but also 
showed the importance of the viewfactor. The tracks created a 
deviation that could be observed, between the to runs at 900 °C. 
This is hypothesized to be effected, by the view angle deviation 
and a potential formation of oxides, on the surface due to cyclic 
heating. 
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Abstract 
The ongoing improvements within material development of polymer‐based additive manufacturing is resulting in an ever growing 
availability of highly specialized materials supporting the expansion of the area of application towards more complex and demanding 
part uses. One example of such an application is the use of additively manufactured tools for polymer profile extrusion. The work 
presented here aims to exploit the possibilities of integrating additively manufactured carbon fiber filled PEEK tools in the tooling 
process chain for polymer profile extrusion. Five samples for each of three different extrusion die geometries were manufactured 
using a fused filament fabrication process with carbon fiber reinforced PEEK material. The dimensional evaluation of a total of 15 dies 
was performed to ensure the final dimensions of extrudates will be according to specifications. It was found that the process could 
achieve a reproducibility within 0.2% and 10% standard deviation relative to nominal dimensions depending on the features size. In 
terms of accuracy, absolute deviations between 10 µm and 500 µm were found depending on the considered dimensions, indicating 
that a correction factor should be implemented in order for the dies to comply with the geometrical tolerance specifications required 
to manufacture the extrudate product. The external surface roughness of the dies were evaluated showing an average Sa value of 
15.6 μm with a standard deviation of ±3.2 μm across all samples. The relatively high surface roughness could potentially pose an 
issue when aiming for the production of extrudate products with smooth surfaces (e.g. Ra = 1‐2 µm or below). Further post‐processing 
of the internal die surface should be explored. Future work will include in‐situ testing of the extrusion dies with life‐time evaluation 
as well as dimensional and surface evaluation of the manufactured extrudate product. 
 
Additive Manufacturing, Tooling, Fused Deposition Modelling, Fused Filament Fabrication, Profile Extrusion, Dimensional Evaluation 

 

1. Introduction 

Extensive research within the field of compatible materials for 
additive manufacturing (AM) is rapidly increasing the availability 
of  specifically  developed materials with  enhanced  properties. 
With new materials being more durable, temperature resistant, 
dimensionally  stable,  with  high  machinability,  low  cost  or 
combinations  thereof,  many  new  areas  of  applications  can 
increasingly be explored  [1,2]. 
Several studies have been dealing with AM for direct tooling, 

both within  soft  and hard  tooling. While metal AM  tools,  i.e. 
hard  tools,  have  been  shown  to  provide  results  equal  or 
comparable  to  conventionaly manufactured  tools  in  terms  of 
properties  relating  to  dimensional  accuracy  and  mechanical 
strength  they  are  currently  significantly more  expensive  than 
soft  tools  [3,4]. However,  tools manufactured using  polymer‐
based  AM  technologies  tend  to  be  prone  to  failure  when 
exposed  to  combinations  of  high  temperature  and  pressure, 
which are the common manufacturing conditions experienced in 
polymer profile extrusion [5]. 
Apart  from  the  developments  within  raw‐material 

compositions for increased durability, fiber reinforcements is a 
well‐know method to obtain better mechanical properties such 
as  increased  strength.  For  polymer  parts,  carbon  fiber 
reinforcement  is widely used  in  the production of  low weight 
high strength mechanical components [1].  
Through  a  fused  filament  fabrication  (FFF)  process  using  a 

carbon  fiber  filled  PEEK  feedstock,  tools  for  polymer  profile 
extrusions have been manufactured. The work presented in this 

study  exploit  the  potential  application  of  this  particular  AM 
process for tooling in polymer profile die production. 

 
Figure 1. Extrusion die profile designs with main dimensions shown  in 
mm: a) Profile MEK01, b) Profile MEK02, c) Profile MEK03, d) External 
die dimension  for all  three profiles as well as placement of alignment 
and screw holes. (*Evaluated dimensions) 

2. Methodology  

2.1. Carbon Fiber Filled PEEK dies fabrication  
Three different profile designs, shown in Figure 1, have been 

designed for this particular investigation. Together they contain 
some of the common features found in extruded plastic profiles 
such as flat faces, sharp corners, circular elements, protruding 
parts features. The profile geometries are nested into a die body 
with  a  cylindrical  shape  of  diameter  55.8  mm  containing  4 
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through‐holes parallel to the center axis: 2 alignment holes and 
2 screw holes for the assembly in the experimental setup.  

 
Figure 2. Example of a manufactured die, Profile MEK02 die number 4: 
a) Isometric view, b) Seen from the die exit. Outer diameter = 55.4 mm. 

 
Five  die  specimens  for  each  of  the  three  profiles  were 

manufactured using  the  beforementioned  FFF  process with  a 
layer height of 180 µm, a nozzle diameter of 40 µm, extrusion 
temperature  of  450  °C,  a  bed  temperature  of  150  °C  and  a 
carbon  fiber  concentration  of  10  %wt.  An  example  of  a 
manufactured  die  is  shown  in  Figure  2.  The  dies  were 
manufactured with  the profile exit  face oriented  towards  the 
buildplate and the centre axis of the die placed parallel to the 
build direction. After manufacturing, the dies were mechanically 
polished to remove the raft geometry from the manufacturing 
process. No additional post processing has been applied. 
 
2.2. Measurement procedure 
A  dimensional  evaluation  of  the  die  geometries  was 

performed using an optical coordinate measurement machine 
with  a  backlight  based  contrast measurement.  The machine 
used was a DeMeet 220 with a stated uncertainty of UDeMeet = ±4 
μm. All measurements were performed by  fitting  least square 
line‐  or  circle‐profiles  to  the  geometry  using  a  Gaussian  fit. 
Center  distances  of  the  alignment  holes  as  well  as  select 
dimensions of the profile geometry were evaluated. 

 
Figure 3. Example of the external surface topography on a face normal 
to the build direction. The line structures each represent a single layer 
with an extruded filament as a reminiscence from the FFF process. 

 
Secondly,  the  surface  roughness  was  evaluated  using  a 

confocal  laser scanning microscope (CLSM) Olympus Lext 4100 
with  20x magnification. All  surface measurements  have  been 
determined  according  to  ISO  25178‐2:2012  and  all  data 
processing  has  been  conducted  using  Form  Image Metrology 
Software SPIPTM. All acquired measurements were subjected to 
first order plane fit for levelling and S‐ and L‐filters with cut‐off 
values of λs = 0.25 μm and λl = 0.5 mm respectively. 

3. Dimensional evaluation and data Analysis 

From the evaluated dimensions presented in table 1 it can be 
seen  that  the  center  hole  distances  between  alignment  and 
screw holes have very small deviations from the nominal values. 
This suggests a high accuracy on the placement of  features as 
well as overall distances. On the contrary, the diameters as well 
as  the  measured  die  openings  are  significantly  smaller, 
suggesting a need for a correction factor when dealing with hole 
and slot dimensions for the applied FFF process. 

Table 1. Diameters of screw and alignment holes, hole to hole center 

distances and profile thicknesses of selected dies. Calculated averages 

of diameters and distances are based on all 15 dies. 

 
From  the  evaluation  of  the  external  surface  roughness  the 

arithmetic mean height was found to be Saavg = 15.6 μm with a 
standard deviation of STD = ±3.2 μm. This  is within  the  range 
generally  found  for  this  particular  additive  manufacturing 
process  [6].  However,  in  order  to  be  able  to  manufacture 
extruded product with a higher surface quality, a reduction of 
the internal surface roughness of the die should be considered. 

5. Conclusion 

The preliminary work presented in this study has investigated 
the  manufacturing  of  extrusion  dies  for  polymer  profile 
extrusion  by  the  use  of  a  FFF  process  using  carbon  fiber 
reinforced  PEEK.  It  was  found  that  the  manufactured  dies 
fulfilled  the dimensional  requirements with  regards  to overall 
dimensional accuracy, precision and  reproducibility. However, 
the  geometrical  features  involving  gaps,  holes  and  slots  in 
general  was  found  to  be  below  the  specified  dimensions 
indicating a need  for a correctional  factor to be applied when 
dealing with  these  types  of  geometries.  The  realised  surface 
roughness was comparable with general values for the specific 
AM  process,  however  significantly  higher  compared  to 
conventionally manufactured steel dies. Thus, post processing  
to reduce the internal surface roughness should be considered. 
Future work will  focus on  the application of post‐processing 

suitable for surface roughness reduction as well as experimental 
testing in a production setup with subsequent characterisation 
of the extrudate product.  
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Abstract 
Additive Manufacturing (AM) allows generation of geometrically complex parts which cannot be obtained by conventional processes 
(machining, forging, casting e.g.). It also enables production of near net shape parts requiring few finishing operations before use 
(roughness reduction e.g.). Mastering geometrical and dimensional accuracy of additively manufactured parts is then mandatory to 
ensure their functionality. In conventional processes, dimensional accuracy of different machines or process conditions (hard 
machining vs super finishing e.g.) can be objectively compared using the International Tolerance (IT) grades defined by the 
International Standard Organization (ISO) in ISO 286-1 GPS standard (Geometrical Product Specifications). Required geometrical 
accuracy can be specified using ISO 1101. In the specific case of blank produced by machining operations, ISO 2768-1 is often used 
for dimensional tolerancing and ISO 2768-2 for geometrical tolerancing. In the case of Additive Manufacturing, neither dimensional 
and geometrical tolerancing standard nor benchmarking method standard exist. The solution proposed by many authors is to develop 
their own benchmark artifact to evaluate the dimensional and geometrical accuracy of their machine, their minimal achievable detail 
size as well as their capability to replicate a given shape within a given International Tolerance grade. This article aims to make a 
review of the existing benchmark artifacts and to summarize the main requirements chosen by authors. From this state of the art, a 
new benchmark artifact is proposed by adapting an existing one to fulfil its missing characteristics. Measurements possibilities in 
terms of dimensions are enumerated and organized using ISO 286 dimensional intervals as presented in the literature. Geometrical 
evaluation possibilities are also listed and enumerated. It is then applied to a part obtained by Fused Deposition Modelling (FDM). 
 
Additive manufacturing, benchmarking, dimensional accuracy, FDM, geometrical accuracy, IT grades, performance evaluation  

 

1. Introduction  

In conventional processes (milling e.g.), standards describe 
accuracy evaluation methods as well as values of dimensional 
(ISO 286-1 GPS e.g.) and geometrical tolerances (ISO 1101 e.g.). 
This allows the user to foresee adjustments between parts in 
assemblies and to assess the possibility to manufacture a part 
with a given process. Despite the unlock of design possibilities 
and production of near net shape parts, additive manufacturing 
(AM) suffers from lack of standard in accuracy evaluation and 
tolerancing [1,2].  

Solution proposed by many authors is to use a benchmark 
artifact allowing dimensional and geometrical evaluation of 
additively manufactured parts [2–6]. Three main classes can be 
established according to their main goals [1,6]: geometrical 
benchmarks, benchmarks to assess mechanical properties and 
process benchmarks [1]. In this classification, it is the first 
category that has been chosen since the main objectives of these 
artifacts are to characterize quantitatively the dimensional and 
geometrical accuracy, spatial repeatability (the ability to 
reproduce a given geometry at different places on the 
buildplate) and minimum achievable details size [6].  

Up to now, there is no standard for AM benchmark parts [1,2]. 
ASTM F42 working group and ISO TC261 are working on this 
subject [3,5]. Moylan et al. [3] propose a strategy to establish 
benchmark artifacts that can be printed to assess the 
performances of machines belonging to each of the seven AM 
process categories defined by ASTM F2792-12a. As all machines 
exhibit different building volume, there is no possible universal 
benchmark artifact [1]. It has to be adapted to the machine 
which will print it and has to fullfill common requirements [3].  

In this context, this article aims to propose a modified version 
of an existing artifact and to evaluate accuracy of an AM printer 
in terms of dimensions and geometry. Direct output of these 
results is manufacturability determination of a given part. 

2. Methodology 

First a literature review is conducted in order to list main 
requirements chosen by authors to design benchmark artifacts. 
Then, an existing benchmark artifact is selected and modified in 
order to fulfil its missing characteristics. Afterwards, evaluation 
of dimensional and geometrical measurements possibilities is 
performed in order to verify the part compliance with its main 
goals. Part design is subsequently printed five times. Finally, its 
dimensional and geometrical characteristics are evaluated using 
a coordinate measuring machine (CMM). 

3. Literature review 

A literature review has been carried out to summarize the 
common design requirements proposed by different authors. 

First, benchmark part size has to enable testing of all the 
building area and characterize the influence of details position 
on their dimensional and geometrical accuracy [1,6]. The choice 
of a part exhibiting a smaller size than the buildplate can be 
made. In this case, the part has to be reproduced at different 
places of the buildplate [6]. Part volume has to be kept as small 
as possible since some AM processes exhibit high feedstock and 
process costs as well as slow building rates (Ti6Al4V printing by 
Electron Beam Melting e.g.) [1,2,4,6]. Benchmark artifact has to 
be provided with a wide number of details of different sizes [1–
3,5,6] in order to cover the dimensional size ranges detailed in 
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ISO 286-1 [7]. Simple inward and outward details have to be 
selected (cylinders, spheres, rectangular parallelepiped 
bosses…) [2,3,5] in order to allow fast measurements. These 
simple geometries are used to determine geometrical 
characteristics: flatness, straightness, parallelism, perpen-
dicularity, cylindricity, angularity, position and profile [6]. 
Moreover, specific details required for the end function of the 
part should be added to the benchmark (lattice e.g. in the case 
of additive manufacturing of osseous regenerative scaffolds) [1–
3]. Dedicated orientations with respect to the cartesian axes of 
the machine should be given to the details in order to emphasize 
axes inherent deviations (misalignments, wear, e.g.) [1,3,6,8]. 
Details allowing determination of the machine minimum 
achievable size for a given geometry have to be included on the 
part [3,6,8]. Furthermore, details must be printable without 
support [3] and contain slope to highlight staircase effect [8]. 
Overhang features are required to underline their feasibility 
without support [8]. Finally, the base of the benchmark part has 
to be sufficiently thick (> 5 mm) to avoid warping effect during 
fabrication [5]. Kruth et al. [8] recommend horizontal low 
thickness flat surface and sharp edges (14° to 45° angles) to 
respectively show warping sensibility of the process and defects 
coming from high heat at angle tips. These last two features 
were not included in the part since they can influence other 
details accuracy. 

4. Results 

4.1 Modification of an existing benchmark design  
Based on the literature review, an existing benchmark design 

has been selected. The choice has been made on the benchmark 
artifact proposed by Moylan et al. [3] since it is the one that 
fulfils the highest number of requirements found in literature. It 
has then be modified to comply with the general requirements 
presented in section 3. Final design is presented in figure 1 and 
modifications which were made are highlighted in green. 

 

 
Figure 1. Final design based on Moylan et al. part [3] (modifications 
introduced in this study are shown in green). 

 
Size of the benchmark has been adapted to use the maximum 

building volume available in an Ultimaker 2+ Fused Deposition 
Modelling (FDM) printer (223 mm x 223 mm x 205 mm accor-
ding to X, Y and Z axes). For this purpose, the initial diamond 
shape has been extended by four arms fitted with rounded 
edges (5 mm radius). Extreme distance between arms stands at 
190 mm. Small cylinders number has been increased from 16 to 
24 to cover the available space. Hemispheres have been added 
on the half of small cylinders top surfaces. The rest of the 
geometry is the same as described by Moylan et al. [3]. 

 
4.2 Analysis of the possible measurements 
Possibilities of dimensional measurements have been listed 

according to ISO 286-1 standard [7] dimensional size ranges. 
They are shown in figure 2. Repartition across dimensions from 
1 mm to 250 mm is homogeneous except for dimensional size 
ranges 10-18 mm, 120-180 mm and 180-250 mm categories. In 

total, 302 dimensional measurements can be performed on each 
part. 

 

 
Figure 2. Number of possible dimensional measurements according to 
ISO 286-1 dimensional size ranges (in mm). 
 

Measurements repartition with respect to the printing 
machine cartesian axes is shown in Table 1. Dimensional 
deviations can be related directly to one of the machine 
cartesian axes. Other category takes into account measurements 
depending on more than one cartesian axis (diameter of 
cylinders e.g. depends on X and Y axes). As shown in Table 1, 
details of size < 10 mm are in majority along Z axis while details 
between 10 mm and 120 mm are in majority belonging to the X 
or Y axes categories. 
 
Table 1 Repartition of dimensional measurements across machine axes 
according to ISO286-1 dimensional size ranges (in mm). 
 

Above  Up to and including  X Y Z Other 

1 3 0 0 22 12 

3 6 0 0 13 28 

6 10 2 2 30 1 

10 18 12 12 29 1 

18 30 16 16 0 1 

30 50 17 16 0 0 

50 80 17 17 0 0 

80 120 14 14 0 2 

120 180 3 3 0 0 

180 250 1 1 0 0 
 

Geometrical measurements possibilities have also been listed 
and are shown in figure 3. Their total number stands at 280. Only 
a selection of the measurable surfaces were chosen in order to 
guarantee fast measuring of the part as well as sufficient 
information about its geometrical details. As depicted in figure 
3, position measurement is most numerous. This comes from 
the 24 cylinders covering the part top surface. Horizontal plane 
category refers to planes normal to Z axis while vertical plane 
categories encompass planes normal either to X or to Y axes of 
the machine. 

 

 
 
Figure 3. Possibilities of geometrical measurements. 
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Machine cartesian axes repartition of geometrical measu-
rements possibilities were listed too and are shown in table 2. 
Repartition of measurements according to X and Y axes is 
uniform. Flatness of horizontal plane and parallelism according 
to Z axis are less represented than other categories since only 
the top surface was used to perform these measurements. 
Straightness is the less represented category in the table and is 
measured using the axes alignements of small cylinders with 
respect to X and Y axes. 
 
Table 2 Repartition of geometrical measurements across machine axes. 
 

Geometrical Measurement X  Y Z  Other 

Angularity   2  

Coaxiality    2 

Cylindricity    31 

Flatness Horizontal Plane   2  

Flatness Vertical Plane 4 4  4 

Parallelism 7 7 2 3 

Perpendicularity    26 

Position 71 70  31 

Profile    12 

Straightness 1 1   

 
4.3 Manufacturing of the modified part design 
Five benchmark artifacts have been printed in PLA on an 

Ultimaker 2+ FDM machine using a filament diameter of 
2.85 mm. Nozzle diameter of 0.25 mm has been selected with a 
layer height of 0.06 mm. Printing speed was reduced to 24 mm/s 
for the first layers and a brim of 12 mm has been chosen to 
enhance part adherence to the buildplate. Printing speed for 
other layers was set at 30 mm/s. Infill density stands at 20 % 
with a cubic strategy. Bed and nozzle temperatures were set at 
default settings respectively at 60 °C and 200 °C. Total build time 
for each part took 48 h. One of the printed part is depicted in 
figure 4 along with the cartesian axes orientations and the 
printing zone of the machine. 
 

 
 
Figure 4. Final printed part (printing zone depicted in blue). 

 
4.4 Parts measurements 
The five parts were measured using a CMM Wenzel LH54 

equipped with a Renishaw head PH10M and a Renishaw TP20 
spherical probe diameter of 2.5 mm and 2.0 mm. Measurement 
uncertainty (in µm) for a given measured length 𝐿 (in 
mm) = 3+𝐿/300 for X and Y axes and = 3.5+𝐿/300 for Z axis. 
These are negligible with respect to standard deviation of the 
measurements. All planes were measured using 6 points except 
for top surface which was measured with 20 points in order to 
have a better reprensentation of its flatness deviation. All 
cylinders were measured using 8 points distributed over two 
circles. Hemispheric top of small cylinders were evaluated using 
10 points: 1 on the summit and 9 distributed over two circles. 
The first of the two circles starting from the top of the 

hemisphere encompasses four points while the second contains 
five. Distance between the part top surface and small cylinders 
(4 mm diameter) top surfaces were measured with one point. 
The parts were measured after removal from the buildplate and 
after cut out of the brim by hand. Indeed, these operations 
deteriorate the flatness of part bottom surface and lead to 
deformations. However, parts have been removed from the 
buildplate since it is needed before their assembly e.g. 

 
4.5 Dimensional evaluations of the part 
ISO IT grade for each dimensional measurement was 

evaluated following the method presented in ISO286-1:1988 
(Minetola et al. presented results according to [4,5] but for 
another part design and different printers). All the following 
equations are related to dimensions inferior or equal to 500 mm 
and IT from 5 to 18. This method uses a standard tolerance 
factor 𝑖 (in µm) which is computed for each dimensional size 
range of the ISO 286-1 according to equation (1). 𝐷 is the 
geometrical average of the two extreme dimensions composing 
dimensional size range (equation (2)). For example 𝑖 = 1.083 µm 
for 10-18 mm ISO dimensional size range (𝐷1 = 10 mm and 
𝐷2 = 18 mm) and 𝐷 = 13.416 mm. Deviation of each part 
dimension is then compared to the standard tolerance factor 
𝑖 of the dimensional size range to which belongs the dimension. 
The quotient of both quantities is called number of tolerance 
units 𝑛 (adim) and can be computed according to equation (3) 
where 𝐷𝑛 (in mm) is the nominal dimension and 𝐷𝑚 (in mm) its 
measurement. 

 

𝑖 =  0.45 ∙  √𝐷
3

+ 0.001 ∙ 𝐷   (1) 

𝐷 = √𝐷1 ∙ 𝐷2      (2) 
𝑛 = (1000 ∙ |𝐷𝑛 − 𝐷𝑚|)/ 𝑖   (3) 
 
ISO286-1 gives the maximum allowed value of 𝑛 for each IT 

grade (IT 15 requires a number of tolerance units inferior to 640 
e.g.). For example, if a measurement of a nominal distance of 
100 mm is performed and equals 99.049 mm, the computed 𝑛 is 
equal to 437.644 and leads to an IT15 (𝐷1 = 80 mm, 
𝐷2 = 120 mm, 𝐷 = 97.980 mm and 𝑖 = 2.173 µm).  

Same calculations have been conducted for all dimensions of 
the part (distance between planes and radius of cylinders, holes 
and hemispheres). Figure 5 gives the final result for the five parts 
according to the different cartesian axes of the printing machine. 
Standard deviation σ has been computed for each set of datas 
and 2σ is taken as error bars. As before, the category Other takes 
into account dimensions which belong to more than one axes. 

 

 
Figure 5. Number of tolerance unit 𝑛 (adim) for the different ISO286-

1 dimensional size ranges (in mm). 
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As depicted in figure 5, details of dimension < 10 mm fit into 
IT14. Features between 10 mm and 18 mm according to Z axis 
are less accurate and respect IT15. 6 mm to 80 mm details 
according to X and Y axes lay in IT13. Only items from 80 mm to 
120 mm according to Y axis respect IT14, other features 
according to X axis are less accurate and fit into IT15. Details 
from 120 mm to 180 mm according to X and Y axes show the 
same trend and lay in IT14. Finally, part dimensions superior to 
180 mm tend to respect IT14. This last result has to be balanced 
with the low number of measurements available on the part 
(only 2). Consequently, the graph shows that the Ultimaker 2+ 
used can overall satisfies IT15 across all dimensional size ranges.  

In terms of dispersion of measurements across the different 
parts, it is the categories of dimensions of 10 mm to 18 mm 
parallel to Z axis and more globally the dimensions over 80 mm 
for all axes that show the largest values of standard deviations. 
These deviations are directly related to deformations occurring 
after removing the part from the buildplate due to residual 
stresses [1]. Modifying the proposed benchmark in order to 
decrease deformations can be a solution to this issue. 

 
4.6 Geometrical evaluations of the part 
Geometrical details positions (plans, cylinders, hemispheres) 

have been recorded during part measurement. This evaluation 
allows determining several geometrical measurements. Indeed, 
plans enable determination of angularity, flatness, parallelism 
and perpendicularity characteristics of the part. Straightness, 
cylindricity and coaxiality have been evaluated thanks to the 
cylinders arranged on part top surface. Finally, surface profile 
deviations have been characterized using the hemispheric 
details added on top of cylinders. Based on the obtained 
measurement results, graphs such as figure 6 can be established. 
This figure shows the parts straightness deviations according to 
X and Y machine axes. These measurements were acquired by 
extracting the positions of the intersection between each 
cylinder main axis and the part top surface. The resulting points 
were then processed to establish straightness deviation.  

Same behaviour according to X and Y machine axes can be 
seen as presented by figure 6. Average straightness deviation 
reaches 0.022 mm for both axes while standard deviation σ 
stands at 0.006 mm. 2σ is taken as error bar. As for dimensional 
evaluations, relatively high values of σ are linked directly to the 
deformations arising when the part is detached from buildplate.  

It should be noted that the values of straightness deviation 
were obtained along two 150 mm long lines. The value of 
0.022 mm is relatively low compared to standard straightness 
deviation values which can be found in ISO2768-2:1989 [9]. 
Indeed, this standard requires straightness deviation inferior to 
0.200 mm for dimensions between 100 mm and 300 mm (H 
tolerance class). ISO2768-2:1989 is indicated for subtractive 
manufacturing process but can be used also to give general 
values for other manufacturing processes.  

 

 
Figure 6. Straightness deviations according to X and Y axes. 

5. Summary  

This paper presents a modified benchmark artifact for additive 
manufacturing printers. Literature review allowed the collection 
of general requirements used by authors to establish benchmark 
artifact. An existing benchmark has then been selected and 
modified to fulfil the gathered requirements. Dimensional and 
geometrical measurements possibilities were assessed and the 
part has been printed five times. Measurements were then 
performed to evaluate the part dimensional and geometrical 
accuracy. These allow the user to foresee the manufacturability 
of a given part geometry with the studied printer. 

6. Conclusions 

Modified benchmark artifact overcomes limitations of the part 
proposed by Moylan et al. [3]. Indeed, the proposed artifact 
exploits more space of the available builplate surface, exhibits 
higher number of small cylinders and enables profile deviation 
measurements with the added hemispheres. 302 dimensional 
and 280 geometrical measurements can be performed on the 
part. 48 h are needed to print it with an Ultimaker 2+ with 
settings selected to maximize printer accuracy. ISO286-1:1988 
method has been used to dimensionally characterize the part 
and determine its achievable ISO IT grades according to the 
dimension size ranges presented in the standard. Results show 
that the printer is able to reproduce parts details with 
dimensions between 1 mm and 80 mm within IT15 according to 
Z axis and within IT13 according to X and Y axes. Finally, 
geometrical evaluations have also been conducted and average 
straightness deviation stands at 0.022 mm for X and Y axes 
(straightness according to Z axis was not evaluated). 

7. Future work  

The chosen design showed accuracy limitations according to Z 
axis due to deformations occurring after removal of the part 
from the buildplate. Design modifications to decrease these 
deformations are required. Finally, process capability has not 
been determined but can be of major interest for industrial 
applications. This assessment is a perspective for this work. 
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Abstract 
A viable approach to obtain mechanical properties such as Young’s modulus and hardness, is testing on a nanoindentation device. 
Such an experimental procedure can, however, be time-consuming and expensive. Finite element analysis (FEA) can be employed to 
minimize the number of required measurements, i.e., to obtain numerically the load vs. indentation depth curves for varying input 
parameters, hence extracting the resulting elasto-plastic material properties. A methodological approach is used in this work to 
correlate the responses obtained via FEA to nanoindentation experimental data. A (100)-oriented single crystal silicon wafer is used 
as a testing sample. Numerical simulations are performed by employing a bilinear elasto-plastic material model. A sensitivity analysis 
of the characteristic parameters of the material model is then conducted on the numerically obtained load vs. displacement curves. 
The proposed methodology enables replicating the experimental curves with estimated errors lower than 1 % and 15 % for Young’s 
modulus and hardness, respectively. The performed analyses allow establishing also that, when evaluating numerically hardness, the 
tip radius and shape significantly affect the accuracy of the results, especially for lower indentation depths. 
 

Nanoindentation, FEA numerical calculations, elasto-plastic material model, correlation methodology, MEMS and NEMS 

 

1. Introduction 

The most common use of nanoindentation is in establishing 
mechanical properties such as hardness and Young’s modulus. 
Recently there has been a significant progress in measuring also 
other mechanical parameters, such as the hardening exponent, 
creep parameters, or the residual stresses [1]. Nanoindentation 
measurements are, however, often expensive and time-
consuming so that, to minimize the number of tests, finite 
element analysis (FEA) can be applied. In fact, it was established 
that, while one experiment lasts a few minutes (even without 
considering preparation) a single FE simulation provides results 
within one minute. What is more, FEA can be used as a virtual 
tool to investigate the features of the nanoindentation test that 
are not directly available from experimental characterization [2]. 
FEA allows thus obtaining numerically the load (P) vs. indenta-
tion depth (h) curves for varying input parameters, hence 
attaining the resulting elasto-plastic material properties [3]. 

A methodological approach is followed in this work to corre-
late the responses obtained via FEA to nanoindentation experi-
mental data. Measurements on a (100)-oriented single crystal 
silicon (Si) wafer are performed by using a nanoindentation 
device, while adopting the standard depth-controlled loading-
unloading method and varying the indentation depths. 
Numerical simulations are, in turn, performed by employing in a 
first instance a nonlinear FEA with elastic material behaviour, 
optimized in terms of the characteristic dimensions of the 
numerical model. Once the optimal geometrical parameters are 
defined, numerical simulations with an elasto-plastic material 
model are carried on. A sensitivity analysis of the characteristic 
parameters of the material model is finally conducted on the 
numerically obtained P-h curves. 

2. Materials and methods 

Nanoindentation is a viable method to determine the 

indentation hardness (H) and Young’s moduli (E) by performing 
automated tests. During the nanoindentation tests, the tip of 
the indenter is pressed into the sample material in a prescribed 
loading and unloading set-up, while P and h are concurrently 
recorded in the form of a load vs. displacement curve. 
 

 

Figure 1. Theoretical and corrected geometry of an indenter tip. 
 

The main difference between conventional hardness and 
nanoindentation tests is the approach followed to obtain the 
contact area between the tip and the sample. In fact, while in 
conventional tests the contact area is measured directly from 
the residual plastic deformations after the load is removed, in 
nanoindentation this area is calculated from the geometry of the 
used tip, i.e., from the projected area of the tip 𝐴c and the 
indentation depth hc (Fig. 1) [4]. The ideal area Ac of the herein 
used standard Berkovich nanoindenter is given by [2-3]: 

 𝐴c = 24.5 ∙ ℎc
2 (1) 

where hc can be determined as [3]: 

 ℎc = ℎmax − 0.75
𝑃max

d𝑃 dℎ⁄
 (2) 

It has to be noted that Eq. (1) is based on the assumption of an 
infinitely sharp indenter tip. A correction in terms of the contact 
depth has thus to be introduced to take into account its factual 
state, so that Eq. (1) is modified as [2-3]: 

 𝐴c = 24.5(ℎc + Δℎ)2 (3) 

where Δh represents a correction factor (cf. Fig. 1). 
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2.1. Experimental assessment 

In the frame of this work, the nanoindentation measurements 
are carried on the studied (100)-oriented single crystal Si wafer 
by using a Keysight G200 Nanoindenter, allowing to attain load 
resolutions of 50 nN and displacement resolutions down to 
0.01 nm [5]. A standard loading-unloading method is used in all 
the experiments, while the temperature in the measurement 
chamber is kept stable at 28 °C. E and H values are hence 
obtained from the slope of the resulting unloading part of the P-
h curve [3]. Three different indentation depths of 50 nm, 75 nm 
and 100 nm are considered, and nine tests are performed at 
each indentation depth. In Fig. 2 is thus shown a typical 
experimentally obtained P-h curve at the maximum indentation 
depth hmax = 500 nm. Pmax designates here the maximum 
indentation load, dP/dh is the initial slope of the unloading 
curve, hel is the elastic recovery, while hpl indicates the residual 
(plastically deformed) depth after complete unloading. It can be 
noted here that the shown P-h curve exhibits during unloading a 
localized perturbation (marked in the figure with A), which can 
be related to a phase transformation. Similar phenomena have 
already been observed and described in prior art [1]. In fact, the 
contact pressure beneath the indenter can be quite high, thus 
reaching the critical pressure triggering a structural 
transformation, hence closely matching the situation when large 
hydrostatic loads induce materials’ phase transformations. 
 

 

Figure 2. Typical P-h curve obtained experimentally at hmax = 500 nm. 
 

In Table 1 are summarized the values of E, H and Pmax 
calculated from the obtained experimental data for the three 
considered indentation depths. These will be used in the 
following numerical analyses. 
 

Table 1. E, H and Pmax values for different indentation depths. 

hmax/nm E/GPa H/GPa Pmax/mN 

50 199.56 15.35 0.82 

75 197.58 14.33 1.68 

100 187.63 13.50 2.74 

Average: 194.92 14.40 - 

 
2.2. Numerical simulations 

The use of FEA to study the nanoindentation process allows 
understanding better the influence of the indenter, the sample 
geometry, the contact conditions, and the material behaviour on 
the obtained results. The goal is to determine a methodological 
procedure that allows determining a set of unique elasto-plastic 
material parameters that can be adopted to replicate the 

nanoindentation process by numerical simulations, and to do so 
independently of the indentation depth. 

In a first instance, the nanoindentation experiment is 
modelled numerically as a nonlinear two dimensional (2D) 
axisymmetric finite element (FE) problem, while, to optimize the 
geometrical parameters of the model (sample radius rs and 
height hs, as well as the indenter tip radius ρind), an elastic 
material behaviour is considered. The mesh is defined with a 
total of 10 950 three-node triangular elements with 5 585 
nodes, and, to minimize the computational time while allowing 
to resolve the large stress and strain gradients, it is refined at the 
indentation site and made coarser away from it (Fig. 3). Since 
nanoindentation is a contact problem, a very fine mesh between 
the indenter and the specimen allows to determine the contact 
area, as well as to impose accurately the contact elements [6]. 
Contact itself is defined as a sliding surface without friction. The 
lower edge of the model is then fixed, while the symmetry 
boundary condition is applied along the y axis. The Berkovich 
indenter itself is modelled as a rigid “line”. Displacement 
controlled loading is hence imposed on the indenter tip in all 
simulations. The initial geometrical and material parameters 
adopted in nonlinear elastic FEA are summarized in table 2 [7]. 
To isolate the effect of the FE model size and of indenter’s tip 
radius on the obtained results, several simulations are hence 
carried on considering different values of rs, hs and ρind as well as 
different indentation depths hmax. 
 

 

Figure 3. Axisymmetric finite element (FE) model with boundary 
constraints and geometrical parameters. 
 

Table 2. Initial geometrical and material parameters of the FE model. 

Angle of the Berkovich tip α/° 70.3 

Correction factor β/- 1 

Sample radius rs/μm 18 

Sample height hs/μm 30 

Elastic modulus of the sample Emat/GPa 70 

Poisson ratio of the sample νmat/- 0.3 

Radius of the indenter ρind/nm 200 

Elastic modulus of the indenter Eind/GPa 1000 

Poisson ratio of the indenter νind/- 0.07 

Maximum depth hmax/nm 600 
 

The sensitivity analyses performed with the developed FE 
model allow establishing that the P-h curves converge when 
hs/hmax ≥ 100 and rs/hs ≥ 1. The latter can be observed also in Fig. 
4. What is more, the attained results show a good 
correspondence in trends with those obtained in prior art [7]. 

To simulate the loading and unloading phases of the single 
nanoindentation test, in the following step the nonlinear 
numerical simulations are performed adopting the bilinear 
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elasto-plastic material model with kinematic hardening. The 
values of E and H calculated from experimental data, along with 
the maximum depth in each experiment, are used here as input 
parameters, where the E value adopted in the simulations is the 
average value obtained experimentally at different indentation 
depths (cf. table 1). 
 

 

Figure 4. P-h curves for the elastic FEA with hs=30 μm and varying rs (rs 
= 6, 12, 18, 30, 45 and 60 μm). 
 

Based on the results of previous calculations (hs/hmax ≥ 100 and 
rs/hs ≥ 1), in this stage of the study it is necessary to redefine 
somewhat the numerical model. After a convergence test, a 
mesh with a total of 4 927 eight-node quadrilateral elements 
and 14 724 nodes is thus adopted. As in the previous case, the 
mesh is refined in the indentation region. The von Mises yield 
criterion and the material model are then adopted considering 
four parameters: Young modulus’s E, Poisson ratio ν, yield stress 
σ0 and hardening modulus ET. The latter defines the slope of the 
stress-strain curve in the plastic region, i.e., its value indicates 
the monotonic hardening capacity of the material. 

Results of experiments reported in literature [3, 8] show that 
the mean pressure between the indenter and the specimen is 
directly proportional to the material yield stress, and can be 
expressed as: 
 𝐻 = 𝐶𝜎0 (4) 

where C is the constrained factor (for metals ≈ 3). It would, 
hence, seem that σ0 can be evaluated in a straightforward man-
ner based on accurate measurements of hardness. It has been 
observed, however, that C is strongly dependent on the material 
parameters and can vary from 1.5 (for low values of the E/σ0 ra-
tio, e.g. for glasses) to 3 (for large E/σ0 values, e.g. for metals) [3, 
8]. Once the elasto-plastic material model is adopted, sensitivity 
analyses of the influence of E, σ0, ET and ρind are thus performed 
to investigate how these parameters affect the P-h curve. 

3. Results and discussion 

It is evident that the majority of materials exhibit elasto-plastic 
deformations during the nanoindentation process. It is therefore 
quite important to establish a methodological approach to 
determine the elasto-plastic material properties (cf. Fig. 2). This 
deviates considerably from the linear elastic assumption on 
which the conventionally used Sneddon’s relation is based [3]: 

 𝑃 =
2𝐸 𝑡𝑎𝑛𝛼

𝜋(1−𝜈2)
ℎ2 (5) 

In fact, the main assumption underlying all nanoindentation 
experiments is that, while the loading stage is elasto-plastic, the 
unloading stage is purely elastic [8]. Factors identified as rele-
vant to linear elastic indentations, such as the finite tip radius 
effect, are, however, not considered in Sneddon’s formulations 

[3]. In fact, the tip of the indenter is conventionally made of 
diamond or sapphire, formed into a sharp, symmetric shape, as 
in the case of the three-sided Berkovich pyramid used in this 
work. Usually the radius of a fresh nanoindenter tip is in the 
30 nm … 200 nm range [8], but the tip is never atomically sharp, 
exhibiting a significant blunting that increases with the number 
of performed measurements [1]. This aspect is, thus, thoroughly 
studied via the developed FE model, allowing to obtain the 
results depicted in Fig. 5. It can be observed here that the influ-
ence of ρind is consistent with the expectations, i.e., that a blunt 
tip requires a larger load than the sharp (fresh) one to penetrate 
to the same depth into the specimen. What is more, in FEA the 
tip radius may also affect the elasto-plastic transition [2]. 
 

 

Figure 5. P-h curves for the elastic FEA and varying tip radii ρind. 
 

Because of the very fine scale of nanoindentation testing, 
imperfections in the pyramidal shape of the tip may also affect 
the obtained results. In fact, in prior art it is reported that tip 
rounding becomes important when the maximum depth of 
penetration is of the order of 50 nm [3]. Young’s modulus 
measurements will not be affected much by tip rounding, as long 
as the shape of the indenter is characterized by the area function 
𝐴c. On the other hand, however, if Δh represents the truncation 
of the tip (cf. Fig. 1), the quantities hmax and hc will be wrong by 
the same value – an error whose relevance will become bigger 
as the indentation depth hmax decreases [3]. In table 3 are thus 
reported the results of the mechanical parameters and of the 
corresponding errors calculated for different indentation 
depths. Equations (1) and (3) are adopted here to calculate the 
value of the hardness H for a certain value of the P/Ac ratio. It 
can, hence, be noted that the contact area error becomes 
indeed significant for small indentation depths, confirming, thus, 
that in the calculation of 𝐴c it is important to take into 
consideration the correction factor Δh. 
 

Table 3. E and H calculated numerically for different indentation 
depths, and H obtained with and w/o indentation depth correction. 

hc/nm E/GPa Err./% 
𝐴c from Eq. (1) 𝐴c from Eq. (3) 

H/GPa Err./% H/GPa Err./% 

50 163.89 1.0 23.6 96.5 13.24 10.3 

75 164.33 0.8 20.4 69.7 13.76 14.7 

100 166.48 0.5 18.6 55.3 13.84 15.3 
 

As it was mentioned earlier, the majority of materials exhibits 
elasto-plastic deformations during the nanoindentation process. 
The elasto-plastic material model is thus to be adopted in FEA to 
address properly the material behaviour observed during the 
experiments. Taking into consideration the elasto-plastic 
material behaviour, the performed sensitivity analyses allow 
then establishing that the loading part of the P-h curve increases 
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in magnitude with higher E values, while the unloading part 
becomes steeper. Similarly, by increasing the value of the 
hardening modulus ET, the unloading part tends to move 
upwards. On the other hand, the first part of the unloading curve 
remains almost unaffected, while for bigger ET values the 
inclination of the last part of the curve increases (Fig. 6). 
 

 

Figure 6. P-h curves for the elasto-plastic FEA with varying hardening 

modulus ET. 
 

The determination of the considered mechanical properties is, 
therefore, carried on following the methodological approach 
shown schematically in the flow chart depicted in Fig. 7. The 
experimentally obtained parameters (E, H, hmax, Pmax) that 
remain unchanged during the calibration procedure are 
distinguished here from the “adjustable” parameters ET, σ0 and 
ρind, which are tuned to fit accurately the FEA obtained curves to 
the experimental ones. In fact, since it is not straightforward to 
determine the values of the stresses and strains from the 
nanoindentation experiments, ET, σ0 and ρind have to be 
iteratively varied until the best fit of the P-h curves is obtained. 
 

 

Figure 7. Calibration procedure of material parameters. 
 

The hence determined parameters are lastly used in the final 
set of numerical simulations for different hmax values, and the 
thus obtained results are given in Fig. 8. It can be noted here 
that, by using a single set of calibrated parameters, an excellent 
agreement between the experimental and the FEA curves is 
obtained for all the considered indentation depths. 
 

 

Figure 8. Comparison between experimental and FEA P-h curves 
calculated with calibrated parameters for different indentation depths. 

4. Conclusions and outlook 

A methodological approach is used in this work to correlate 
the load vs. indentation depth curves obtained experimentally 
via nanoindentation to those attained by an FE numerical 
procedure. The nanoindentation tests are conducted by using 
the standard Berkovich tip, whereas axisymmetric FE models are 
developed for the back-calculation of the elasto-plastic material 
parameters. The numerical simulations are conducted herein by 
using a bilinear elasto-plastic material model, enabling to 
perform sensitivity analyses of the influence of the parameters 
of the used material model. It is hence shown that, once the 
material parameters of the FEA are calibrated, they are valid for 
different indentation depths. In fact, the proposed procedure 
enables replicating the experimental curves with estimated 
errors lower than 1 % and 15 % for E and H, respectively. It is 
also established that, when evaluating numerically hardness, tip 
shape and radius affect significantly the accuracy of the obtained 
results, which is especially evident for smaller indentation 
depths. In that case, when calculating the effective area of the 
indenter tip, it is important to take into consideration the 
correction of the factual indentation depth. 

The same approach will be applied in future work to other 
materials as well as to samples obtained by additive 
technologies in order to validate the proposed modelling 
approach and/or the limits of applicability of the developed 
models for different classes/types of materials. The developed 
systematic approach will be used also to investigate the material 
properties of thin films (e.g. aluminium oxide and titanium 
dioxide) deposited on a Si substrate, widely used in MEMS and 
NEMS technologies due to their thoroughly studied optical, 
electronic and biocompatible properties. 
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Abstract 
Due to limited availability of autografts for tissue reconstruction, allografts have been increasingly used in recent years. The 
importance of regenerative medicine demands improvements of decellularisation methods to process allogeneic materials. Different 
chemical, enzymatic, and physical methods intend to remove allogeneic antigens while retaining the complex ultrastructure of the 
extracellular matrix. The chemical treatment, whereby important molecules such as glycosaminoglycans dissociate from collagenous 
tissues and chemical residues remain in the tissue, can compromise the biological response of these materials and the successful 
tissue transplantation. Physical methods such as snap freezing, sonication or direct pressure systems are effective but can also lead 
to disrupted or fractured extracellular matrix by the treatment. Hence, further research regarding tissue specific intensities, process 
time and depth of penetration are necessary. In order to create new perspectives for the decellularisation of allografts from 
supporting and connective tissue, the aim of this preliminary study was to investigate the effects of ultrasonic treatment with 
different frequencies and intensities in a temperature-controlled ultrasonic bath. The initial results show an antigene reduction by 
removing cells and DNA from the porcine dura mater and cartilage treated with ultrasound. However, results are limited because of 
the biological fluctuations and the small sample size. Hence, further investigations have to be carried out to investigate the impact 
of ultrasound treatment on allograft decellularisation. 
 
Keywords: Ultrasonic treatment, decellularisation, allograft transplants   

 

1. Introduction 

Malformations, traumas and cancer of the head and 
musculoskeletal system cause severe tissue defects, which 
require reconstruction. Alloplastic (synthetic), autogeneic (from 
the same individual) and allogeneic (from another individual) 
tissues are used for surgical reconstruction. All materials have 
specific limitations: 1) Alloplastic materials suffer from foreign 
body reactions and extrusion. 2) The availability of autogenic 
materials is limited and the harvest causes donor side morbidity. 
3) Allogeneic materials need expensive processing to eliminate 
donor antigens to prevent a severe immune reaction after 
transplantation. Allografts can be devitalised using various 
methods such as irradiation or high-pressure treatment. After 
devitalisation, cells, cellular components and genetic material of 
the donor must be removed from the tissue while preserving the 
extracellular matrix (ECM). Decellularisation (DC) is achieved by 
chemical, enzymatic or physical methods. Enzymatic and 
chemical methods are most frequently used. However, they 
cause certain disadvantages such as possible toxicity from 
remaining residues of the DC solution or destruction of the 
glycosaminoglycans (GAGs) or collagen, which can result to an 
extensive immune response and inflammation [1]. Regarding 
current DC methods, a systematic analysis and evaluation of 
different methods is still required in order to provide more 
effective DC protocols [2]. Within the research project HOGEMA, 
various physical DC methods are examined, as these may offer 
an alternative to the currently used methods. The aim of our 
preliminary study was to investigate the effects of the 
application of ultrasonic treatment with different frequencies 
and intensities in a temperature-controlled ultrasonic bath. 

2. Allogeneic transplants and decellularisation  

Allogeneic transplants, which are taken either from living and 
deceased donors, must be cleaned from cellular components 
without damaging the ECM before they can be used as tissue 
replacement materials. One of the main issues with using 
allografts is the immune response to the major 
histocompatibility complex (MHC). MHC proteins are expressed 
on the cell surface and induce an immune reaction against 
foreign tissues/cells. Therefore, it is very important to remove 
cellular and MHC components completely during 
decellularisation, while retaining the complex infrastructure of 
the extracellular matrix [3, 4]. For this, a variety of 
decellularisation methods, which are characterised by chemical, 
enzymatic or physical treatment, have become established in 
regenerative medicine. Depending on the tissue, these DC 
methods are used individually or combined to fulfil two tasks: a 
cell lysis and cell removal from the ECM [4]. 
 
2.1. Chemical decellularisation 

For chemical DC, detergents or surfactants are used to dissolve 
(solubilisation) membrane-bound proteins, followed by cell lysis, 
and removal of the cellular components from the tissue. 
Because of these advantages chemical DC methods are currently 
widely used in regenerative medicine [1, 5, 6]. Despite this, there 
are also disadvantages such as the dissociation of important 
matrix molecules such as GAGs and collagen as well as chemical 
residues in the tissue that can compromise the biological 
response of the allograft material. In the case of dense tissue 
there are limitations to achieving a homogeneous distribution of 
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the detergent, since the concentration gradient decreases from 
the surface of the tissue to the centre [1]. 
 
2.2. Enzymatic decellularisation 

 The enzymatic decellularisation for example with trypsin, 
causes the peptide bonds on the carbon side of arginine and 
lysine to split, nucleases and exonucleases catalyse the 
hydrolysis in the interior or terminal bonds of the ribonucleotide 
or deoxyribonucleotide chains, which leads to the degradation 
of ribonucleic acid (RNA) or deoxyribonucleic acid (DNA) [5]. 
Mostly enzymatic methods were combined with other DC 
methods, to obtain effective removal of DNA without causing 
significant damages to the ECM. Many studies have shown that 
cellular components have been removed, but prolonged 
exposure can destroy the ECM structure. Furthermore, residues 
of the enzymatic solutions are difficult to wash out and can 
cause immune responses [6]. 
 
2.3. Physical decellularisation 

An alternative, as it leads to a homogeneous distribution of the 
forces within the tissue and therefore depends less on the 
penetration efficiency of the decellularisation solutions, physical 
DC methods were also applied in regenerative medicine. These 
methods use snap freezing, direct pressure, sonication and 
agitation to disrupt the cell membrane and cells, whereby cell 
contents and residues are released into the ECM and have to 
flushed out by further washing processes. By using snap freezing 
cells are killed and cell membranes are destroyed by intracellular 
ice crystals, which in turn causes cell lysis. This technique, which 
is often used to decellularise tendons, ligaments and nerve 
tissue requires a subsequent wash cycle to remove the cell 
debris. Confident temperature monitoring is needed to prevent 
thermal ECM damage [7]. Cell lysis by direct pressure is limited 
to tissues without dense ECM [8]. Mechanical agitation can be 
performed with a magnetic stir plate, orbital shaker or low 
profile roller but there is a lack of studies on cycle times, 
intensity, and optimal size. The same applies to ultrasonic 
treatment, which is sometimes presented in the literature as a 
capable DC method in combination with other methods. During 
the process, tissues or organs are sonicated with a sonotrode or 
an ultrasonic bath, whereby cavitation and its effects are 
responsible for decellularisation. When ultrasound acts on liquid 
media, strong alternating stress creates small cavitation 
bubbles. Under the influence of the external pressure of the 
medium, the unstable bubbles implode after brief growth with 
high pressure and temperature peaks, creating high shear forces 
at the boundary layer [9]. An effective ultrasonic cleaning 
process depends on parameters such as intensity, temperature, 
viscosity and the dissolved gas in the liquid as well as the position 
of the sample in the ultrasonic field [10, 11]. Azhim et al. [11] 
and Syazwani et al. [12] reported that under optimal fluid 
conditions, low frequency sonication treatment in 2 % SDS 
without saline can thus produce decellularised blood vessels for 
tissue engineering. Ingram et al. [13] reported a decellularised 
porcine patella tendon scaffold treated with ultrasound 
(P = 360 W, pulse time of tp = 1 s for a total of tt = 1 min) using 
0.1 % SDS. This leads to a mechanical easing of collagen 
structures within the scaffold, which in turn fosters the seeding 
of new cells. Another study by Starnecker et al. [2] showed that 
the combination of shaking, whirling and sonication (P = 120 W, 
f = 45 kHz) treatment followed by ten washing cycles in 
phosphate buffered saline (PBS) as an effective DC method with 
achieved penetration depths of xd = 800 µm. An ultrasonic 
treatment in combination with detergent has a DC effect as it 
supports the penetration of the decellularisation material into 
the cartilage. This improves the speed of the decellularisation 

process while it has no significant defect on the structure of the 
tissue by soft treatment [14]. Chemical and enzymatic DC 
methods have their limitation in terms of potential toxicity 
caused by the presence of residual decellularising agents due to 
the chemical concentration gradient and the destruction of ECM 
proteins, which also leads to a significant ECM change. 
Regarding to ultrasonic treatment as a decellularisation method, 
there is a lack of studies on intensity, temperature, frequencies 
and treatment times as well as different tissues [6], although the 
method shows potential for DC. A few selected current studies 
on ultrasonic decellularisation are summarised in table 1. 
 
Table 1. Summary of some currently used decellularisation techniques, 
- negative effect, + positive effect. 

 
However, it must be noted that intensive physical treatment can 
destroy the tissue and the ECM, which is counterproductive with 
regard to successful tissue integration [2, 11, 16]. 
Further, ultrasonic treatment causes increasing interfibril spaces 
and slight damage to the ECM, so that cells and cell components 
can be flushed out, whereby the depth of the treatment 

Physical DC Tissue Outcome 
Direct sonication 
and ultraviolet light 

small 
intestines 

- + increase in interfibril spaces 
- disrupted ECM structure [15] 

Sonication 
(P = 360 W) and 
detergens 
(SDS 0.1 %) 

porcine 
patella 

tendons 

+ no reduction in collagen and 
GAG content 
+ good decellularisation [13] 

Shaking, whirling, 
direct sonication 
(P = 120 W, 
f = 45 kHz) and 
detergents 

aortic 
walls 

+ nuclei were not detectable  
- heavy ultrasonic cavitation 
could damage the ECM fiber 
network [2] 

Freeze-drying, 
washing in PBS and 
direct sonication 
(P = 180 W, 
f = 37 kHz) 

larynx + good cellular removel 
+ complete decellularisation 
by combination of DC methods  
- structural damage to the 
scaffold [16] 

Direct sonication 
(P = 200 W, 
f = 24 kHz) in PBS 
for t = 2 min 

bone + DNA content decrease 
+ direct sonication is suitable 
for DZ [17] 

Direct sonication 
(P = 15 W, 
 f = 40 kHz) in SDS 
(0.1 %) for tt = 10 h 

meniscus + sonication treatment did not 
affect ECM properties 
+ complete nuclei removal 
+ preservation of collagen and 
GAG structure [18] 

Direct sonication 
(P = 80 W, 
f = 12 kHz and 
f = 24 kHz), 
ulltrasonic bath 
(P = 170 W, 
f = 42 kHz) and 
detergens 
(SDS, 0.1 % and 
1 %) 

articular 
cartilage 

+ ultrasonic bath (tt = 5 h) 
significantly decreased the cell 
nucleus residue 
+ GAG and collagen were 
maintained in ECM structure 
+ good penetration of the DC 
material into the cartilage 
+ speed of DC increased 
- disruped the ECM [15] 

Direct sonication 
(P = 15 W and 
P = 30 W, 
f = 20 kHz) 

aorta + low frequency sonication is 
capable to completely DC 
+ effectivity of DC incease by 
positioning at an optimal 
ultrasonic pressure fields  
+ increase cellular removal 
- heavy treatment can dis-
rupting cell membranes [11] 

Direct sonication 
(P = 15 W, 
f = 20 kHz) in 2 % 
SDS without saline 
for 3 h ≤ tt ≤ 24 h 

aorta + complete decellularisation 
after 24 h 
+ complete removal of DNA 
+ complete decellularised 
tissue treatment  
- slightly ECM disruption [12] 
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depends on the treatment time and intensity [2, 11-15, 18]. A 
study with a comparison between the direct sonication and an 
ultrasonic bath showed that the ultrasonic bath is smoother for 
the tissue while it has less damage on collagen and GAGs [15]. 

3. Methods 

3.1 Ultrasonic set-up and characterisation 
For the reasons mentioned above, the application of a 

temperature-controlled ultrasonic bath as DC method is 
examined in this research work in order to evaluate the single 
effect of ultrasonic treatment. Frequencies in range of 
28 ≤ f ≤ 40 kHz with low powers of 60 ≤ P ≤ 120 W were used for 
gentle treatment of the tissue. Furthermore, different process 
times (tt =10 min, tt = 40 min, tt = 60 min) were selected in order 
to analyse the influence of treatment time on the DC process, 
whereby each sample was turned after half of the time. For the 
experimental investigations a commercially available bowl 
(length = 90.5 mm, width = 90.5 mm, height = 40 mm) were 
attached with different transducers (P = 60 W, f = 28 kHz and 
f = 40 kHz; P = 100 W, f = 28 kHz and f = 40 kHz, P = 120 W with 
f = 40 kHz), as shown in Fig. 1. 

 
 

 
 

Figure 1. Ultrasonic bath system consisting of sample holder (1), tissue 
(2), transducer (3), cooling system (4), temperature sensor (5), PBS (6) 
and bowl (7). 

A generator (Oursultrasonic, Hesentec, ShenZhen, China) was 
used to supply the ultrasonic signal, with which the frequency in 
the range of 28 kHz ≤ f ≤ 40 kHz as well as the treatment and 
cycle time could be set. For the cooling of the bowl and 
transducer, a cooling system based on Peltier elements was 
added. A minicomputer Raspberry PI was used to control the 
system. All tissues were held in a jig made of polylactide (PLA), 
fabricated by fused deposition modelling. For each examination, 
the bowl was filled with 250 ml of PBS with a temperature of 
T = 6 °C. Additionally, to ensure a temperature below T = 40 °C, 
the PBS was exchanged after tt = 20 min during one hour 
treatments despite the cooling. 
 

To characterise the ultrasonic field at the beginning of the 
investigation, the area of the most intense cavitation was 
identified by the aluminium foil test and sono-
chemiluminescence. During cavitation, high forces and 
temperatures generated during a bladder collapse create free 
hydroxyl radicals. This radical reacts with other chemically 
dissolved substances in the medium [19]. A typical reagent used 
for sonochemiluminescence visualisation is luminol (C8H7N3O2). 
A luminol solution 0.01 mol/l with 0.25 mol/l sodium hydroxide 
(NaOH) and a camera with a long exposure time (Canon EOS 5D 
Mark II, Canon Deutschland GmbH) were used for the 
investigation. 

 
 

3.2 Tissue sample preparation for ultrasonic treatment 
The porcine thyroid cartilage and dura mater sample were 

donated by a local abattoir. After rinsing the tissues with sterile 
PBS (Sigma-Aldrich, St. Louis, USA) the samples were punched 
out with a diameter of dc = 10 mm (cartilage) or dd = 22 mm 
(dura mater). Before storage in PBS at T = 6 °C until ultrasonic 
treatment, the perichondrium of the thyroid cartilage was 
removed and the sample was cut to a height of hc = 1.5 mm. 
 
3.3 Determination of DNA content 

To determine the efficiency of the decellularisation method, 
the DNA content of the tissue samples were measured. For this, 
the cartilage and dura mater were cut into small pieces and 
stored at T = -20 °C after ultrasonic treatment. Then, small-cut 
cartilage and dura mater specimens were freeze-dried for at 
least t = 7 h followed by weight measurements. Afterwards, the 
tissues were pre-digested with 3 ml collagenase A (0.46 U/ml; 
Roche Diagnostics GmbH, Rotkreuz, Switzerland) and additional 
0.5 ml dispase (3 U/ml; Roche Diagnostics GmbH, Rotkreuz, 
Switzerland) for dura mater overnight at T = 37 °C in a Thermo-
Shaker. Furthermore, each sample was incubated with 480 µl 
water, 480 µl solid tissue buffer and 40 µl proteinase K for at 
least t = 3 h at T = 55 °C in a Thermo-Shaker. The DNA isolation 
was done by using the “Quick-DNA Midiprep Plus Kit” (Zymo 
Research, Irvine, USA) and was performed according to the user 
manual. After the DNA was eluted, the contents were 
determined by absorptiometry at λ = 260 and λ = 280 nm (Tecan 
infinite® F200Pro, Maennedorf, Switzerland). 

4. Results and discussion 

Firstly, an aluminium foil test and sonochemiluminescence 
were carried out to characterise the ultrasonic field in order to 
identify the optimal position with the greatest cavitation effect. 
The results of the aluminium test are shown in Fig. 2 (left), with 
the foil being most damaged precisely in the middle at a distance 
of x = 30 mm. This was also confirmed by an experiment with 
sonochemiluminescence, see Fig. 2 (right). 
 

 
Figure 2. Left: Aluminium foil test with a large hole in the middle and 
small holes around after a processing with tt = 10 s, f =40 kHz and 
P = 60 W. 
Right: Sonochemiluminescence image, where the highest forces acting 
at the brightest point. 

Cartilage and dura mater DNA isolation was performed with and 
without the ultrasonic treatment to evaluate the DC process in 
relation to the power, frequency and treatment time. Fig. 3 
shows the results of the treatment of the cartilage with 
increasing power from left to right. While increase of power and 
frequency seemed to decrease DNA content, the impact of time 
was marginal. 
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Figure 3. Residual DNA content of porcine thyroid cartilage with control 
sample (left) and increasing power from left to right (n ≥ 2). Lowest 
DNA content of DC cartilage of 169.19 ng/mg. 
 
The lowest value of residual DNA content of 169.19 ng/mg for 
cartilage was achieved with a frequency of f = 40 kHz and an 
output of P = 120 W. Fig. 4 shows the results of the residual 
content of DNA for the DC of dura mater, whereby the best 
result of 30.74 ng/mg could be also achieved with a frequency 
of f = 40 kHz and an output of P = 120 W. Starnecker et al. [2] 
and Norzarini et al. [18] also observed in their studies that 
treatment with higher frequencies is more effective for 
decellularisation. However, high fluctuations occur due to the 
small number of samples and the known biological differences. 
 

   
Figure 4. Residual DNA content of porcine dura mater with control 
sample (left) and increasing power from left to right (n = 3). Lowest 
DNA content of DC dura mater of 30.74 ng/mg. 

5. Conclusion 

Our preliminary results show that ultrasound treatment for 
the decellularisation of allograft transplants may be an 
interesting alternative to avoid toxic agents. For this purpose, a 
mini ultrasonic bath with temperature cooling was developed 
based on the ultrasonic DC methods presented in the literature. 
The subsequent determination of the DNA content by DNA 
isolation showed a reduction in the content of both types of 
tissue. It was observed that at a frequency of f = 40 kHz and the 
highest power of P = 120 W, the DNA content decreases. In this 
initial study, a trend towards ultrasound treatment can be seen, 
even if the results are limited because of the biological 
fluctuations and the small sample size. Hence, further 
investigations with a larger number of samples as well as 
structural and biomechanical ECM characterisation will be 
carried out. 
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Abstract 
A growing number of precision engineering devices are operated under vacuum conditions to shield them against disturbances. Mass 
comparators,  nano-positioning  and  nano-measuring  machines,  semiconductor  manufacturing  equipment,  scientific  experimental 
setups, etc. can be mentioned as examples. Adjustment is frequently required to fulfil the intended function. Pre-tensioned screw 
gears are often used due to their high transmission ratio and self-locking properties. The applied torque needs to be taken by the 
device. Mechanically sensitive components within the force flow can easily be overloaded, thus causing malfunctions of the device. 
Within the scope of this work, a drive concept is developed which compensates the introduced torque utilizing a counter torque and 
suitable  coupling.  A  prototype  has  been  realized  according  to  the  demanding  requirements  of  the  adjustment  of  a  compliant 
mechanism. The prototype allows a nominal actuation torque of up to 300 N mm with an angular resolution of 20’. The parasitic 
reaction torque is reduced down to only 0.25 N mm independent of the nominal torque. The mechanical coupling and decoupling of 
the  adjusting  device  as  well  as  the  actuation  of  the  adjusting  gear  are  achieved  by  one  single  motor.  The  low-reaction  torque 
tightening of screws for the assembly of precision devices was considered as a second possible application.  
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1. Introduction 
 
In the adjustment of precision engineering devices, highly 

reproducible motions are frequently realized by screw gears, 
which are manually operated or driven by a motor. The 
reaction torque from driving these adjustment gears has to 
be taken by the frame. Mechanically sensitive components in 
the force loop can easily be overloaded and by that, the 
function of the device can be disturbed. To avoid this, torque-
compensating drives were invented. The applied torque is 
compensated by a counter torque. Only a minor parasitic 
torque on the mechanically sensitive device remains. 

 
2. State of the art and requirements 
 

In conventional mechanical engineering, reaction arms are 
used to create an additional coupling between the mounting 
tool and the assembly, to return the reaction torque. This 
concept is used for the manual tightening of screws [1] or the 
automated mounting of components by robot systems [2]. 
High ratio planetary gearboxes, which are supported by a 
form-fit connection to the structure, in addition to the tool, 
are described as another option for torque compensation [3]. 
Further possibilities are tools with a dual-rotor motor, in 
which the stator is pivoted. In this case, the torque is 
generated by the output shafts and no reaction torque is 
applied to the frame [4]. 

Due to the lack of solutions in precision engineering, a drive 
for torque-compensated adjustment has been developed. 
High resolution is required, as well as compatibility to  
vacuum conditions. In addition, limitations of the design 
space, tool orientation, costs, and electromagnetic 
compatibility have to be considered. Axial compensation for 
screw adjustments can remain unconsidered, as only minor 

translational motions are required. The drive has to be 
completely decoupled from the device after the adjustment 
process, without affecting the adjustment results. 

 
3. Prototype of a torque-compensating adjustment drive 

for precision engineering devices   
 

To find the optimal technical principle for the requirements 
of the adjustment drive, a systematic design development 
process was performed. The critical components were 
dimensioned, and a prototype was designed. 

 
3.1 Concept of operation 

The final technical principle of the torque-compensating 
adjustment drive can be taken from Fig. 1 and a section view 
is shown in Fig. 2. The main function of the adjustment 
mechanism is the transmission of an almost torque-free 
rotary motion from the motor (1) to the adjustment gear (2) 
of a mechanically sensitive device (3) by the tool (4) and 
reaction arms (5).  

 
Figure 1. Technical principle of the adjustment drive. 

In the initial state, the adjustment drive is decoupled from 
the mechanically sensitive device. At the start of the 
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adjustment process, the motor initiates a rotary motion (φ1) 
to couple (s) the tool and the reaction arms to the 
mechanically sensitive device by a cam mechanism (6) with 
guiding elements (7). The frictional torque generated by a 
spring (8) prevents the transmission of a rotary motion to the 
tool. After rotating the motor shaft of about 165°, a 
mechanical stop (9,10) at the cam mechanism is engaged. The 
frictional torque of the spring is overcome and the rotary 
motion of the tool is enabled (φ2). The adjustment 
mechanism and the device are completely coupled. The 
angular adjusting motion (φ2) is carried out by the driver up 
to the desired value. After the adjustment process, the motor 
turns in the opposite direction (-φ1) to disconnect (-s) the tool 
and the reaction arms from the mechanically sensitive device. 
Another spring (11) is used to keep the cam and the follower 
in contact. 

With this concept, torque compensation is ensured by the 
simultaneous coupling of the tool and the reaction arms with 
the mechanically sensitive device. If only one of the two 
coupling elements would be connected, the motor would be 
rotated (φ3) about its bearing (12) and only the friction torque 
of the preloaded bearing would be transmitted to the device. 

 
3.2 Coupling of adjustment mechanism and device 

The couplings of the adjustment mechanism and the 
mechanically sensitive device, which can be seen in Fig. 2, are 
designed to avoid overconstraints. 

To compensate for lateral and angular misalignment 
between the adjustment mechanism and the device, 
sufficient clearance in the form-fit couplings has been 
provided. To avoid an eccentric torque initiation at the 
sphere-plane contact pairs (13), an additional elastic element 
(14), designed as a compliant joint, is attached. 

 
4. Results 

 
The adjustment parameters obtained by the prototype are 

shown in Tab. 1. Restrictions resulting from the realization of 
the requirements, the operation concept, and the design of 
the prototype have been considered. The initiated torque 
cannot be completely compensated by the adjustment drive. 
Parasitic torques resulting from the preloaded bearing of the 
motor are applied to the mechanically sensitive device. To 
create a torque-compensated coupling between the 
adjustment mechanism and the device, an additional 
coupling for torque compensation has to be provided. Due to 
the form-fit pairings of the coupling, there is clearance, which 
influences the setting accuracy of the adjustment. Owing to 
the operating principle of the adjustment mechanism a 

backlash of 330° exists. The reason for this is the coupling and 
decoupling of the drive and device. In addition, it is necessary 
to set a defined position before the start of the adjustment 
process to enable the form-fitting elements to be coupled. 
The set position has to be within the range of the tool 
clearance.  

 
Table 1. Adjustment parameters obtained by the prototype. 

Parameter Value 

Parasitic reaction torque  0.25 N mm 

Nominal adjustment torque  300 N mm 

Resolution adjustment angle 20’ 

Design space 227x80x80 mm 

Vacuum conditions 10-6 mbar 

 
5. Conclusion and outlook 

 
A torque-compensating adjustment mechanism for 

mechanically sensitive devices is presented as the first step of 
the ongoing development process. With the technical 
principle shown in Fig. 1, rotary motions can be transmitted 
to the device, with low remaining reaction torques of about 
0.25 N mm. Overconstraints are avoided due to the design of 
the coupling. The system can be operated in a vacuum and is 
completely decoupled from the mechanically sensitive device 
after the adjustment process.  

To verify the obtained results, the designed prototype will 
be manufactured and tested. In an iterative process, the 
adjustment mechanism will be optimized in terms of 
remaining initiated torque, design space, the initial position 
of the form-fitted couplings and operation in a vacuum. In 
addition, a drive with higher nominal torque will be 
introduced to test the prototype as a low-impact fastening 
system for screws in sensitive precision engineering 
applications.  
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Abstract 

 
Aerostatic bearings are externally pressurized gas lubricated bearings. Aerostatic bearings are used in high speed and precision 
motion applications due to low friction and high accuracy. They use a restrictor to limit the flow of the gas into the bearing gap. The 
presence of the restrictor increases the stability of the bearing against self-excited vibrations. This study focuses on porous graphite 
restrictors and the effect of permeability on the behaviour of the bearing.  
The bearings were studied both experimentally and with a simulation model. Flat bearing pads with 37 mm diameter and different 
restrictor bulk permeability were manufactured and tested.  

Experimental measurements were conducted on a test setup allowing loading of the bearing against a ground steel plate. The load 
was supplied with a series of weights. The air gap was measured with a linear length gauge, measuring the displacement of the air 
bearing. The pressure was controlled with a regulator and the flow rate into the bearing was measured. 

In order to build an accurate simulation model, the permeability of the used material was calculated from the measured short 
circuit flow through each 4.5 mm thick sample. The flow in the porous material and in the restrictive layer follows Darcy’s law, the 
flow in the air gap is described by the Navier-Stokes-equation. The simulation model was validated with experimental results. 

Measurement and simulation results include the air gap height, load and flow rate at a supply pressure of 0.4 MPa. According to 
previous research and preliminary results the surface restrictor layer has increased the resistance of the bearing to self-excited air-
hammer vibration, leading to a higher load capacity. 

 
Aerostatic bearing, porous restrictor, restrictive layer    

1. Introduction 

Aerostatic bearings are commonly used in precision motion 
and positioning applications. Aerostatic bearings have low 
friction, high positioning accuracy, no stick-slip phenomenon 
and tolerate high operating speeds. However, the bearings have 
a relatively low load capacity. The bearing is lubricated by 
externally pressurized gas that is fed into the bearing gap 
through a restrictor. A restrictor restricts the flow of the air 
entering the bearing gap and improves the stiffness of the 
bearing and reduces the air consumption. Common restrictor 
types include orifices, grooves, slots and porous materials.  

Aerostatic bearings with porous restrictors are preferred to 
orifice-fed bearings as they offer higher load capacity and high 
stiffness over a large range of air gap height as shown by, for 
example, Fourka and Bonis [1]. 

Different studies to determine the design parameters 
affecting the performance of porous aerostatic bearings have 
been made [1-9] and were reviewed by Gao et al. [10].  

One parameter that influences load capacity and stiffness is 
the permeability of the porous material. Fourka and Bonis found 
that the permeability has to be smaller than 10-12 m2 to achieve 
a good performance. They performed an in-silico study of 
permeability in different orders of magnitude, in order to get a 
basic understanding of the influence of the permeability. [1] 

In this paper, three in-house manufactured porous bearings 
from commercially available graphite materials and one 
commercially available porous bearing were investigated. The 
results were used to validate a simulation model, which enables 
further parameter studies. 

2. Methods 

The structure of the investigated bearing is shown in Figure 1, 
and the dimensions shown are explained in Table 1. The bearing 
consists of an aluminium body and the porous restrictor, and the 
commercially available bearing has an additional restrictive 
layer. The external pressure supply distributes the inlet air to the 
porous restrictor through the inlet grooves. The air flows into 
the bearing gap through the porous restrictor and flows out of 
the gap to the ambient atmosphere.  

 
Figure 1. Cross-section of the investigated bearing.  

 
The bearing was investigated numerically and experimentally 

with the focus on the static stiffness and load capacity to 
develop a robust simulation model with a good understanding 
of the influence of the permeability. 
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Table 1. Dimensions of the investigated bearing. 

Dimension Description Value (mm) 

D Diameter of porous restrictor 37.0  

D1 Outer diameter of outer 
groove 

30.0  

D2 Outer diameter of inner 
groove 

17.5  

h Height of porous restrictor 4.5  

gh Height of groove 1.8  

gw Width of groove 3.0  

 
In the numerical simulation, the air gap was set between 1 and 

25 µm. The load was calculated with the resulting pressure 
distribution in the air gap at the counter plate and the volume 
flow was calculated with the velocity profile at the edge of the 
bearing. On the contrary, the experimental measurements were 
conducted with a set load between 6 and 360 N and the resulting 
air gap and volume flow at the inlet were measured. 
 

 
Figure 2. 2D simulation model of porous bearing.  

2.1 Simulation model 

The simulation model for the bearing consists of the porous 
domain in the restrictor of the bearing and the air gap between 
the bearing and the counter plate as shown in Figure 2. 

The flow through a porous material is defined by the pressure 

loss 
𝜕𝑝

𝜕𝑧
 and is described by Darcy’s law as stated in eq. (1) 

�⃗� =  −
𝐾

𝜂

𝜕𝑝

𝜕𝑧
 (1) 

with the velocity of the fluid �⃗�, the dynamic viscosity of the fluid 
𝜂 and the specific permeability 𝐾. The latter one is independent 
of the fluid properties but depends on the geometry of the 
porous material. In the case of a single-phase flow the specific 
permeability equals the permeability 𝜅 of the porous material. 

 In the case of a laminar flow with non-linear drag coefficient, 
which can be assumed with a Reynolds number in the range of 
1-10, eq. (1) is extended by the Forchheimer equation: 

𝜕𝑝

𝜕𝑧
=  −

𝜂

𝐾
�⃗� − 𝑐𝐹𝜅 −

1
2𝜌𝑓 |𝑣| �⃗� (2) 

𝑐𝐹 =
1.75

√150
⋅ 𝜀𝑝

−3/2 (3) 

with the density of the fluid 𝜌𝑓 and the Forchheimer coefficient 

𝑐𝐹 , shown in eq. (3). Latter depends on the porosity 𝜀𝑝 of the 

restrictor. [11] 
The flow in the air gap is described by the Navier-Stokes 

equation for the stationary case without additional forces: 
𝜌𝑓 �⃗� ⋅ (𝛻�⃗�) =  −𝛻𝑝 + 𝜂(𝛻2�⃗�) (4) 

In this study, the commercial software COMSOL 5.4 with the 
‘free and porous media flow’ interface was used. It is based on 
the finite element method. The simulation model is 2D axis-
symmetric to reduce computational requirements. The mesh 
was studied in a refinement study. The resulting mesh consists 
of 5 layers in the z-direction of rectangular elements in the air 
gap and of a free triangular mesh with the setting ‘finer for fluid 

dynamics’ in the porous domain. This results in a total amount 
of 751290 elements. 

The following assumptions and boundary conditions were 
used in the simulation: 

- Air as fluid at isothermal conditions, 𝑇∞ = 20 °C 

- Gravitational forces neglectable 

- Weakly compressible flow (Mach number 𝑀𝑎 =
𝑣

𝑐
< 0.3) 

- Laminar flow (Reynolds number 𝑅𝑒 =
𝜌𝑓 𝑣 𝐷𝑐ℎ𝑎𝑟

𝜂
< 10) 

- Pressure-driven flow, with inlet pressure ∆𝑝 = 𝑝𝑖𝑛,𝑎𝑏𝑠 −

𝑝𝑎 = 0.4 MPa and ambient pressure 𝑝𝑎 = 0.1 MPa 

- No-slip-boundary-condition at all outer walls and the 
counter plate 

- Interface between porous domain and free flow has 
continuous pressure and velocity fields, which implies a 
stress discontinuity [12] 

2.2 Measurement setup 

The measurement setup, shown in Figure 3, loaded the 
investigated bearings (see Table 2) against a ground steel plate. 
The setup allowed measurement of the gap height, air 
consumption and load capacity of the investigated bearings. The 
bearing was loaded using a series of weights and the amount 
was changed to vary the load. 

 

 
Figure 3. The measurement setup. 

 
Table 2. Three of the four investigated bearings were manufactured in 

house. The dimensions of the in-house bearings match the dimensions 
of the commercial bearing. The graphite restrictor was mounted to the 
aluminium housing with an epoxy resin. The surface of the bearing was 
lapped with 6-micron abrasive film.  

Bearing Graphite material 

1 AXM-5Q, POCO Material (USA)  

2 TM1, POCO Material (USA) 

3 Q70, Meusburger Georg GmbH & Co KG (Austria) 

4 commercially available bearing S104001 from New 
Way Bearings (USA) 

 
The measurement setup used a NI USB-6215 DAQ device to 

control the pressure regulators and record the measurements. 
The air consumption was measured with a SMC PFM510 flow 
meter at the inlet, the load capacity was measured with a HBM 
U2B force transducer and AE 101 amplifier, and the gap height 
between the bearing and the counter plate was measured with 
three Heidenhain MT-12 length gauges. The range and accuracy 
of each measurement device can be found in Table 3. 

Three length gauges were used to neglect the effect of the 
bearing tilting during the measurement. The displacement of the 
three gauges was averaged and compared against the reference 
measurement with the bearing air supply turned off. 
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Table 3. Range and accuracy of measurement devices. 

Device Range Accuracy 

NI USB-6215 -10 − 10 V ±2.690 µV  

SMC PFM510 0.2 − 10 l/min ±3 % F. S.  

HBM U2B (5kN) Calibrated for 600 N  ±1 % F. S.  

HBM AE 101 -10 − 10 V ±1 % F. S. 

Heidenhain MT-12 12 mm ±0.5 µm 

 
Each bearing was measured 5 times to investigate the 

repeatability of the measurement and the standard uncertainty 
𝑢(�̅�) of type A was calculated. 

The measurements were carried out with the following 
procedure: 

1. The investigated bearing was placed on the steel plate 
and the loading arm was put in place. 

2. The displacement of the bearing was measured to set 
the reference point for the air gap measurement. 

3. All weights were placed on top of the bearing. 
4. The load was decreased in steps and the displacement 

and air consumption was measured at each step. 
5. After measurements, the air supply was turned off and 

the next bearing sample could be measured, starting 
from step 1. 

2.3 Data processing 

To calculate the static stiffness 𝑆, the graphs of the load 
capacity 𝐹 over the air gap height ℎ were derived with  

𝑆 =
𝜕𝐹

𝜕ℎ
. (5) 

The permeability 𝜅 was determined with eq. (6) from the 
measured short circuit flow 𝑄. The short circuit flow is the free 
flow into the ambient atmosphere, measured at the desired 
supply pressure. 

𝜅 =
8∙𝑄∙𝜂∙ℎ∙𝑝𝑎

𝜋∙𝐷𝑒
2∙(𝑝𝑖𝑛,𝑎𝑏𝑠

2−𝑝𝑎
2) 

, (6) 

where ℎ is the thickness of the porous material, 𝑝𝑎 is the 
absolute ambient pressure and 𝑝𝑖𝑛,𝑎𝑏𝑠  is the absolute supply 

pressure. The measured permeability was used in the simulation 
model. For the case of bearing 4 with an additional restrictor 
layer this reduces the two different permeabilities to one value. 
This was addressed in a separate model with two porous 
domains, for which the bulk permeability was measured 
separately and the resulting permeability in the restrictive layer 
was calculated. 

3. Results      

The presented preliminary results were measured at a relative 
bearing supply pressure of 0.4 MPa. 

The permeability of the graphite restrictor in each bearing was 
determined with the measurement of the short circuit flow.  The 
permeabilities, calculated using eq. (6), are presented in Table 4. 

 
Table 4. Permeability of the investigated bearings. Bearings 1-3 are 
manufactured in-house and bearing 4 is a commercially available 
bearing, the porosity for it is calculated. 

Bearing h 
(mm) 

Porosity 
(%) 

Permeability at 0.4 MPa 
(m2) 

1 4.49 0.23 (0.710 ± 0.0515) ∙ 10−15  

2 4.43 0.2 (1.768 ± 0.1283) ∙ 10−15  

3 4.48 0.2 (1.764 ± 0.1279) ∙ 10−15  

4 4.50 0.33 (1.052 ± 0.1279) ∙ 10−15 

 
The load capacities of the investigated bearing are presented 

in Figure 4, and the volumetric flow rates at corresponding gap 
heights are presented in Figure 5. 

The static stiffness of the bearing, which was calculated using 
eq. (5), is presented in Figure 6.   

  

 
Figure 4. Load capacity in relation to the gap height at 0.4 MPa bearing 

supply pressure. Measurement points are marked with stars and dashed 
lines. Solid lines depict the simulated results. Graph 2S is hidden behind 
3S. Error bars represent the standard uncertainty of the measurement. 
The abbreviations in the legend stand for M – measured, S – simulated 
and S* - simulated with restrictive layer. 

 

 
Figure 5. Volume flow in relation to the gap height. Measurement 

points are marked with stars and dashed lines. Solid lines depict the 
simulated results. Graph 2S is hidden behind 3S. Error bars represent the 
standard uncertainty of the measurement. The abbreviations in the 
legend stand for M – measured, S – simulated and S* - simulated with 
restrictive layer. 

 

  
Figure 6. Static Stiffness in relation to the gap height. Dashed line is used 
for measurement results and solid line is used for simulation results. 
Graph 2S is hidden behind 3S. The abbreviations in the legend stand for 
M – measured, S – simulated and S* - simulated with restrictive layer. 
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4. Discussion 

The present study compares the performance of aerostatic 
bearings with various restrictor permeabilities. 

The measured load agrees fairly well to the simulated load for 
bearings 1, 2 and 4 (Figure 4). During the measurements of 
bearing 2 and 3, audible vibrations occurred. The vibration was 
presumably the self-exited air-hammer phenomena [13]. The 
increased uncertainty of the measurements of those bearings, 
shown by the uncertainty bars in Fig. 4 and 5, is an effect of the 
vibration. 

The results in Figure 6 suggest, that the stiffness of the 
bearings increases significantly at low air gap height or that the 
bearing contacts the counter plate at high loads. This occurs at 
350 N and 260 N, for the bearings 1 & 2 and 3 & 4, respectively. 
The experimentally determined stiffness of bearings 1-3 
approaches the same value from 10 µm onwards, whereas 
bearing 4 has a larger curvature and agrees better with the 
numerical data. 

In Figure 5, the measured flow rates are larger than the 
simulated by a factor of 3. Presumably the difference originates 
from some error in the simulation, as the measured values 
correspond to the ones provided by the manufacturer of the 
commercial bearing. Possible error sources are the calculation 
of the permeability, leakage of the real bearing or the 
assumption of weakly compressible flow. Further investigation 
will be carried out to determine the concrete influences. 

The commercially available bearing, denoted with number 4, 
has an added surface restrictor layer, while the in-house made 
bearings have none. The simulation model with the surface layer 
is closer to the measured results than the model without the 
surface layer. 

The comparison regarding the permeability of the bearings is 
difficult, as the measurement uncertainties are high in 
comparison to the differences between the load capacity.  It can 
be seen that the volume flow rate highly depends on the 
permeability, with an increase of the volume flow rate with 
increasing permeability. 

The measurement setup produced systematic uncertainties to 
the measurement results. These uncertainties were due to e.g. 
the insufficient stiffness of the counter plate, resulting in a 
deflection in the range of a few micrometres under the 
measurement load. The negative gap heights visible in the 
results are presumably a result of the measurement setup 
deforming or due to movement of the bearing. Additionally, the 
ball joint introduces a moment to the bearing, as the friction in 
the joint increases as the load on the bearing increases. 

5. Conclusion 

The present study investigated the effect of the restrictor 
permeability on the load capacity, gap height, and air 
consumption of porous aerostatic bearings with 37 mm 
diameter. Three custom bearings with varying restrictor 
permeability and one commercially available bearing were 
compared. 

The investigation consisted of an experimental study and a 
numerical simulation based on the measured permeability of 
the bearings.   

The compared parameters include the load capacity, volume 
flow rate and static stiffness of the bearing. It was shown that 
there are some differences between the numerical and the 
experimental results especially in the volume flow rate, but the 
qualitative behaviour is visible for both approaches.  

Due to occurring vibrations in the measurement of bearing 2 
and 3, a proportional relation between the permeability and the 
measured load or volume flow can only be assumed from the 

exponential fit. Based on the numerical curves and the fit of the 
experimental data, it is possible to assume a proportional 
increase of the load capacity as well as the volume flow with 
increasing permeability. 

To achieve a better agreement between the numerical and the 
experimental results, the assumptions for the numerical 
calculations must be reviewed. As the numerical solution is 
based on perfect surface qualities, dimensions and 
measurements, it increases the disagreement between 
numerical and experimental results. If possible, surface 
roughness of both counter plate and bearing should be included 
in the model, as well as measured in the experimental setup. 

Further studies should focus on the effect of manufacturing 
errors on the performance of the bearing and to decrease the 
uncertainties of the measurements by improving the 
measurement setup.  

The following improvements could reduce the measurement 
uncertainties: 

- Replacing the pivot by a flexure and thus eliminating 
friction from the system. 

- Replacing the ball joint with a flexure to enable angular 
and tilting movement without friction. 

- Increasing the stiffness of the measurement frame and 
the counter plate to avoid deflection in the measurement 
path. 

- Polished surface with high surface quality for the counter 
plate for accurate measurement of the air gap height. 
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Abstract 
We report on the development of a process flow for the manufacturing of  polymer parts by injection molding with three levels of 
surface structuring. A stainless steel mold insert was first manufactured and treated with three different structuring methods. One 
of the key point was the ability to fabricate in a conformal way sub-microstructures on the flat and microstructured areas of the 
insert. These hierarchical structures were then replicated by injection molding. The replication process was optimized using a design 
of experiments. The replica produced showed different optically varying effects due to the microstructures. The sub-microstructures 
lead to a opaleascent effect on the surface. 
 
Microstructuring; nanostructuring ; injection molding ; hierarchical structure 

 

1. Introduction   

The aesthetics of injection molded plastic parts is traditionally 
done by controlling the surface texture of the mold, combined 
with painting/stamping decals or by using in-mold labelling 
processes. To obtain specific colors and optical effects, pigments 
and dyes are generally used, which can be problematic for some 
applications. There is currently a trend in the manufacturing of 
surfaces with controlled aesthetics avoiding the use of such 
pigments/dyes, using instead so-called structural colors [1]. 
These bioinspired approaches involve submicrometer surface 
structures combined with metal and dielectric layers. One of the 
challenge for the manufacturing of structural colors is to develop 
processes to apply such solutions on non-planar and 
prestructured parts. 

In this study, a process flow is reported to manufacture 
injection molded parts with three levels of surface structuring. 
At a micrometer scale, two types of structures have been 
manufactured, leading to optically variable effects based on 
geometrical optics. A third level of structuring has then been 
done at a submicrometer scale to obtain an opalescence on the 
microstructured surface (light scattering and interferences). A 
hierarchically structured mold was manufactured and an 
injection compression process was optimized using a design of 
experiments. 

2. Manufacturing of hierarchically structured mold inserts   

The first objective was to produce the three types of surface 
structures on a stainless steel mold insert. The process flow 
consisted in the following steps: the surface of a 40mm diameter 
mold insert was first mirror polished. A first microstructure was 
made by means of micromilling. This guilloche pattern was 
applied in the center of the part as a background. This resulted 
in a continuous wave like optical effect on the surface. 
In a second step, a surface sub-microstructure was applied on 
the complete surface of the insert. These structures were made 
by nanosphere lithography [2]. This process involves two steps 

with first the manufacturing of an etch mask using particles as 
templates and second an electrochemical etching step to 
transfer the structures into the underlying substrate. The size of 
the particles is used to control the lateral dimensions of the 
structures while the etching step was used to adjust the depth 
of the structures. In this study, the particles had a diameter of 
1µm and the etched structures had an aspect ratio of 0.5. As 
illustrated in figure 1, this structure lead to a opalescent color on 
the surface.  

 
 
Figure 1. Photograph of a structured injection mold insert. 

 
In a last step, a second microstructure was introduced using 
electrochemical micromachining [3]. A microtructured etch 
mask was made by protecting the surface of the mold insert with 
a resin followed by a laser ablation to locally expose the surface 
of the stainless steel. The structures were then etched by 
electrochemical dissolution. The resulting microstructures had a 
lateral size of 40µm, an aspect ratio of 0.4 and a mirror polished 
finishing on the etched areas. On a design point of view, a 
complex dithering process of the microstructures allowed the 
creation of optically variable effects leading to animations upon 
tilting and rotation.  
Figure 2 presents SEM images of the resulting stainless steel 
insert with the three levels of structuring. On top image, the 
wave-shape of the guilloche pattern can be observed at the 
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bottom left. The higher magnification image shows the 
superposition of the sub-microstructures, which follow 
conformally the surface of the microstrucutres. On the second 
high magnification image, the electrochemically etched 
microstructure can be seen, with very smooth surfaces on the 
etched areas. 
 

 
 
Figure 2. SEM images of a of a structured injection mold insert  

3. Optimization of the injection molding process  

An injection-compression molding process was then used to 
produce series of hierarchically structured plastic parts. The 
tests were made using polystyrene. A five parameter, two level 
design of experiment (DOE) was made for the optimization of 
the replication process. A fractional factorial design was used 
and a total of 16 runs with different combinations were 
performed.  In table 1, the high and low levels of the DOE are 
presented for each parameter.  The melt and mold temperature 
were the first parameters varied. As an injection-compression 
process was used, the other three parameters were the injection 
speed, the gap size before compression and the injected volume. 
 
Table 1 : parameters used for the design of experiment 

 
 
For the output of the DOE, the mean height of the replicated 
submicrometer structures was measured from confocal images 
of the surface. The effect of each parameter on the height of the 
structures is presented in figure 3.  
 

 
Figure 3. Main effect plot of the optimization of the injection-
compression molding process. 
 

In this injection molding campaign, we found that the most 
influencing parameter was the mold temperature, with a two 
fold increase in the structure-height when increasing the mold 
temperature from 50 to 75°C. This agrees well with previously 
reported results [4]. Increasing the mold temperature can 
indeed effectively delay the solidification of the polymer on the 

mold surface, giving more time for the melt to fill the 
submicrometer structures to replicate. The injected volume was 
the second most influencing parameter, a higher volume leading 
to a higher structure, probably due to an increased pressure 
during the compression phase. For the set of parameters 
selected, the melt temperature, injection speed and gap also 
had an influence on the replication but to a lesser extent. 

 
 
Figure 4. photograph of an aluminium coated  replica. Left) made with 
optimized parameter right) made without injection compression. 

 
The polystyrene replica produced had all the features of the 
mold insert, with the three levels of surface structuring. The 
optical effects of the microstructures were clearly observed but  
the opalescence was only obtained by applying a reflective 
aluminium coating on the parts.  As shown on figure 4, the 
replication quality was strongly influenced by the compression 
phase. The final part exhibited all the optical features of the 
mold, with optically varying effects from the microstructures 
and a pale, opalescent color from the sub-microstructure. 

4. Conclusions         

A process flow was proposed and optimized for the 
manufacturing of hierarchically structured surfaces for 
decorative applications. Two main cahllenges have been 
addressed : (1) the conformal fabrication of sub-micrometer 
structures on the surface of a stainless steel insert prestructured 
at a micrometer scale ; (2) the optimization of the replication by 
injection molding. Adding a compression step to the injection 
process was necessary to obtain satisfactory results. The DOE 
performed for the optimization of the replication process 
showed that the most critical parameter to obtain a faithfull 
replication is the mold temperature, which has to be high 
enough to ensure a complete filling of the sub-micrometer 
features.  
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Abstract 
As a major source of uncertainties in micro- and nanopositioning devices, friction, characterised by complex stochastic phenomena, 
is one of the major challenges in developing reliable predictive models od systems’ behaviour. Based on recently performed lateral 
force microscopy experimental measurements of thin films’ nanoscale friction, fundamental frictional mechanisms in atomic-scale 
single-asperity contacts are investigated in this work vs. the concurrent influence of multivariate process parameters. The hence 
proposed nanoscale friction models are developed using innovative artificial intelligence-based methods. In fact, although in a 
previous study the employment of conventional (black box) machine learning methods provided rather good predictive 
performances, the intrinsic nature of these models prevents their usage in most practical applications. The novel methodology 
proposed in this work allows, in turn, attaining an extremely simple mathematical formulation (i.e., a white box model) providing an 
immediate insight and a unique scientific perspective into the multidimensional dependence of nanoscale friction on the studied 
variable influencing parameters. What is more, this artificial intelligence-based approach allows achieving a high predictive 
performance with R2 values in the range of 0.75, while the simplicity of the obtained expressions makes future studies and possible 
practical applications (e.g. in the corresponding control algorithms) rather straightforward. 
 
Nanoscale friction, artificial intelligence, predictive white box model 

 

1. Introduction 

Fundamental physio-chemical phenomena of single-asperity 
contacts between two contacting surfaces govern the micro- 
and macroscale frictional behaviour. Friction has, in turn, a 
negative impact on all precision positioning devices, presenting 
a major source of stochastic uncertainties. Deepening the 
knowledge on frictional phenomena at the nanoscale presents, 
thus, the scientific foundation for the development of novel 
friction-compensating algorithms, as well as modelling 
strategies in general [1]. 

In this work is hence presented the study aimed at modelling 
nanoscale friction and its dependence on the concurrent effects 
of three variable process parameters, i.e., normal loading FN, 

sliding velocity v and temperature . The study is performed on 
thin-film aluminium oxide (Al2O3) and molybdenum disulphide 
(MoS2) samples synthesized, respectively, via atomic layer 
deposition (ALD) and pulsed laser deposition (PLD) [2]. With the 
goal of attaining a mathematical expression that can be used to 
effectively predict nanoscale friction in the described conditions, 
data is collected by employing the innovative lateral force 
microscopy (LFM) based experimental methodology described 
in [2], thus enabling the training of artificial intelligence (AI) 
algorithms. Application of AI in this context presents a novel 
approach adopted progressing from the previously developed 
black-box machine learning (ML) approach [3]. 

It will hence be shown that the AI approach, based on using 
the TensorFlow [4] and the SciKit-learn [5] implementations, is a 
viable method of obtaining compact mathematical expressions 
that enable describing effectively nanoscale friction from 
stochastic multidimensional data, while assuring the attainment 

of high predictive performance metrics values. In fact, the 
obtained symbolic mathematical expression presents a big step 
towards identifying the physical laws that underlie the observed 
complex physical phenomena. 

2. AI Numerical Modelling 

Evolutionary algorithms are typically used to provide a good 
approximate solutions to problems that cannot be easily solved 
using other techniques. The function-generating AI algorithms 
studied in this frame in this work include age-layered population 
structure (ALPS), standard Koza style symbolic regression (KS), 
grammatical evolution (GE) and multi-gene genetic 
programming (MG). 
 

 

Figure 1. Proposed AI-based methodology of developing the predictive 
nanoscale friction models 
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The development of the predictive models is conducted based 

on the methodology depicted Figure 1. All algorithms are hence 
trained on 50 values of the measured nanoscale friction forces 
under the influence of the concurrent multivariate studied 
process parameters, determined by employing an elaborated 
design-of-experiments (DoE) methodology, conducted by using 
centroidal Voronoi tessellation (CVT) sampling [2]. The used 
experimental data is thus normalized and standardized first. The 
models are then trained on the set of DoE-CVT-based data [2] 
for each material separately, as well as on a combined (pooled) 
dataset for all the considered materials, and then subjected to a 
10-fold cross-validation [6]. In the process, an optimization of 
the hyperparameters of the models is performed [7]. 

Each developed AI model is then tested for prediction accuracy 
on a separate test dataset of points unseen during the training 
of the algorithms, and attained again via elaborated LFM 
measurements. The test dataset consists of 15 measurement 
points in the considered multivariate space of process 
parameters. These points are defined by employing a Monte 
Carlo (MC) algorithm as implemented in GoSumD software [8]. 
Contrary to what was done in the case of the DoE-CVD 
measurements, the data acquisition on the test datased is 
performed on samples that are not dried prior to the 
measurements themselves, thus yielding realistic process 
conditions that provide a more difficult predictive challenge for 
the used AI numerical models. 

Each model’s predictive performances are scrutinized 
therefore on predictions of the nanoscale friction force Ff from 
the input variables on the test dataset. The metrics used to asses 
quantitatively each model’s predictive performances are the 
standardised statistical indicators, i.e., the mean absolute error 
(MAE), the root mean square error (RMSE) and the coefficient of 
determination (R2) values [7]. 

3. Results and Discussion 

Based on a detailed statistical comparison of the 
performances of the obtained models it is established that the 
MG AI algorithm, trained with DoE-CVT-based experimental 
pooled data, allows attaining the best predictive performance. 
In fact, the MG result are characterised not only by high R2 
values (Table 1), but enable also achieving relatively compact 
model expression’s length and depth. The hence developed 
model is therefore use in the following in-depth analyses, i.e., 
the model is assessed on the test dataset for each of the 
analysed thin-film sample materials. 
 
Table 1. Performance metrics of the developed MG model 

Sample RMSE MAE R2 

Al2O3 0.552 0.450 0.760 
MoS2 2.43 2.06 0.736 

 
With the goal of minimizing the developed model’s 

complexity, the selection of the best performing model is then 
performed by defining a Pareto frontier. The selected best 
solution allows attaining a regression model characterised by 
small deviations of the predictions of training and testing data 
as well as by good stochastic and random properties with good 
normality. 

The results of the performance test of the best-performing MG 
model on the unseen test dataset is hence shown for the 
analysed samples in Figure 2. where shaded uncertainty levels 
present, respectively, the ± σ variance of experimental data (± 
1σ as the darkest, ± 2σ as the medium and ± 3σ as the lightest 
shade of grey). The latter indicates, with empirical near-
certainty, all data. Based on the results reported in this figure it 

can be concluded that the prediction of the nanoscale friction 
force Ff for both the Al2O3 (Fig. 2a) and the MoS2 (Fig. 2b) sample, 
next to the relatively high R2 value, provides also a good fit so 
that most of predicted nanoscale friction values fall into the ± 3σ 
uncertainty range of the experimental data. 
 

 

(a) 

 

(b) 

Figure 2. Predictive performances of the best performing MG model on 
the test dataset for the Al2O3 (a) and the MoS2 (b) sample 
 

Most importantly, the mathematical expressions developed 
by using the MG algorithm, especially if compared to ML models 
[3], result in an extremely simple and user-friendly form. 
Modifying, in fact, the considered load on the samples so as to 
include the effects of the adhesive forces FA, so that the total 
normal load FL = FN+FA is taken into account (see in this regard 
reference [2]), the dependence of the value of the nanoscale 
friction force Ff on the concurrent influence of the considered 

process parameters FL, v and , is reduced to respectively, 
Equation (1) for the Al2O3 thin-film, and Equation (2) for the 
MoS2 sample. 

- for the Al2O3 sample: 

𝐹f = 0.01183 ⋅ 𝐹L − 0.0008751 ⋅ 𝑣 + 
 0.8707 ⋅ 𝜗 − 0.0194 ⋅ 𝜗2 + 0.0001258 ⋅ 𝜗3 − 9.67 (1) 

- and for the MoS2 sample: 

𝐹f = 0.04559 ⋅ 𝐹L − 0.0008751 ⋅ 𝑣 + 1.751 ⋅ 𝜗 
 −0.02774 ⋅ 𝜗2 + 0.0001258 ⋅ 𝜗3 − 28.41 (2) 

In these expressions FL is expressed in nN, v in nm/s,  in °C and 
the obtained Ff values are given, again, in nN. 

To provide a visual representation of the thus obtained 
dependencies, in Figure 3 are shown the surface plots of the 
nanoscale friction force Ff values obtained by applying the 
models of Equations (1) and (2) when two of the process 
parameters are varied while the third one is kept constant, i.e., 
when the normal load is FL = 100 nN, sliding velocity is v = 250 
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nm/s, and temperature is  = 40 °C. Although these results show 
a general similarity to the solutions obtained by employing the 
black box ML models, the solutions obtained via the AI-based 
approach are much simpler and smoother. What is more, it is 
evident that for both considered samples the influence of sliding 
velocity on friction is rather small and smooth, with a negative 
linear effect vs. temperature. The influence of temperature is, in 
turn, marked and nonlinear, remaining quite stable when the 
values of the sliding velocity or of the normal load are varied. 
Finally, in the right-most column, the effects of sliding velocity 
and normal load show linear dependences. These results show, 
therefore, a striking evidence of similarity in the influence of the 
considered multivariate influencing parameters on the value of 

the nanoscale friction force Ff. This fact was not only a hard idea 
to grasp in the earlier stages of this research, especially in the 
experimental measurement phase, but it is also a result never 
postulated in the available state-of-the-art. 

Based on all the performed tests and evaluations, it can 
therefore be concluded with a relatively high degree of certainty 
that, at least for the tested thin-film materials, the developed 
model realistically reproduces experimental results, but also, 
importantly, provides a robust and simple predictive tool in 
establishing the dependence of the value of the nanoscale 
friction force on the considered variable process parameters FL, 

v and . 

 

 

(a) 

 

(b) 

Figure 3. Surface plots of the results obtained via the developed best performing AI-based MG model for constant variables in columns (left to right): 

total load FL, v and , for the Al2O3 (a) and the MoS2 (b) sample 
 

The solutions of Equations (1) and (2) are shown graphically in 
Figure 4, allowing a visual appreciation of the dependence of the 
nanoscale friction force Ff on the process parameters for the 
considered thin-film materials. In the diagrams are visible 
vertical dashed and dotted lines indicating the limits of the 
considered variables in the main and unseen test datasets 
respectively that, considering the fact that the models used to 
derive the graphs are trained and tested only in these 
boundaries, provide a sort of safety margin on their validity. 

In Fig. 4a is thus shown the dependence of the values of the 
nanoscale friction force Ff on the total normal load FL with 

variable temperatures  and velocities v. It can be seen that, for 
the considered sample materials, fundamental similarities, with 
a linear load dependence, emerge, as predicted also by contact 
mechanics models with adhesion effects. A slight weakening 
effect of sliding velocity is also evident. The visible diminishing 
friction with increasing sliding velocities is commonly attributed 
to the lubricative effect of the water-vapour layer on the surface 
of the samples. Since the variability of temperature induces a 
change of the amount of adsorbed water, i.e., a changing state 
of the meniscus, the adhesive forces also change and so 
consequently does the total normal load. It can also be noted 
that for Al2O3 a broader scatter between the parallel lines is 
obtained, i.e., a more pronounced negative dependence is 

present here. 
The influence of sliding velocity v on the Ff value, with variable 

FL and , is depicted in Fig. 4b. These graphs provide a bit more 
difficult visualization, since there are two strong overlapping 
effects in the two remaining dimensions. Despite that, it is 
evident that the influence of v is predominantly small and, as 
already pointed out, weakening, while the stronger nonlinear 
influence of temperature induces a change of the absolute value 
of the velocity effect, but not its trends or strength. The 
influence of FL is also evident as a linear shift of the Ff vs. v lines, 
which induces an increase of the value of the nanoscale friction 
force. 

The already evidenced variability of the influence of 

temperature  on the value of Ff, with variable FL and v, is, 
finally, clear from the distance between the depicted friction 
lines in Fig. 4c. A larger distance between the curves caused by 
the change of temperature indicates a clear accentuated 
temperature effect, which is again well visible on the graph of 
the Al2O3 thin-film sample. 

4. Conclusions and Outlook 

The usage of novel AI-based methods for the development of 
experimentally-based predictive models of nanoscale friction is 
demonstrated in this work. 
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In contrast to previously developed black-box ML models, the 
thus developed explicit mathematical expressions are directly 
understandable and usable, because of their simple 
mathematical formulation and low number of involved 
parameters. The analysis of the frictional behaviour in the 
nanometric domain performed by using the AI algorithms 
shows, therefore, that it is possible to provide effective 
predictions of the influence of the multiple process parameter 
on the value of the friction force with satisfactory levels of 
accuracy, i.e. high with R2 values. What is more, the obtained 

models provide invaluable insight into frictional behaviour of 
nanoscale frictional contacts with respect to the concurrent 
influence of three variable process parameters. For both the 
studied thin-film samples a low diminishing linear effect of 
sliding velocity, in accordance with conventional friction models, 
a highly nonlinear effect of temperature, quasi-parabolic for the 
Al2O3 and quasi-sinusoidal for the MoS2 sample, as well as a 
linear effect with highly sub-linear characteristic of the total 
normal load, typical for adhesive contacts, is therefore 
established and thoroughly examined. 

 

   

   

(a) (b) (c) 

    

Figure 4. Values of the nanoscale friction force Ff obtained via the developed AI-based MG models vs. the variable parameters: total normal load FL 

(a), sliding velocity v (b) and temperature  (c) for the Al2O3 (top) and MoS2 (bottom) sample 

 

All of this provides means for streamlined integration into, 
modification of, and comparison with existing friction models 
and numerical schemes, as well as for the direct usage in 
nanoscale friction prediction, for adaptive control purposes and 
in further analytical investigations. 

The obtained results provide also means for assessing and 
validating results obtained via molecular dynamics models 
involving the atomic structures of the surfaces in contact. In fact, 
further studies in this direction are already underway in 
collaboration with the Molecular Biology and Nanotechnology 
Laboratory (MolBNL) of the University of Trieste, Italy [9]. 
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Abstract 
 
Friction is an omnipresent phenomenon in all mechanical systems, inducing uncertainties and acting as a major disturbance in 
manufacturing technologies and in the field of the micro- and nanoelectromechanical systems (MEMS & NEMS). The effects of friction 
can generally be compensated in the macro- and mesoscale applications. Multiple concurrent effects of various atomic-scale 
phenomena in the asperity contacts hinder, however, the prospect of a satisfactory insight into the fundamental tribological 
behaviour in the micro- and nanoscales. An in-depth fundamental understanding of nanoscale frictional behaviour is, thus, of outmost 
technological importance. An approach using molecular dynamics (MD) simulations is, hence, proposed in this work to study the 
tribological behaviour in the nanoscale (atomic) contacts. Recent thorough scanning probe microscopy experimental measurements 
of nanoscale friction on various thin-film materials are thus used as benchmark for MD simulations, allowing to attain important 
insights into the dynamics of a sliding tip on an aluminium thin-film surface while varying the normal loads. A sound basis for future 
more complex models, which will include adhesive effects and oxide layers, is thus accomplished, creating the preconditions to 
deepen further the fundamental knowledge of important tribological phenomena. 
 
Nanoscale friction, molecular dynamics, atomistic simulation 

 

1. Introduction 

Frictional phenomena have a detrimental effect in precision 
manufacturing and in the field of the micro- and 
nanoelectromechanical systems (MEMS & NEMS). On the other, 
hand, friction with its marked stochastic behaviour is still 
insufficiently studied at the fundamental level. In fact, to gain 
fundamental insights on frictional phenomena, particularly for 
complex nanostructured materials, it is crucial to study the 
physical and chemical origins of friction. Multivariate concurrent 
effects occurring in the nanometric contacts are, in turn, 
governed by atomic interactions between the asperities of the 
surfaces of bodies in relative motion [1]. These can be idealized 
as atomistic structures with interaction potentials using 
molecular dynamics (MD) methods. An approach involving MD 
atomistic modelling is proposed in this work as means of 
investigating the frictional characteristics of single-asperity 
contacts. The simulations are calibrated and benchmarked to 
recent experimental data on nanoscale friction between a silicon 
(Si) tip of a Bruker Dimension Icon scanning probe microscope 
(SPM) and an aluminum (Al) thin film sample, obtained in 
contact-mode lateral force microscopy (LFM) measurements [2]. 

2. Materials and methods 

Due to their moderate cost, low entry barriers, rapidity, 
versatility and a tight process control, in the last couple of 
decades in silico techniques of investigating nanotribological 
properties play a crucial role in materials science [3]. The 
computational methods employed nowadays for studying 
nanotribological phenomena comprise different techniques, 

from the mentioned MD approach, to Monte-Carlo (MC) 
simulations and density functional theory (DFT) based methods. 
The use of MD atomistic models is particularly extensive by 
virtue of their high temporal and spatial resolution, making them 
suitable for reproducing and widening the results of 
experiments aimed at establishing the mechanical properties of 
solids, attained by using measurement methods such as SPM, 
nanoindentation, nanoscratching, wear tests, etc. (Fig. 1a). 
 

  
           (a)                  (b) 

Figure 1. Atomistic MD simulations (a) and corresponding LFM 
measurements (b). 
 

The experimental LFM methodology is based, in turn, on an Si 
tip in continuous sliding contact with a sample surface (Fig. 1b). 
In fact, recent LFM experimental measurements [2], processed 
by using state-of-the-art machine learning (ML) based methods, 
enable obtaining the predictive functional dependencies of the 
influence of the multivariate concurrent technological parame-
ters on the nanoscale friction forces [4]. The thus modelled data 
can hence be used to extrapolate the dependency of the nano-
metric friction force on the values of the normal loads. A set of 
MD simulations on an atomistic model of the SPM tip in contact 
with an Al thin-film surface, mimicking the performed LFM test, 
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is therefore carried on with the aim of exploring and comparing 
the behaviour of the studied tribological configuration at differ-
ent normal loads ranging from 7 nN to 1 090 nN. 

The developed MD dynamical model comprises an Si tip placed 
above a single crystalline Al surface, which is outside the 
interaction range of the interatomic potentials. The indenter tip 
apex is modelled by placing the Si atoms within a hemispheric 
region with a lattice constant of 5.43 Å. The radius of the 
indenter tip comprises 20 unit cells, i.e., it is about 10.86 nm, and 
it contains 135 289 atoms. The workpiece is, in turn, structured 
as a face-centred-cubic (FCC) region with a lattice constant of 
4.05 Å and a lattice orientation of [100], [010] and [001] along 
the x, y and z axis, respectively. The sample surface is 100.a x 
250.a x 25.a, where a is the lattice constant of Al, thus 
corresponding to a 40.46 x 101.15 x 10.12 nm3 workpiece 
containing about 2.5 million atoms. Both structures are 
composed of three atomic layers, each fulfilling a different need. 
The boundary atoms are preventing the sliding motion of the 
system, the Nosè-Hoover thermostat atoms are used for 
keeping the vibrations of the atoms within a realistic range, 
while the Newtonian atoms are free of constraints and move 
under the load of the interatomic and applied forces. To provide 
a reliable MD simulation, the definition of an appropriate 
forcefield is non-trivial. As suggested in prior art [5-6], a 
multibody modified embedded-atom method (MEAM) 
forcefield [7] is thus employed for the definition of the 
interatomic interactions within each material, while the 
respective parameters are set as proposed in [8]. The interaction 
between the atoms of different materials is, in turn, determined 
by using the 12-6 Lennard-Jones (LJ) potential energy, based on 
the Lorentz-Berthelot mixing rules [9]. As done previously for a 
similar system [10], the LJ potential cut-off distance is set at 
2.5.σ, where σ is the equilibrium distance influencing the 
potential energy of a pair of atoms. To reveal distinctly the sub-
nanoscale frictional behaviour, the possible presence of the 
oxidation of the Al workpiece and the Si tip surfaces, or of a 
water-vapour layer, is neglected in these MD simulations. 

The simulations are then structured in four steps. The system 
is created first and fully relaxed (equilibrated) at 300 K. The 
application of the normal load on the boundary atoms of the tip 
is then performed to establish the contact of the tip apex with 
the workpiece and the indentation into it. As soon as the tip 
reaches the desired indentation, load is removed and the system 
is relaxed once more to assure a stable 300 K temperature value. 
A lateral velocity of 0.5 nm/ps in the [010] direction is finally 
applied to the tip, performing several scratching motions along 
the (001) plane of the surface of the Al thin-film sample. 
 

  
           (a)                  (b) 

  
           (c)                  (d) 

  
           (e)                  (f) 

Figure 2: Evolution of sliding contacts on the Al sample for rising loads: 
7 nN (a), 274 nN (b), 427 nN (c), 650 nN (d), 724 nN (e) and 1 090 nN (f). 
 

3. Results and discussion 

The results of the MD simulations for increasing loads, focused 
on the Al surface, are shown in Fig.2, where the pile-up of the 
atoms in the sliding direction can be clearly noted for higher 
normal loads. Results obtained by extrapolating the predictions 
of the ML models, developed based on the LFM experimental 
data, and of the performed MD simulations, are, in turn, 
compared in Fig. 3. The graph depicted in this figure shows a 
clear linear dependency of the value of the nanoscale friction 
force Ff on the normal load FN obtained from the ML model. 
Although a similar trend is obtained also via the MD simulations, 
in this case a slight nonlinearity appears. It could be speculated 
that this effect is induced by the pile-up resistance in the MD 
model, evident especially for loads above 600 nN, when a 
noticeable rise of Ff is induced (cf. in this regard again Fig. 2). 
 

 

Figure 3. Comparison of Ff values obtained from ML and MD simulations. 

4. Conclusions 

An MD-based approach to modelling nanoscale friction is pre-
sented in this work. The thus obtained results are compared to 
those of the ML model based on LFM measurements performed 
on an Al thin-film sample. Bearing in mind the inevitable extrap-
olation errors of experimentally-based ML models, as well as the 
spatio-temporal limitations of the MD methods, the results 
show remarkable similarities in trends, providing important 
insights in the fundamental principles governing nanoscale 
tribological phenomena. The performed simulations provide a 
solid basis for advanced studies with models that could also 
include complex phenomena induced by adhesion, the oxide 
layers, or the presence of water-vapour molecules at the sliding 
interface, thus creating the preconditions for advancing further 
the fundamental knowledge on nanoscale friction. 
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Abstract 
The application of micro grinding pencil tools (MPGT) provides a suitable method for micro structuring technical surfaces in hard and 
brittle materials. In order to enable further optimization of the ground structures, the base body geometry of MPGT could be 
modified. This could possibly have a positive effect on the metalworking fluid supply or the quality of the structures. 
In this paper, the effect of different base body geometries of electroless plated MPGT with a cBN grit size of 5-10 µm on the surface 
quality of machined groove walls, the tool wear, and the burr formation is investigated experimentally. As workpiece material, 
16MnCr5 (AISI 5115) hardened at 660 HV30 was used. MPGT geometries with circular cross sections are compared against MPGT 
geometries with triangular, square, and D-shaped cross sections. 
The results show that the burr formation is not influenced by the cross-sectional geometry of the base body of the tool. In contrast, 
the surface quality of the machined groove walls varies widely as well as the tool wear. It can be concluded that the application of 
MPGT with non-circular cross-sections does not influence the quality of the micro structured surface in the workpiece material 
16MnCr5 for the proposed base body geometries. The effect on other workpiece materials is the subject of future investigations. 
 
 
Grinding, micromachining, microstructure, wear   

 

1. Introduction 

Micro grinding with micro pencil grinding tools (MPGT) 
enables the manufacturing of complex surface structures in hard 
and brittle materials [1] as well as in hardened steel [2]. The 
abrasive layer of MPGT can be produced using electroplating [3], 
sintering [4] and chemical vapor deposition (CVD) [5]. A fourth 
option that was recently introduced by Park et al. is an 
electroless plating process, that functions as an alternative to 
traditional electroplating processes [6]. The process is 
autocatalytic – meaning that the substrate functions as the 
catalyst that initiates the chemical reaction. During the process, 
a nickel-phosphorous layer is formed on the substrate surface at 
a constant growth rate. Superabrasives, i.e. cBN or diamond, 
come in contact with the substrate and are embedded in the 
layer, making it a dispersion layer [7].  This dispersion layer has 
a high contour accuracy, and is especially resistant to abrasive 
wear [8] as well as corrosion [9]. 

One approach to increase the tool life is to optimize the 
application of metalworking fluids (MWF). Another promising 
possibility is the modification of the base body. By grinding 
noncylindrical base bodies, the active outer tool diameter is 
interrupted offering cutout volumes for a better transport of 
metalworking fluid to lubricate and cool the contact zone. It 
could be shown that such tools can be manufactured with high 
contour accuracy  [10]. 

In this paper, the tool manufacturing process and four 
different tool geometries are presented. The experimental setup 
and the process parameters are described. Finally, the results 
are discussed and concluded. 
 

2. Tool manufacturing process 

For the experiments, MPGT with full cylindrical, D-shape, 
triangular, and square base body geometries were 
manufactured (Figure 1). These are precisely reproducible 
geometries, which is considered advantageous for experimental 
evaluation. A tool blank made of high speed steel was fitted with 
a cone via a conventional grinding process to reduce the amount 
of material which has to be removed via the subsequent 
precision grinding of the base body. This is conducted on a high 
precision circular grinding machine equipped with dicing blades 
as grinding wheels. 

Figure 1. base body grinding (exemplary triangular base body) 

In the first step a cylinder was ground, which is the standard 
cylindrical base body. Afterwards a certain number of flat 
surfaces was ground on the flanks, depending  on which 
geometrical shape was to be manufactured. As shown in 
Figure 1 the circle of the inscribed triangle has a diameter of 
40 µm. This represents the nominal diameter of the base body 
and was held constant for all geometries examined.  In the next 
step an abrasive layer was provided by an electroless plating 
process with a nickel-phosphorous-dispersion-layer. The size of 
the cBN grits was 5-10 µm [7]. The active tool diameter was kept 
constant at 50 µm to ensure the comparability between the 
different tool types. Due to the modified base body
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Figure 2. MPGT geometries: a) full cylindre, b)  D-shape, c) triangular and 
d) square base body with classification of the load areas in the contact 
zone due to the geometry 

 

Figure 3. SEM images of plated MPGT with a) cylindrical, b) D-shape, 
c) triangular, and d) square base body  

geometries the tool/workpiece contact at the front face and the 
circumference can be divided in areas of higher and lower loads 
for the abrasive layer; further, potential areas for the MWF 
transport are indicated (Figure 2). Figure 3 shows SEM images of 
MPGT with modified base body geometries ready for the 
application. 

3. Experimental setup 

The grinding experiments were carried out on the ultra 
precision machine tool Nano Grinding Center (NGC) [11]. The 
machine tool properties and the process parameters are given 
in Figure 4. For the experiments, the rotational speed was set at 
150,000 min-1 and the feed rate was set at 50 mm/min while the 
depth of cut is 0.5 µm. To reach a nominal channel depth of 
10 µm, pendulum micro grinding was applied [2] resulting in a 
total of 20 tool passes. The tool path starts at the edge of the 
workpiece and reverses parallel after 5 mm of travel forming a 
U-shape with a total length of 10 mm. Twinmax, a commercial 
product by the Steidle GmbH1, was used as MWF in a submerged 
cutting system. The submerged cutting system consists of a pool 
in which the machining of the workpiece takes place below the 
fluid level of the MWF [2]. 

The grinding experiments were carried out on 16MnCr5 
(AISI 5115) hardened at 660 HV30. The workpiece dimensions 
were 20 mm x 10 mm x 5 mm and the surface was polished to 
ensure a precise determination of the initial tool/workpiece 
contact by optical observation via a video microscope. In 
addition, the polishing enables a better evaluation of the micro 
grinding results, as the ground microstructures are clearly 
distinguishable from the unmachined surface even if they are 
just a few micro meters deep. To realize a constant depth of cut, 
the workpiece surface was aligned to a plane-parallelism of 
<0.5 µm to the cross-table axes. 

 

 
Figure 4. experimental setup and process parameters [11]
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Figure 5. evaluation of MPGT and ground grooves: a) full circle, b)  D-shape, c) triangular and d) square base body 
 

The tools and the machined grooves were evaluated by means 
of scanning electron microscope (SEM) images. A confocal 
microscope NanoFocus µsurf explorer with a 20x objective 
(NA 0.4) was used for the measurements of the height profiles 
to characterise the groove walls. This allows measurements to 
be performed with a resolution of 6 nm in the vertical direction 
and 1.6 µm in the lateral direction. All experiments were 
executed three times per tool geometry and the results are 
presented with a representative example. 
 

4. Experimental results 

Figure 5 shows the different MPGT types after their 
application, a top view of the ground structure as SEM image, 
and a cross section profile measured with the confocal 
microscop. The cylindrical MPGT exhibits concentrical wear 
marks at the face, especially at the edges. The ground structure 
has a trapezoidical cross section shape resulting from the step-
like transition from the workpiece surface to the groove bottom. 
Due to their size, the individual steps of the groove wall, that are 

129



  

visible in the SEM-images, cannot be differentiated with a 
confocal microscope, since their width is smaller than 1 µm. On 
the other hand, measurable steps can lead to measurement 
errors. These show up as overshoots, so-called batwings [12]. 

The D-shape MPGT in figure 5 b) shows comparable wear as 
the cylindrical tool (figure 5 a)), while the concentrical wear 
marks are interrupted at the cutout. The wear is more 
pronounced on the outer diameters than in the area of the axis 
of rotation, which also leads to a pronounced step structure in 
the area of the groove wall and a trapezoidal cross section 
profile, visible in the corresponding SEM image and the cross 
section profile. 

The triangular tool (figure 5c)) shows excessive wear at the 
corners of the triangle. A cone shell surface is formed while the 
center of rotation represents the highest point. As it can be seen 
in figure 5 c), the tool corners are highly rounded and the wear 
marks are interruped at every cutout. A comparison with the 
corresponding cross section profile of the ground structure 
shows that this wear affects the profile’s appearance directly. 
This trapezoidal cross section has the highest difference 
between the groove bottom width and the nominal groove 
width. The application of the triangular MPGT lead to a low 
contour accuracy of the ground structure. The high corner wear 
of the MPGT with triangular base body is attributed to the 
increased surface pressures and the reduced abrasive layer. 

Figure 5 d) shows the MPGT with square base body after its 
application. The wear at the corners is lower compared to the 
MPGT with triangular base body and is therefore at a similar 
level to the round and D-shape tool types. The interruption of 
the wear marks at the cutout is less pronounced. 

This is attributed to the fact that the modified base body 
geometry results in a reduction of active abrasive grits in the 
grinding process.The transport of MWF does not seem to have 
been improved or it cannot compensate this disadvantage.The 
Tool wear always leads in the direction of a cylindrical tool. No 
significant influence of the tool shape on the burr formation can 
be determined. 

5. Conclusion and outlook      

In this study the influence of different base body geometries 
of MPGT on their wear behaviour and the ground grooves was 
investigated. For this purpose, electroless plated MPGT with 
different base body geometries were manufactured and applied 
in 16MnCr5. SEM images and cross-sectional profiles taken with 
a confocal microscope were used to evaluate the results. 

In general, the main wear of a tool occurs at its outer 
circumference. The MPGT with full cylindrical and D-shaped 
body are rounded along their arched circumference (full for 
cylindrical, partial for D-shape). For the MPGTs with triangular 
and square bodies, the corners wear most. 

The MPGT with modified body geometry partly show 
significantly increased wear, which has a direct effect on the 
contour accuracy of the ground grooves. A further disadvantage 
of the MPGT with modified base body geometry is the increased 
manufacturing effort, since all cut-outs on the base body have 
to be ground individually and the waste is larger after the 
electroless plating process. 

By providing the MPGT with cutouts, a part of the active 
grinding layer is removed. This disadvantage could not be 
compensated by the additional MWF transport for the proposed 
geometries. Furthermore, no influence of the base body 
geometry on the burr can be determined. 

Further investigations with MPGT with modified base body 
geometry will be conducted on  workpiece materials such as 
quartz glass or silicon. These allow a higher depth of cut. This 
would increase the surface area of the abrasive layer on the 

circumference of all tools which is in contact with the workpiece. 
This could promise a more efficient application of the tool due 
to the fact that the circumference is more involved in the 
grinding process. Also, the MWF application for cylindrical MPGT 
becomes more difficult at higher depths of cut, which could be 
compensated by the additional room for MWF in the cutouts. 
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Abstract 

The growing use of energy harvesting in wearable technologies made evident the potential limits in applying piezoelectric devices 

excited by random human motion. Piezoelectric energy harvesters are, in fact, characterised by a narrow area of optimal operation 

around their eigenfrequency. An optimization of the design parameters of such harvesters by using the design-of-experiments 

methodology, coupled with suitable frequency up-conversion excitation, can lead to the development of improved configurations of 

functional wearable devices. The validation of this approach via elaborated finite element models performed in this work allows 

proving its validity, but the resulting designs have to be experimentally verified as well. Suitable experimental setups, enabling 

harmonic, as well as frequency up-conversion excitation, are thus developed, enabling the validation of different dynamical 

conditions. The thus obtained experimental responses are compared to those attained via numerical simulations, allowing to deduce 

considerations important for the development of piezoelectric energy harvesters applicable in factual wearables. 
 

Broadband piezoelectric energy harvesting, wearable technology, DoE, frequency up-conversion, optimized geometry, experimental assessment 

 

1. Energy harvesting in wearable technologies 

Energy harvesting (EH) comprises the collection of low-level 

ambient energy and its conversion into usable electrical energy. 

Common energy forms suitable for EH are kinetic (vibrations, 

motion), thermal (waste heat), solar (photovoltaic) and radio 

frequency (RF), with kinetic energy, converted via the piezoelec-

tric effect, being one of the most promising. The prevalent form 

of piezoelectric energy harvesters (PEHs) are bimorph 

cantilevers made up of two PZT layers on a metallic substrate 

(Fig. 1). The tip mass on the free end is used to tune the device 

to a specific excitation frequency, as well as to increase its 

deflection, and hence the resulting voltage [1]. 
 

 

Figure 1. Bimorph piezoelectric energy harvester [2]. 
 

The rapid development of electronic devices, along with their 

ever-decreasing size and power requirements, brought along, in 

turn, new types of wearable devices. These require a power 

source, such as a battery, that can be efficiently replaced with 

an EH system. A new class of autonomous wearable devices, 

characterised by continuous operation, is hence enabled. Such 

devices can and are increasingly employed in medical, sports 

and work safety applications. 

2. Energy from human motion and frequency up-conversion 

Due to the random nature of human movements, there is no 

specific periodic excitation to which a wearable PEH can be 

tuned [3]. The energy conversion efficiency of a PEH rapidly 

decreases, however, when the excitation frequency moves away 

from its eigenfrequency. Converting random motion into 

periodical excitation by impacting or plucking the PEH free end 

(Fig. 2), and letting the bimorph oscillate at its eigenfrequency 

[4-6], i.e., employing what is generally referred to as “the 

frequency up-conversion (FUC) mechanism”, provides a possible 

solution to this issue. The FUC effect can then be achieved by 

attaching one or several plectra to a flywheel, thus converting 

the random motion of the human body into a periodical plucking 

of PEH’s free end via the plectra, hence exciting the oscillation 

of the PEH itself. This approach ensures that the PEH will always 

operate in its optimal working conditions, regardless of the 

random nature of the excitations, easing, therefore, the 

integration of EH technologies into wearable applications [2, 5]. 
 

 

Figure 2. Frequency-up excitation of the PEH via periodic plucking. 

3. Influence of the geometry on PEH’s response 

The typical shape of a PEH is a cantilever with a rectangular 

planar layout. By replacing this conventional shape with a 

trapezoid with an equal or comparable width, a significant 

increase in specific power output can be obtained. If the 

trapezoidal shape is inverted, i.e., clamped at the narrow end, 
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the specific power output can be increased even further [7]. 

Extensive finite element analyses (FEA) allow then evidencing 

that, when compared with a rectangular cantilever of the same 

overall surface area, a segmented solution with two trapezoids 

(A) and one inverted (B) PEH (Fig. 3a) allows obtaining a higher 

specific power output [4]. Such an approach enables, thus, a 

more efficient usage of the limited envelope of wearable 

devices, as well as a much simpler and, potentially, a more 

elegant solution for broadband PEHs. The addition of a 

triangular notch at the clamped end of a rectangular PEH (Fig. 

3b), increases, in turn, cantilever’s compliance and induces a 

boost in charge generation, resulting also in a marked increase 

of power output levels [4]. 
 

   
          (a)                  (b) 

Figure 3. Segmented (a) and PEH with a triangular notch at the 

clamped end (b). 

4. Geometry optimization and simulations 

In all the performed analyses, the surface area of the 

considered PEHs is 15 x 23 mm, the thickness of the stainless 

steel substrate is 0.15 mm, the thickness of the parallelly 

connected PZT-5A active layers is 0.254 mm, with the resistive 

loads RL attached to the latter, while a 1g harmonic excitation is 

applied at the clamped end of the PEHs. To determine the ideal 

proportions of the segments and notches, i.e., those resulting in 

maximal power outputs, an optimization of their dimensions can 

be performed. In the case of the segmented shape, symmetry is 

used in this frame to reduce the time and resources required for 

the analyses, dividing hence the configuration into two equal 

parts and optimizing one half only. Two characteristic 

dimensions of the diagonal cut are thus considered (Fig. 4a). In 

the case of the notched shape, the width and the height of the 

notch are, in turn, optimised (Fig. 4b). 
 

 
                  (a)             (b) 

Figure 4. Optimisation parameters: segmented (a) and notched (b) PEH. 
 

Using the central composite design-of-experiments (DOE) 

algorithm for two continuous factors, random combinations of 

the defining dimensions x and y are generated for each case [8]. 

The technological aspect is also considered, and the range of 

possible values of the dimensions is specified so as to allow 

enough space for the clamping and the tip mass attachments. A 

3D FEA model is hence created for every combination of x and y, 

enabling to perform a number of modal and coupled harmonic 

analyses with varying load resistances. The maximum power 

output at an optimal load resistance is thus determined for each 

design configuration. The power output values are, then, paired 

with the respective characteristic dimensions, and the 

corresponding response surfaces are generated for each case, 

segmented and notched design configurations alike (Fig. 5 – the 

shown values for the segmented PEH are based on one half of 

the overall PEH). The respective regression equations are finally 

used to identify the combination of x and y values that result in 

the maximal power outputs. 
 

 
(a) 

 
(b) 

Figure 5. Response surfaces: segmented (a) and notched (b) PEH. 
 

The optimal x and y values for the segmented and the notched 

PEHs are given in Table 1, along with the respective maximal 

power outputs and optimal load resistances obtained via 

coupled FEA (in this case the output powers for the trapezoidal 

segments comprise the sum for both of them). 
 

Table 1 Comparison of optimized PEH output parameters. 

 x/mm y/mm RL/kΩ Pmax/µW PSmax/µW/m2 

Trapezoidal 
1.5 7 

7 26.3 175.5 

Inverted 12 131.5 672.7 

Notched 6.5 11 7 168.9 545.9 

Rectangular - - 5 141.3 409.5 

 

The graphical representation of the comparison of the respec-

tive trends is given in Fig. 6. As visible in Fig. 6a, the highest max-

imal output power (Pmax) is obtained for the notched PEH. It can 

also be noted that the combined maximal power for the three 

segments of the segmented PEH also outperforms that of the 

conventional rectangular version. Since the basic configuration 

of the analysed bimorphs is kept constant in terms of the used 

materials and layer thickness, the specific power output (PSmax), 

defined as the maximal power output divided by the surface of 

the respective geometry, can also be used as a suitable figure of 

merit. As shown in Fig. 6b, the highest specific power output is 

hence attained for the inverse trapezoidal segment. The second 

highest, still higher than that for the rectangular shape, is the 

specific power output of the notched shape. The specific power 

output of the two trapezoidal segments is, in turn, lower than 

that of the rectangular shape, but it should be perceived as an 

addition to the power generated via the inverse trapezoid. 
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(a) 

 
(b) 

Figure 6. Power outputs for the segmented (a) and the notched (b) PEH. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Voltage outputs for the plucked PEHs: rectangular (a), 

trapezoidal (b), inverse trapezoidal (c) and notched (d) PEH. 

In addition to the modal and harmonic analyses, a transient 

coupled FEA of each optimized shape is performed as well, 

simulating the plucking of the free end of the PEHs. A 

comparison of the viability of the application of the FUC 

approach on optimized PEHs, with respect to the conventional 

rectangular configuration, can thus be appraised (Fig. 7). It can 

hence be observed that the maximum peak-to-peak voltage 

value of the inverse trapezoidal segment (Up-p = 137.6 V) is 

comparable to that of the conventional rectangular shape  

(Up-p = 161.5 V), even without considering the surplus voltage 

output from the two trapezoidal segments (Up-p = 94.3 V for each 

segment). The highest peak-to-peak voltage value for the 

triangular notched shape (Up-p = 133.3 V) is comparable to that 

of the inverse trapezoid, and thus a bit lower than that of the 

rectangular PEH. This proves, therefore, the feasibility of the 

application of the FUC approach for optimally segmented PEHs. 

5. Experimental setups and preliminary results 

In order to carry out the required harmonic and FUC 

measurements, two different experiments are developed. The 

harmonic analysis setup, shown in Fig. 8, comprises a 

Brüel&Kjær® LDS V201 electrodynamic permanent magnet 

shaker (1), powered via an LDS LPA100 power amplifier. The 

harmonic excitation is controlled via a NI LabVIEW® virtual 

instrument operating on an NI MyRIO 1900® device (2), which 

also serves as a DAQ system. The acceleration of the shaker is 

measured using a Vernier® 3D-BTA accelerometer (3), 

connected to a Vernier® BT-MDAQ adapter (4). 
 

 
      (a)             (b) 

Figure 8. Experimental setup for harmonic analysis: B&K shaker with 

accelerometer (a), and respective control and DAQ components (b). 
 

The FUC setup, shown in Fig. 9, comprises, on the other hand, 

a 3D printed excitation device made up by a clamping mecha-

nism (1) and a DC motor with rotating interchangeable plectra 

(2). The power output is, in turn, measured by using an Agilent® 

DSO-X 2012A oscilloscope (3), while the displacement of the PEH 

free end is acquired by employing a Metrolaser® Vibromet 500V 

laser doppler vibrometer (4). To avoid the possible influence of 

magnets on the damping of the oscillating PEHs, a purely me-

chanical plucking is used here instead of the magnetic one [9]. 

A pure mechanical response of the analysed rectangular PEH 

is measured first. Based on this data, the logarithmic decrements 

δ and the damping ratio ζ are calculated. The damping ratio is, 

in fact, essential to calculate the Rayleigh damping coefficients 

α and β, utilized in FEA. The mechanical responses, measured by 

using the laser vibrometer, are thus generated by plucking the 

free end of the PEH, as well as by the base excitation via the 

shaker. A negligible difference is observed between the damping 

ratio values attained via the two different excitation methods, 

i.e., ζ = 0.03 in the case of the FUC, and ζ = 0.031 when the shaker 

base excitation is used (i.e., the difference is merely  3 %). 
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         (a)               (b) 

Figure 9. FUC setup: plucking mechanism (a) and DAQ system (b). 
 

To validate the developed numerical models, structured 

experimental campaigns, employing both the harmonic and the 

FUC setups, are performed next. Experimental data obtained via 

the harmonic excitation of the rectangular PEH, compared to the 

FEA results for the same geometry, are hence shown in Fig. 10. 

The boundary conditions used in the FEA model, i.e., the 

acceleration amplitude, the clamping condition and the used 

load resistances, are set to match as closely as possible those in 

the experimental setup. It is evident from the figure that the 

experimental results closely match those attained numerically. 

The experimentally accessed coupled eigenfrequency, as well as 

the maximum voltage, coincide with those attained via FEA  

(Uexp = 4.02 V @ 552 Hz and UFEA = 4.03 V @ 555 Hz). There is, in 

turn, a slight dissimilarity in the overall width and shape of the 

two curves, which could perhaps be attributed to the still not 

completely accurate values of the Rayleigh damping coefficients 

used in the numerical model. 
 

 

Figure 10. Comparison of experimental data and FEA results for a 

harmonically excited rectangular PEH. 
 

 

Figure 11. Experimental and FEA FUC responses for a rectangular PEH. 
 

The experimental results for the rectangular PEH excited by 

plucking its free end (FUC), compared to the FEA results for the 

same geometry, are, in turn, shown in Fig. 11. The displacement 

of the plucked free end is set to 1 mm. It can thus be seen that 

there is a good match between the FEA and the experimental 

data. The maximum peak-to-peak voltage for the FE model is  

Up-p_FEA = 162.5 V, while the experimentally attained voltage is 

Up-p_exp = 142.6 V. The oscillation period in both cases is 0.08 s. 

The remining discrepancies are mainly due to plucking 

mechanism control, while those in the frequency can again be 

rectified by carefully tuning the FEA Rayleigh damping 

coefficients, as well as by devoting a meticulous attention to the 

clamping of the PEHs, since a very small difference in cantilever’s 

length can have a noteworthy influence on PEHs’ response. 

6. Conclusions and outlook 

Based on previous studies [2, 4], an optimization of two 

different PEH geometries is performed in this work based on the 

application of an advanced DOE approach. The optimal 

characteristic dimensions of two PEH design configurations are 

thus determined via a FEA approach, comprising modal, 

harmonic and transient analyses. The respective maximal and 

specific power outputs are hence obtained for the optimised 

PEHs and compared to those of a conventional rectangular PEH. 

It is thus established that the optimized shapes allow attaining 

significantly better performances both under harmonic and FUC 

excitations. Suitable experimental setups are therefore 

developed, and initial experiments are carried out, exhibiting a 

close match with numerical FEA data. The damping coefficient is 

also determined based on the experimental measurements. 

Further experiments will be carried out next to assess the per-

formances of optimised PEHs configurations determined in this 

work. What is more, a more detailed study is needed to under-

stand better the effects of backward coupling and some of the 

damping effects. A careful approach to the clamping of the PEH 

base is also planned. A wearable prototype, based on flywheel 

driven plectra, converting random human motion into periodical 

excitation of the optimised PEHs, is also being developed to 

power an autonomous wearable device. This will finally com-

prise medical sensors (i.e., temperature, blood pressure or pulse 

monitoring), along with the appropriate communication compo-

nents. The possibility of matching the power generated by each 

of the PEHs to different electrical load components, potentially 

resulting in an even more efficient system, will also be investi-

gated in this frame. To enable a more efficient collection, con-

version and storage of energy, a suitable power management 

system is also being developed and tested [2, 10]. In fact, 

research and optimisation of PEH-based integrated systems, 

especially those aimed at wearable applications, can lead to the 

development of a new type of autonomous wearable devices, 

with possible applications not only in remote patient monitor-

ing, telemedicine, IoT and industry 4.0, but also, potentially, in 

aircraft structural health monitoring (SHM) systems [10]. 
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Abstract 
Fine structures provide materials with physical phenomena including tribology, wettability and biocompatibility on the surfaces of 
materials, and many researchers have studied to fabricate such structures to produce the desired functionality. However, few 
processes can fabricate multiscale structures and control chemical composition of material surface. The hybrid process with a short-
pulsed laser and electrochemical machining (ECM) is then proposed to fabricate multiscale structures effectively and to control 
chemical composition of material surface, since a short-pulsed laser can fabricate nanostructures called as LIPSS (laser induced 
periodic surface structures) and ECM is an elution and coating process. In this study, the effects of electrolytes on fabrication of 
multiscale structures on 304 stainless steel substrates by using the hybrid process with a short-pulsed laser and ECM were 
investigated experimentally. When the laser irradiation in electrolytes, thermal effects of electrolytes leaded low laser power for 
fabrication of LIPSS. In the case of CuSO4 solutions, LIPSS with copper precipitation were fabricated by only laser irradiation in the 
solutions. In addition, the hybrid process with a short-pulsed laser and ECM fabricated LIPSS on the surface processed by ECM and 
improved the processing amount due to the increase of electric field intensity on the irradiated surface by the hybrid process. Also, 
effects of electrolytes on fabrication of fine structures with the proposed process were experimentally investigated, and this study 
demonstrated that the multiscale structures and chemical composition varied with electrolytes. 
  

Keywords: short-pulsed laser, electrochemical machining, electrolyte, multiscale structures, chemical composition  
         

  

1. Introduction 

Friction reduction, control of wettability and improvement 
of bioaffinity have been demanded for various manufactures 
by fabricating fine structures on a material surface. A         
short-pulsed laser can fabricate nanostructures referred to as 
LIPSS (Laser induced periodic surface structures) through  
self-organization. However, fabrication of multiscale 
structures has been needed to provide higher functionalities 
with manufactures, and a short-pulsed laser is hard to create 
multiscale structures efficiently since LIPSS are fabricated at 
low laser fluence. The hybrid process with a short-pulsed laser 
and electrochemical machining (ECM) that can create 
microstructures with short processing time by induction of 
electric field and ionization was, then, proposed to fabricate 
micro/nanostructures with high efficiency by increasing 
electric field intensity. 

This study aims to investigate the effects of concentration 
of electrolytes on the fabrication of LIPSS since conditions of 
LIPSS fabrication and geometry of LIPSS depend on the 
irradiation environment. Fundamental experiments were 
conducted on a stainless steel alloy surface with 15 wt% NaCl 
solution and 15 wt% CuSO4 solution, and periodicity and 
height of LIPSS and depth of laser crater were measured and 
the results were compared with that under air, water, 5 wt% 
NaCl solution and 5 wt% CuSO4 solution [1]. In addition, 
elemental analysis was conducted in order to investigate the 
effects of electrolytes. Besides, the hybrid process with a 
short-pulsed laser and ECM was conducted in NaCl solution 
to fabricate multiscale structures and to investigate 
processing characteristic.  

2. Experimental setup 

Figure 1 illustrates the schematic of the experimental 
setup. The short-pulsed laser with 20 ps pulse duration and 
1064 nm wavelength having the Gaussian beam profile was 
used. The thickness of liquids was set to 3 mm, and the laser 
was irradiated parallel to the ground without scanning. Laser 
irradiation was conducted by changing environment, fluence 
and pulses. Laser irradiation experiments were conducted 
without ECM to investigate the effects of the environment on 
the fabrication of LIPSS, and hybrid process was conducted by 
laser irradiation and ECM which processes a 2 mm square 
area to investigate processing characteristic. The geometry of 
LIPSS and the depth of laser crater were measured, and 
elemental analysis was performed. 

3. Experimental results and discussion 

Figure 2 shows the scanning electron microscope (SEM) 
images of irradiated areas under the air and the liquids. LIPSS 

 
Figure 1. Schematic of experimental setup 
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perpendicular to laser polarization are fabricated on the 
surface of crater under 15 wt% NaCl solution and 15 wt% 
CuSO4 solution. In the case of CuSO4 solution, LIPSS were 
fabricated only at high fluence under  15 wt% solution, though 
LIPSS were fabricated only at low fluence under  5 wt% 
solution since the attenuation rate increased rapidly with the 
increase of the concentration of the solution and high laser 
fluence was needed to fabricate LIPSS. In addition, larger 
particles were deposited on LIPSS than those under lower 
concentration of the solution, which were copper by 
analyzing with energy dispersive X-ray spectroscopy (EDX), 
since it is considered that the solution of higher concentration 
leads lager growth of copper particles. In liquids, laser 
irradiation with low fluence fabricated shallower LIPSS than 
LIPSS fabricated under the air, and the solution of high 
concentration decreased the height of LIPSS due to high 
attenuation of laser in liquids and solution of high 
concentration [2] as shown in Fig. 3. However, the deeper 
crater was created in 15 wt% NaCl solution than that under 
the air as shown in Fig. 4 since absorption coefficient 
increased by shortening wavelength and plasma expansion 
was suppressed in liquids inducing large ablation [3]. Depth of 
craters in solutions decreased with the increase of 
concentration due to high attenuation of laser [2] especially 
in CuSO4 solution.  

 The periodicity of LIPSS fabricated in liquids was about 600 
nm which was shorter than that of about 800 nm in the air 

since periodicity of LIPSS depends on the laser wavelength 
and is 0.50–0.85 times the laser wavelength [4] and solutions 
of high refractive index close to 1.333 of water shortened the 
laser wavelength.  

The hybrid process with a short-pulsed laser and ECM was 
conducted in NaCl solution, and the laser crater with LIPSS 
was created on the processed surface by ECM as shown in Fig. 
5. The hybrid process created a deeper crater than the sum of 
crater depth created by laser irradiation and ECM depth. It is 
assumed that enhancement of electric field intensity and 
thermal effect improves processing amount. To determine 
the cause, this trend needs further study.  

4. Conclusion 

The effects of concentration of electrolytes on the 
fabrication of LIPSS on the stainless steel surface and 
processing characteristic of the hybrid process were 
investigated by using a short-pulsed laser and ECM with 15 
wt% NaCl solution and 15 wt% CuSO4 solution. From the 
experimental results, solutions of high concentration need 
high laser fluence to fabricate LIPSS, and decrease the height 
of LIPSS and the depth of crater due to high attenuation of 
laser. The hybrid process has a possibility to fabricate 
multiscale structures with high efficiency. 
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Figure 5. Schematic of processing area and SEM image of LIPSS 

fabricated with hybrid process 
 
 

 

  
(a) Air, F = 0.04 J/cm2, 

N = 250 [1] 
(b) Water, F = 0.04 J/cm2, 

N = 250 [1] 

  
(c) 5 wt% NaCl, F = 0.04 J/cm2, 

N = 250 [1] 
(d) 15 wt% NaCl, F = 0.04 J/cm2, 

N = 250  

  
(e) 5 wt% Cu(NO3)2,  

F = 0.45 J/cm2, N = 500 [1] 
(f) 15 wt% CuSO4,  

F = 0.45 J/cm2, N = 500 

Figure 2. SEM images of irradiated area in air and solutions with 
different fluence F and number of pulses N 

 
Figure 3. Height of LIPSS under (a) air, (b) water, (c) 5 wt% and  

(d) 15 wt% NaCl solution at F = 0.04 J/cm2, N = 250 and  
(e) 15 wt% CuSO4, solution at F = 0.45 J/cm2, N = 500 [1] 

 
Figure 4. Depth of craters under (a) air, (b) water, (c) 5 wt% and 
(d) 15 wt% NaCl solution at F = 0.04 J/cm2, N = 250 and (e) 5 wt% 
and (f) 15 wt% CuSO4, solution at F = 0.45 J/cm2, N = 500 [1] 
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Abstract 
Molding techniques allow the replication of surface structures to enable improved or novel functions for optics, fluidics and further 
applications. In general, the molding process can be facilitated by means of antiadhesive-coated molds due to a reduction of 
demolding forces, wear or prevention of heat dissipation. Consequently, employing coated molds, an improved demolding of features 
with submicron dimensions and high aspect ratio can be expected. In order to achieve adequate results regarding the replication of 
nanostructures, accurate mastering techniques to structure the coating are required. One possible technique is focused ion beam 
(FIB) writing, which was investigated in this study regarding its suitability to mill structured surfaces of submicron dimensions into 
coated mold inserts. Mold inserts were coated with a thin-film diamond-like carbon (DLC) and chromium nitride (CrN) as well as 
electroless plated nickel-phosphorus (NiP). The coatings were examined by means of SEM imaging and roughness measurements 
regarding their applicability for the creation of nanostructures. Subsequently, a test pattern was written into the coatings using a  
FIB-SEM dual beam system. The test pattern consisted of the USAF test chart target groups 9, 10 and a Siemens star. The lateral 
dimensions were ≤ 980 nm. During ion beam milling, the beam parameters current and the number of scan repetitions were varied 
to investigate their influence on the structuring result. Subsequently, SEM measurements were conducted to characterize the milled 
nanostructures. Different lateral resolutions and depths of the pattern and effects like redeposition or the proximity effect were 
observed for the nanostructures depending on the coating and processing conditions. Lateral feature sizes down to 60 nm could be 
realized. In conclusion, the gained results approved FIB writing as a suitable technique to manufacture highly precise nanostructures 
into surface coatings for molding. 
 
Keywords : Structured surface, surface patterning, antiadhesive, coating, thin-film, diamond-like carbon, FIB, focused ion beam writing, 
nanostructuring, molding (moulding), micro- and nanoreplication, SEM 

 

1. Introduction 

Molding processes enable a cost effective and rapid 
replication of parts with micro- and nanostructured surfaces. 
Structured surfaces are used in optics for example as 
antireflective structures [1] or optical gratings [2]. In fluidics, 
nano channels are used for the handling of single molecules [3]. 
In this regard, multiscale structured surfaces must be mentioned 
as an innovative trend [4]. Metasurfaces on plastic parts present 
another emerging field, whereas the replicated nanostructures 
provide improved or novel functions [5,6].  

However, the replication of nanostructures by molding is 
difficult to obtain. During the process, the filling of nanocavities 
can be incomplete, small features can be easily damaged during 
demolding or residues remain within the structures, thus 
damaging any subsequent part in terms of functionality. 

Studies showed that by applying thin film coatings on molds, 
demolding forces [7-9], excessive wear [10,11] or heat 
dissipation [12] can be reduced. To replicate submicron 
structures from coated molds, proper mastering techniques for 
the structuring are needed. For this, it is distinguished between 
indirect and direct structured molds [13]. For direct coating 
structuring, there are only a few studies available yet [14,15]. 
One possible technique could be focused ion beam writing (FIB), 
which was investigated in this study. 

The advantages of FIB are a high flexibility in patterning due to 
the direct structuring process, a high resolution to create 
submicron structures as well as a broad range of manufacturable 
materials [16]. Moreover, by using FIB-SEM dual beam systems, 

various structures can be created and characterized with the 
same instrument. 

In this study, three different thin film coatings were applied on 
mold inserts. Subsequently, a test pattern was milled into the 
coatings under the variation of the FIB parameters to investigate 
achievable quality and occuring effects. 

In the following the experimental design, results and 
discussion as well as a summary are described one after the 
other. 

2. Experimental 

An existing mold insert design for injection compression 
molding (ICM) with a surface area of 13.3 x 10.3 mm was used 
[15]. The mold inserts were manufactured by milling. Prior to the 
coating, the insert surfaces were diamond polished to create 
optical surface quality with Ra ≤ 10 nm. 

The samples were then coated with a tetrahedral 
hydrogenfree amorphous carbon film (DLC ta-C), chromium 
nitride (CrN) and electroless nickel-phosphorus (NiP). For the 
DLC ta-C, the SAM 3000 coating (SAM Coating GmbH, Germany) 
was arc deposited. BALIQ Cronos (Oerlikon Balzers Coating 
Germany GmbH, Germany) was applied for CrN in a high power 
impulse magnetron sputtering (HiPIMS) process. NiP with  
12 – 14 % phosphorus content was electroless plated 
(CZL Tilburg bv, Netherlands) and subsequently smoothed by fly 
cutting as described in [15]. The roughness of the coated surface 
was analysed by using a laser probe measuring system 
(Mitaka MLP-3, Mitaka Kohki Co., Ltd., Japan).  
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A test pattern consisting of submicron structures, in specific 
the USAF test chart groups 9, 10 and a Siemens star, was 
created. Fig. 1 shows the test pattern. The biggest feature size 
was 980 nm for the width of USAF group 9 element 1. The 
smallest feature size was 275 nm for the width of USAF group 10 
element 6. The width of each star spoke was 980 nm, too.  

The test pattern was written into the coated mold inserts in 
the BITMAP patterning mode. A FIB Helios NanoLab 600 dual 
beam system with Ga+ ion beam was used. The acceleration 
voltage was 30 kV. The ion dose was 1337 pC/µm² for ta-C and 
CrN as well as 266 pC/µm² for NiP. The dwell time was set to 
1 µs. The pixel pitch was 50 %. In a first trial, the aperture (beam 
current I) and repetition number n were varied. Second, the 
repetition number n was varied for a fixed beam current of 90 
pA (DLC ta-C, CrN) and 46 pA (NiP) in order to investigate effects 
with creating high aspect ratios. The FIB parameters are given in 
Table 1 and Table 2. Finally, the milled submicron structures 
were characterized with the SEM unit of the dual beam system.  
 

 
 
Figure 1. Test pattern consisting of USAF test chart groups 9 and 10, a 
Siemens star and the laboratory logo for FIB experiments 
 
Table 1 FIB parameters for DLC ta-C and CrN 

 

1 
I [pA] 260 90 46 26 9 

n 1130 1948 2569 2761 6068 

2 
I [pA] 90 

n 1948 3884 7769 

 
Table 2 FIB parameters for NiP 

 

1 
I [pA] 260 90 46 26 9 1.5 

n 225 389 512 665 1213 2844 

2 
I [pA] 46 

n 512 1024 2048 

3. Results and Discussion 

The measured surface roughness of DLC ta-C was Ra = 10.6 nm 
and Rq = 13.7 nm and was sufficiently smooth for the FIB 
experiments. The CrN surface roughness was Ra = 7.5 nm and  
Rq = 9.8 nm. The smoothest surface was the fly cutted NiP with 
Ra < 3 nm and Rq < 4 nm. In Fig. 2, the CrN coated mold insert is 
exemplarily shown. 

 

 
 
Figure 2. CrN coated mold insert  

3.1. Diamond-like carbon ta-C 

Fig. 3 shows the FIB written test pattern into DLC ta-C at an ion 

beam current I = 260 pA and I = 26 pA. The surfaces inside the 

nanostructures are fully smooth for all beam currents, which 

might be due to an isotropic material removal caused by the 

amorphous ta-C structure. Two effects can be observed when 

compared the test structures written with 260 pA and 26 pA. 

First, a lateral rounding of the corners of the single test pattern 

elements can be seen for higher beam currents. This effect 

might be caused by the lower resolution of the beam at higher 

beam currents. Within the 260 pA test structure, a blurring of 

the smaller elements can be seen so that single elements are not 

longer recognizable individually, e.g. USAF group 10 Element 5. 

Second, a clear rounding of the inner and outer edges can be 

seen at higher beam currents. This effect might be caused by the 

Gaussian beam profile [2]. For smaller beam currents, these two 

effects become less significant and the dimensional and shape 

accuracy improves. For I = 26 pA, all test pattern elements are 

individually identifiable and of sharp inner and outer edges. 

The best shape accuracy is achieved at I = 9 pA. For this beam 

current, the smallest feature width is 63 nm, measured in a 

Siemens star spoke. However, the milling time for the USAF 

group 10 and the Siemens star written at I = 9 pA is almost equal 

to the milling time for the entire test pattern written at I = 26 pA. 

The choice of aperture should therefore carefully be determined 

by the required shape accuracy and processing time. 

 

 
 
Figure 3. Focused ion beam written test patterns into tetrahedral 
hydrogenfree amorphous diamond-like carbon at beam current  
I = 260 pA and I = 26 pA  

26 pA 

260 pA 

20 µm 

20 µm 
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Also for the varied number of scans, two effects can be 
observed. Fig. 4 shows the Siemens stars milled with  
n = 1948 and n = 7769. For n = 1948, the structure depth is 
around 300 nm with vertical sidewalls. In contrast, for n = 7769 
the depth is around 800 nm and the sidewalls are inclined. From 
this, redeposition effects can be seen for higher aspect ratios. 
Furthermore, a dropping of the Siemens star spokes towards the 
center of the star with a full exposure of the star center is seen 
for high aspect ratios which might be caused by proximity effects 
[2,16]. 
 

 
 
Figure 4. Focused ion beam written Siemens stars into tetrahedral 
hydrogenfree amorphous diamond-like carbon at beam current  
at I = 90 pA and n = 1948 and n = 7769 
 

3.2. Chromium Nitride  
Fig. 5 shows the FIB written test pattern into chromium nitride 

at an ion beam current I = 260 pA and I = 26 pA. Since the 

deposited CrN is of crystalline structure, the material removal is 

anisotropic and thus, channeling occurs. While the structure 

width is dimensionally stable at I = 260 pA, the channeling 

effects the dimensional accuracy for lower beam currents 

resulting in narrower structure widths. Channeling also effects 

the surface roughness of the structure. On the one side the 

surface roughness of the sidewall is smoothed for smaller beam 

currents, while roughening occurs at the bottom of the 

structures resulting in different structure depths. Redeposition 

is lowered which might be due to the reduced sputtering yield 

per scan repetition.  

Fig. 6 shows the Siemens stars milled with repetition number 

n = 1948 and n = 7769. It can be seen that redeposition and 

proximity effects occur at higher aspect-ratios. 

 

 

 
 
Figure 5. Focused ion beam written test patterns into chromium nitride 
at beam current I = 260 pA and I = 26 pA 

 

 
 

Figure 6. Focused ion beam written Siemens stars into tetrahedral 
hydrogenfree amorphous diamond-like carbon at beam current  
at I = 90 pA and n = 1948 and n = 7769 
 

3.3. Nickel-Phosphorus  
Fig. 7 shows the FIB written test pattern into fly-cutted NiP at 

an ion beam current I = 260 pA and I = 1.5 pA. NiP can be 
machined via FIB at a lower ion dose compared to DLC ta-C or 
CrN. However, due to a processing time longer than 2 h, only the 
USAF test chart group 10 and the Siemens star were milled at  
I = 1.5 pA.  

The roughness inside the nanostructures is morphologically 
equal to the non-structured areas. The smoothness might be 
caused by an isotropic sputtering due to the amorphous 
structure. The shape accuracy improves for smaller beam 
currents due to the higher resolution of the ion beam. The inner 
and outer edges of the nanostructures are rounded, which might 
be affected by the beam profile, but not by redeposition since 
this effect did not intensify at smaller beam currents. 

From I = 46 A, already sputtered material is redeposited at the 
test pattern sidewalls with the adjusted beam settings. This 
effect intensifies for small beam currents with the scanning 
direction from left to right and vice versa, leading to a filling of 
the smallest structures. For I = 1.5 pA, the USAF test chart 
elements and the spoke ends of the Siemens star are filled with 
redeposited material as shown in Fig. 7. The redeposition could 
be diminished by minimizing the dwell time to fasten the writing 
speed leading to a lowered sputtering yield per scan. 

Fig. 8 shows the Siemens stars milled with n = 512 and  

n = 2048. It can be seen, that proximity effects cause a too high 

exposure of the star center limiting the smallest lateral feature 

size at high aspect ratios as it is seen for DLC ta-C and CrN. 

However, redeposition is only marginally recognizable. 
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Figure 7. Focused ion beam written test patterns into nickel-phosphorus 
at beam current I = 260 pA and I = 1.5 pA 
 

 
 

Figure 8. Focused ion beam written Siemens stars into electroless plated 
nickel-phosporus  at beam current at I = 46 pA and n = 512 and n = 2048 
 

4. Summary 

In this study, mold inserts for ICM were coated with DLC ta-C, 
CrN und NiP. Subsequently, submicron structures were 
successfully focused ion beam written into the coatings. 

Depending on the coating material and FIB processing 
conditions, different effects occurred. For all coatings, the lateral 
resolution of the test pattern improved with smaller beam 
currents. The smallest, measured feature size was 63 nm. With 
rising aspect ratio, redeposition induced typical V-shaped 
sidewalls. For structure sizes smaller than 200 nm in 
combination with highest aspect ratios, the proximity effect 
caused additional lateral material removal as it was seen for the 
Siemens stars milled in DLC-taC and NiP. Channeling determined 
the shape of the written submicron structures in the crystalline 
CrN, whereas isotropic sputtering was seen for amorphous 
coatings (ta-C, NiP). 

As a next step, the nanostructured surfaces onto the coatings 
are to be replicated via ICM in order to study the influence of the 
coating on the molding process under variation of the process 
conditions (e.g. isothermal/variothermal molding, different 
molding parameters, vacuum yes/no). 

Further research deals with the investigation of the influence 
of other FIB parameters, that have not yet been investigated 
within the scope of this study, e.g. dwell time or irradiation 
angle. Furthermore the grayscale FIB milling into the coatings is 
under investigation in order to create 3D structures. 
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Abstract 
Microfluidic structures can be replicated on PMMA substrate using precision hot embossing. A set-up is designed and developed 
using kinematic clamps and flexures. Three pairs of radial v-groove and spherical ball are used for accurate positioning and alignment 
of the master mold and substrate. A sheet flexure based parallel guidance mechanism is designed to apply required force during 
embossing. The embossing force is applied by a mechanical toggle clamp. Thermal centre concept using three reinforced sheet 
flexures has been used to allow for expansion during heating. Finite element analysis is used to analyse thermal stresses. Peltier 
module is used for heating. Temperature control module is developed and PWM based controller is designed to control the 
temperature profile during the embossing process. A prototype is fabricated using 3d printing and integrated with the temperature 
control module. Experiments are performed with the developed modules. Microfluidic structures are embossed and the features on 
PMMA substrate are compared with those of the master mold. The features are successfully replicated. The developed set-up shows 
the efficacy of the design and the set-up can be used as an alternate to manufacture microfluidic chips economically.    
 
Keywords – precision, thermal centre, flexure, hot embossing, microfluidic structure 

 

1. Introduction  

Microfluidics is a recent fascinating field that integrates 
operations that are performed in a whole laboratory into a 
simple micro-sized microfluidic chip. There is a need to develop 
a commercial machine for mass production of precise 
microfluidic chips at cheaper price for the wide range of 
applications that Microfluidics technology offers.  

The optimum parameters of 3.2 MPa embossing pressure, 
125°C embossing temperature and 4 min embossing time 
obtained by Li et al [1] are chosen as reference parameters in 
this study.  

Many previous works have described their hot embossing 
setup for embossing micro-channels in PMMA material. Juang et 
al [2] has developed a machine with pneumatic cylinder actuator 
and guideways with cartridge heating and air/water cooling. He 
et al [3] has developed a system in which embossing pressure is 
applied using weights and lever system and the entire setup is 
kept inside oven for heating which is then air cooled. Wang et al 
has developed a system where the pressure is applied using 
mechanical ball bearing screw jack that is motor driven [4]. 
Heating and cooling are done using thermoelectric modules. 
Ferah et al has developed a system using hydraulic press for 
force application in which the heating was done using electric 
resistance heaters [5]. 

However, none of the work significantly addresses common 
manufacturing concerns such as repeatability for mass 
production, capital and running cost of machine, alignment 
system, etc.  

This research aims in developing a commercial precision hot 
embossing machine that will be capable of mass-producing 
microfluidic chips. The machine being developed will be cable of 
producing precise micro features on PMMA at low cost by the 
use of Flexures and Kinematic clamps. 

2. Designing of the machine 

The two main objectives in designing a suitable mechanism for 
achieving the desired motion are 
1. Only one degree of freedom (DOF) is required to complete the 
embossing process.  
2. For mass production and to minimize equipment variations, 
this linear motion needed to be as repeatable as possible. 

The desired motion is split into two linear motions – coarse 
motion and fine motion. The coarse motion is a large motion 
that helps in loading and unloading the substrate. This motion 
should ensure precise alignment of substrate with respect to the 
tool. The fine motion starts after the coarse motion is completed 
and it is the motion of the tool alone by few millimeters for 
embossing.  
   
2.1. Use of Kinematic Clamp and Flexures for precision 
 

Kinematic couplings are exact constraint design couplings 
which  uses six known contact points to constraint 6 DOFs (two 
constraints per sphere-vee mate) to locate one component with 
respect to another. This makes performance predictable.  

Kinematic Coupling is used in precisely aligning mold and 
substrate at the end of the coarse motion. Once the mold and 
the substrate are located with respect to one another, the fine 
motion would bring the tool to emboss the features onto the 
substrate. 

Flexures provide maximum accuracy and stability without 
friction, stiction, wear or backlash and with minimal hysteresis 
which are present in the conventional joints. The 1 DOF required 
for the fine motion for embossing is achieved using combination 
of flexures as shown in Fig. 1.  
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Figure 1 a) Kinematic Clamp [6] b) Parallel guidance mechanism with 
shortening effect compensation  

2.2. Designing of Insert assembly for thermal expansion      
 

Since the temperature of the insert is raised by 100°C, there 
will be thermal expansion of the insert. If this thermal expansion 
in insert is constrained by assembly, the insert will get subjected 
to cyclic thermal stress resulting in failure.  

To overcome the problem of thermal stress, the insert is 
assembled using three notch sheet flexures as shown in Fig. 2 
creating a thermal centre. During thermal expansion, this 
thermal center remains fixed, and the remaining parts expand 
freely with respect to this center. Hence there will not be any 
thermal stress in the insert. The three sheet flexures with 
notches constrain 2 DOFs each and in total constraints all 6 

DOFs.  
 

 
Figure 2 Six DOF constraints with thermal center 

The insert module is located in the above assembly using 3-2-
1 location technique. The 6 degrees of freedom are arrested 
using six bolts given as shown in Fig. 3. 

 

 
Figure 3 a) Insert Module assembly to the tool b) 3-2-1 location bolts 

for insert module 

3. Final Machine  

The required embossing force is provided using a toggle clamp. 
The complete machine is shown in Fig. 4.      

 

 
 

Figure 4 Final precision hot embossing machine 

4. Experimental Results: 

The insert is heated using Pelteir module. PWM techinique is 
used to control the embossing temperature. A control circuit is 
developed as shown in Fig. 5. Experiments were carried out 
using the following circuit and mechanical clamp to prove the 
feasibility of the concept.  The embossed substrate and the 
insert are shown in Fig. 6.  

 

 
 

Figure 5 Control circuit for the machine 

 

 
Figure 6 Microscopic images of insert and embossed PMMA substrate 

5. Conclusion       

For low cost mass manufacturing of microfluidic chips in 
PMMA material, a precision set-up is designed and developed 
using kinematic clamps and flexures. Three pairs of radial v-
groove and spherical ball are used for accurate positioning and 
alignment of the master mold and substrate. A sheet flexure 
based parallel guidance mechanism is designed to provide 
required 1 DOF motion for embossing. The embossing force is 
applied by a mechanical toggle clamp. Thermal centre concept 
using three reinforced sheet flexures has been used to allow for 
expansion during. The efficacy of the concept has been 
experimentally proven. This machine will help in mass 
production of precise microfluidic chips at cheaper price for the 
wide range of applications that Microfluidics technology offers. 
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Abstract 
In this paper, molecular dynamic (MD) simulation was employed to simulate the AFM tip-based nanoscratching process on multi-
layer graphene to investigate graphene deformation and coefficient of friction (COF). MD Simulation results showed cross-linking 
structures were created at the interface of two-layer graphene during nanoindentation and nanoscratching. The loading force had a 
characteristic of a periodic wave crest-trough transition. The COF of the diamond tip fluctuated at around 0.15 during nanoscratching 
process. 
 
Keywords: Multi-layer graphene, AFM tip-based nanoscratching, MD simulation, Coefficient of friction  

1. Introduction   

Graphene is considered to be the most promising two-
dimensional (2D) nanomaterial with unique physical chemical 
characteristics and wide application [1]. However, the zero 
bonding gap limits its application in electronic fields. Atomic 
force microscope (AFM) tip-based nanoscratching method is 
capable of nanomachining graphene and opening a proper 
bonding gap with nanoscale resolution [2]. However, it is 
extremely difficult to investigate graphene deformation and 
coefficient of frition (COF) of atomic level through experimental 
observation due to atomic layer to layer structure in the 
graphene. Molecular dynamic (MD) simulation has been proven 
as an effective technique to reveal the material deformation and 
COF in the atomic scale. Therefore, this paper employed the MD 
simulation to investigate the nanoindentation and 
nanoscratching process on multi-layer graphene using a 
diamond tip. 

2. Modelling setup and Computational details    

This paper utilized Atomsk [3] software to establish MD 
simulation model of AFM tip-based nanoscratching on multi-
layer graphene, as shown in figure 1. The graphene workpiece 
(16704 atoms) consists of four layers graphene marked by the 
olivedrab colour atoms (1st layer), magenta colour atoms (2nd 
layer), green colour atoms (3rd layer), red colour atoms (4th 
layer). The layer spacing was set 0.34 Å. The 1st and 2nd layer 
graphene were set the Newton layer. The 3rd and 4th layer 
graphene were set the thermostat layer and boundary layer, 
respectively.  

The yellow colour atoms represents the diamond tip (445 
atoms). The diamond tip was placed at the 2 Å above the multi-
layer graphene workpiece surface. The diamond tip performed 
nanoindentation first to a depth of 6 Å with 1 m/s velociety along 
the negative Y direction, which can lead to nanoscratch the two-

layer graphene. The nanoscratching was implementing 5 nm 
scratching distance with 1 m/s velociety along the negative X 
direction. The two processes were carried out in large-scale 
atomic/molecular massively parallel simulator (LAMMPS) [4]. 
Additionally, this paper selected the the second generation of 
reactive empirical bond order (REBO) potential [5] to describe 
the interaction of multi-layer graphene workpiece. The Lennard-
Jones (LJ) potential [6] was adopted to calculate the interaction 
between the diamond tip and multi-layer graphene workpiece. 
The simulation results were visualised and analyzed using Open 
Visualization Tool (OVITO) software [7]. 

 
Figure 1. Three dimensional (3D) MD simulation model of AFM tip-based 
nanoscratching on multi-layer graphene  

3. Results and discussion 

3.1. Nanoindentation process  

The morphology of nanoindentation caused by the diamond 
tip is shown in figure 2. It can be seen that a cross-linking 
structure was created between the 1st layer and 2nd layer 
graphene. Additionally, the C-C bonds only deformed to a 
certain extent instead of breaking during nanoindentation 
process. The load-displacement curve is illustrated in figure 3. It 
is clear to see that the wave crest-trough transition implied the 
sites for 1st layer and 2nd layer graphene, respectively.  
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Figure 2. The morphology at nanoindentation depth of 6 Å  

 

 
Figure 3. Load-displacement curve 
 

3.2. Nanoscratching process  

After conducting the nanoindentation, the diamond tip 
performed the nanoscratching with 5 nm distance. To this end, 
figure 4 shows the two layers graphene was scratched to create 
a obvious band gap by the diamond tip. Several C atoms in the 
1st layer graphene combined with the C atoms in the 2nd  layer 
graphene to form some amorphous carbon chain structures. 
Additionally, it is evident to see that the created cross-linking 
structures started to adhere to the surface of the diamond tip. 
The evolution of kinetic COF of the diamond tip with scratch 
distance is shown in figure 5. It was found that the COF 
experienced a fluctuation at around 0.15. 

 

 
Figure 4. The morphology at nanoscratching distance of 5 nm 

 

 
Figure 5. Variation of COF of the diamond tip with scratch distance 

4. Conclusions 

The MD simulation was employed to investigate the 
nanoindentation and nanoscratching process of multi-layer 
graphene using a diamond tip. The following conclusions can be 
drawn: 
1. Cross-linking structures in two-layer graphene were created 

during nanoindentation and nanoscratching process, which 
could govern the COF. The loading force showed a periodic 
wave crest-trough transition, which indicates the sites of 1st 
layer and 2nd layer graphene. 

2. The created cross-linking structures adhered to the surface 
of the diamond tip during nanoscratching process. The COF 
of diamond tip fluctuated at around 0.15 when 
nanoscratching two-layers graphene.  
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Abstract 
 
Fast tool servo (FTS) in precision machining is an efficient and reliable method for fabricating non-rotationally symmetric surfaces 
or microarrays with sub-micrometric form accuracy. Compared to slow tool servo, FTS can reduce the manufacturing time and has 
small tracking errors. In this paper, a novel long stroke FTS construction is designed where the voice coil motor is located inside the 
slide to reduce the total volume of the system. Air bearings are used to reduce kinetic frictions. Counter balance is adapted on the 
FTS system, which reduces the vibration from ±3 μm to ±0.2 μm. For the control subsystem, several control algorithms are applied 
to the physical system, including traditional PID, PID with velocity/acceleration feedforward, sliding mode control (SMC), active 
disturbance rejection control (ADRC). They all have different characteristics and adapted to different situations. The 
correspondences of the simulation model and physical model expand the possibilities of further algorithm developments.  The 
system can reach 0.2 m/s and 4.3 g acceleration and has a maximum 0.5% tracking error when tracking the sinusoidal signal. The 
typical working performances are ±1 mm @ 30 Hz for long stroke and ±0.1 mm @ 80 Hz for high frequency. The relationships 
between mechanical subsystem and control subsystem are analysed from system stiffness and system bandwidth points of view. A 
comprehensive design method is presented which enables the modular design of fast tool servo systems. 
 
 

Keywords: Fast tool servo, Air bearing, Counter-balance, Control algorithm, Tracking error     

 

1. Introduction   

Fast tool servo is an efficient method manufacturing non-
rotation symmetric surface (NURBS) and the surface with 
microarrays. These surfaces are widely used in optical 
applications like varifocal lenses. FTS can monitor and make the 
cutting tool to do reciprocating motions with different 
frequencies and different strokes according to the surface 
topography. FTS can be divided into two types: Piezoelectric FTS 
which uses piezoelectric ceramics as driving source, this kind of 
FTS is suitable for short strokes (up to 100s µm level) but high 
frequency (several kilohertz) [1]. Kinetic Ceramics developed a 
series of products which can reach 10 µm at 20 kHz, 25 µm at 5 
kHz, 25 µm at 1.5 kHz, 8 µm at 24 kHz separately [2]. This type 
of FTS is limited by the small stroke and it is hard to do the close 
loop control for the high frequency applications. Another type is 
the Lorentz force FTS, which is driven by the voice coil. It can 
achieve millimetre stroke but due to the large moving mass, the 
bandwidth of this kind system cannot reach to a high value, 
usually up to 100 Hz [3]. Moore Nanotech developed an FTS 
which can reach 2 mm at 100 Hz with counter-balance system 
[4]. The drawback of Lorentz force is the performances are 
limited by the large moving mass, and under-damping system is 
hard to control. Even there are commercial FTS products, there 
is no systematic design method for this type system. Most 
researches focus on one part of this technology, new mechanical 
structures or advanced control algorithms, but the relationships 
between different components are unclear, which motivates the 
development of the modular design of FTS. 

 

The paper aims to develop an integrated fast tool servo system 
driven by the voice coil motor. With the systematic design 
method, FTS technology will has more application areas and 
increase the total manufacturing efficiency.The paper is divided 
into four parts: the design of mechanical subsystem, a new 
structure is adapted and a stiffness criterion and dynamic are 
presented based on this structure for further developments. The 
second part is the control subsystem design, in which four 
different control algorithms are designed and applied to the 
physical system. An accurate simulation model is expected for 
designing new control methods in the future. The third part is 
the counterbalance design, which aims to solve the vibration 
problem due to large acceleration. The final part is the 
processing experiments, which aims to verify the design in the 
previous parts.  

2. Mechanical subsystem      

The motion of the FTS system is the reciprocating motion, and  
it can be seen as a sinusoidal motion. The stroke, frequency, and 
the moving part mass determine the kinetic characteristics. The 
voice coil motor is the driving source. It generates the varying 
forces for the system and realizes the required motion. The 
governing equations are as follows: 

 
𝑋 = 𝐴𝑠𝑖𝑛(𝜔𝑡)     (1) 

𝐹𝑚𝑎𝑥 = 𝑚𝑎𝑚𝑎𝑥 = 𝑚�̈�𝑚𝑎𝑥 = −𝜔2𝐴   (2) 
 

X - Displacement  
A - Maximum displacement 
ω - Frequency  
a – Acceleration  
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The target performances are, the working frequency can reach 
up to 100 Hz, the maximum stroke is ±1.5 mm. 

 
2.1.    Air bearing and system arrangements 

After the main driving source is chosen, air bearing is chosen 
as the support components. It uses the high-pressure air to form 
an air film, with certain stiffness but no frictions. In the FTS 
design, the stiffness of the air bearing is a very important index. 
Higher stiffness gives the system higher mechanical bandwidth 
and then system bandwidth increases. An air bearing with 7 
orifices was designed and manufactured for the system. The 
maximum stiffness was measured to be 31 N/μm when the air 
film height was 12 μm as shown Figure 1. From air bearing 
stiffness curve, the air bearing has a optimum stiffness point 
which is a useful value during air bearing installation. 

 

 
 

Figure 1. Air bearing stiffness curve 

 
To reduce the total volume of the system, there are no 

transmission components in this design. The voice coil motor is 
connected with a square-hollow slide. Four air bearings are 
arranged at the outside of the slide and connected with the 
outside shell with ball-headed screws (air bearing connections), 
the section view and front view of FTS system are shown in 
Figure 2(a) and 2(b): 

 

 
 

Figure 2(a). Section view of designed FTS system 
 

 
 

Figure 2(b). Front view of designed FTS system 

A design criterion is made for the air bearing used in the FTS 
system. To ensure the stable operation and prevent 
misalignment, the air bearing should have the ability to absorb 
the motor force and keep the air film unchanged. Considering 
the machining tolerance, the air bearing stiffness criterion can 
be desired as: 

K ≥
1

2
×

𝐹
1

3
×ℎ−𝑓𝑙𝑠−𝑓𝑙𝑎

    (3) 

K – Air bearing stiffness 
h – Air film installation height 
F – Continuous force of voice coil motor 
fls – Slide flatness of air bearing installation surface 
fla – Air bearing flatness 
 
The final length of the FTS system is 140 mm, this arrangement 

can decrease the installation dimensions of the system. 
 

2.2. System dynamic properties      
Modal analysis and harmonic response analysis were 

performed to the system. Model analysis shows the first natural 
frequency of the system is 369.14 Hz, and this should be three 
times more than the designed maximum working bandwidth 
(100 Hz). The second and third natural frequencies represent the 
stiffness in vertical directions of air bearings. If the stiffness of 
air bearings is increased, all the modal frequencies are increased. 
Figure 3 and 4 show the modal analysis results of the system, the 
first-order modal is the twist of the whole system and the second 
and third modal are the offsets of the air film. This means the 
weakness points of the system are the air bearing film and the 
connections.  

 

 
 

Figure 3. modal frequencies for system with different air bearings 
 

 
 

Figure 4. Modal analysis results for the first three orders 
 

Harmonic analysis can calculate the overall stiffness of the 
whole system, using a 5 N force from XYZ directions to simulate 
the cutting resistance force. From the results: the air bearing 
stiffness is 31 N/μm, the stiffness for air bearing connection is 
135 N/μm, the total stiffness in X/Y direction (whole FTS 
mechanical subsystem) is 50.4 N/μm. Therefore, the system can 
be simplified as: the ball-head screw connects in series with the 
air bearing and then connect in parallel with the other side. 
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Figure 5. Harmonic analysis set up sketch 
 
 

 
 
Figure 6. System stiffness simplified model 
 
 

Figure 5 is the set up of the harmonic analysis, the air film is 
equivalent to spring, a zero displacement support is applied on 
the motor to represent the enable state. Figure 6 is the system 
stiffness simplified model, it can be used for modular design in 
the future. 

3. Control subsystem      

The control subsystem is the key to realize the designed 
objectives. The designed system is the underdamped system 
due to the usage of the air bearing. Therefore, a well-designed 
control system is needed to help the system achieve its designed 
goals. A system control simulation is carried out to give a basic 
understanding of how the system should works. The mechanical 
subsystem can be simplified as a second-order system. A 
precision motion controller (Omron CK3M) and a motor driver 
(Elmo) have been chosen to build the control system for the 
designed FTS system. Figure 7 is the control block diagram of the 
system: 

 

 
Figure 7. System simulation model  

 

The whole system is designed as a double close loop system: 
current loop and position loop. Traditional PI control is used in 
the current loop and provides up to 3 kHz bandwidth. For the 
position loop, four different control algorithms are tested on the 
physical model: velocity/acceleration feed forward, sliding 
mode control (SMC) and active disturbance rejection control 
(ADRC). 

 

 
 

 
 

Figure 8. Step and sine responses of different control algorithms 

 
The PID with velocity/acceleration feedforward control and 

ADRC control have better performances. Like the step and sine 
response results which are shown in Figure 8, the PID with 
velocity/acceleration feedforward control has the shortest 
settling time. When tracking the sine signal (0.43 mm @ 50 Hz), 
it can achieve the minimum tracking error ±20 μm. But note that 
these are the results of preliminary testing without machining, 
different control algorithms could suit different cutting 
processes. 

Also, the correspondences of the simulation model and 
physical model expand the possibilities of further algorithm 
developments. The output of the controller in the physical 
model are in good agreement with results obtained from the 
simulation model. Like shown in Figure 9, the controller output 
in the simulation model and physical model shares the similar 
values, the differences are acceptable due to the ideal condition 
of the simulation model (no external disturbances). 
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Figure 9. Comparison of voltage output in simulation and physical model 
 

The system performance result is tested as follows: the 
maximum velocity is 0.2 m/s and the maximum acceleration is 4 
g. For long stroke is 1 mm @ 30 Hz. For high frequency is 0.1 mm 
@ 80 Hz. The maximum tracking error is 0.5%. 

Table 1 shows some achieved performances of designed FTS 
system with the velocity/acceleration feedforward control 
method. 

 
Table 1 Achieved performances of designed FTS 

Frequency (Hz) Stroke (mm) Tracking error 

30 1 0.01% 

40 0.68 0.088% 

50 0.43 0.047% 

60 0.3 0.067% 

 

4. Counter-balance      

Counter-balance is a method that solves the vibration problem 
caused by the large acceleration of the large moving mass. A 
back-to-back design is adapted, a counterbalance mass is used 
to do the same motion with the main moving mass, the total 
acceleration can be considered as zero for the whole system. 

 

 
 

Figure 10. Sketch of counter-balance problem 

 

 
 

Figure 11. Back-to-back solution for counter-balance  

 

Figure 10 shows the counter-balance problem, the inertia 
force generated from the moving components is transferred to 
the base plate. The vibration in base plate has a side effect on 
the manufactory of the workpiece. Figure 11 is the back to back 
design, the same system is installed at the back of the main 
system. 

 With the designed mechanical and control subsystem, the 
overall system with counterbalance can be easily set up. It 
functions as a gantry structure. A laser displacement sensor is 
used to test the vibration of the base plate. The vibration has the 
same frequency with main FTS motion. The amplitude is 
decreased from ±3 μm to ±0.2 μm like shown in Figure 12: 

 

 
 

Figure 12. The comparison of using counter balance  

5. Conclusions and future work      

This work has achieved three goals: For the mechanical 
subsystem, a mechanical stiffness design criterion is presented 
and the simplified model is concluded for further modular 
design. For the control subsystem, a mature control system is 
built, the simulation model is developed corresponding to the 
physical model. Also, four different control algorithms are 
tested, and PID with velocity/acceleration achieves the best 
performance prior machining tests, which enables the system to 
achieve ±1 mm @ 30 Hz for long stroke and ±0.1 mm @ 80 Hz 
for high frequency with the maximum tracking error less than 
0.5%. For counterbalance, the vibration of the system is reduced 
to from ±3 μm to ±0.2 μm.  

Future developments will focus on machining experiments 
and verify all the conclusions from the preliminary tests.  
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Abstract 
The use of titanium dioxide as a strong photocatalytic substance can have a large effect in combating the spread of pathogens through 
heavily contaminated surfaces. For this purpose, various materials, such as metal, glass, and polymer were coated with rutile- and 
anatase-rich titanium dioxide by sol-gel method. The contact angle and photocatalytic activity of the coated surface were measured 
under UV irradiation. The anatase-rich titanium dioxide showed higher photocatalytic activity, which further increased with the 
coating thickness. The process temperature had an effect on the photocatalytic activity due to the temperature-dependent 
conversion of anatase to rutile crystal conformation. The coated surfaces had strongly reduced contact angles compared to the 
uncoated material. In particular, the anatase-rich surfaces resulted in superhydrophilic properties. Photocatalytically induced 
antibacterial activity against pathogenic microorganisms in liquid environments was demonstrated, especially for gram-negative 
Escherichia coli bacteria. 
 
antimicrobial, surface coating, biomedical science  

 

1. Motivation and Approach 

In front of the current pandemic and the increasing threat of 
multi-resistant pathogens the interest in antimicrobially 
functionalized surfaces is growing. Since the use of surface 
disinfectants in public life requires human action, inherently 
antimicrobial surfaces are of particular importance. The use of 
titanium dioxide as a strongly photocatalytic substance can have 
a great effect in combating the spread of pathogens through 
heavily contaminated surfaces. Next to chemical vapour 
deposition, sputtering and electron-beam evaporation the sol-
gel technique has emerged as one of the most promising 
techniques for TiO2 surface coating. When UV light hits surfaces 
coated with titanium dioxide, highly oxidative reactive oxygen 
species are formed, which attack the cell membrane of adherent 
microorganisms and can lead to cell death. For this purpose 
different materials, such as metal, glass and polymer, were 
coated with titanium dioxide using the sol-gel method. Titanium 
dioxide can appear in three variants, wich are named rutile, 
brookite and anatase and differ in their crystal bulk structure 
and therefor in size and atoms per unit [1]. The detailed coating 
procedure and the used TiO2 material can have a great effect on 
the wettability and photocatalytic activity resulting in 
antimicrobial effects of different strength. This effect is 
investigated in this work for relevant microbial pathogens. 

2. Experimental detail 

2.1. Coating 
For the experiments, an adapted sol-gel method according to 

Malnieks et al. was used [2]. This was carried out with two 
different titanium dioxide starting materials. One solution was 
prepared with mainly anatase configuration TiO2 P25, EVONIK 

INDUSTRIES AG, ESSEN, GERMANY and the other with mainly rutile 

configuration TiO2 R210, CARL ROTH GMBH + CO. KG, KARLSRUHE, 
GERMANY. The ratio of the mixture was 1:10:4:0.5 of titanium 
dioxide, isopropanol, glacial acetic acid and desalinated water. 
The titanium dioxide was dissolved in isopropanol for t = 1 h at 
ϑ = 20 °C under agitation. The glacial acetic acid was then added 
and stirred again for t = 1 h. Finally, the water was added and the 
solution was stirred for another t = 0.5 h. The pre-cleaned 
specimens of glass, PEEK and 1.2344 steel were coated with the 
sol 3-fold via dip coating whereby two procedures were used. In 
the 3x1 procedure, the samples were dried at ϑdry = 200 °C for 
t = 5 min each time after dipping. In the 1x3 method, the 
specimen were directly dipped 3 times in succession and dried 
at ϑdry = 200 °C for t = 5 min. Finally, the specimens of both 
methods except PEEK were calcined at ϑcal  = 500 °C for tcal  = 1 h. 
 
2.2. Contact angle measurement 

The contact angle measurement was performed on the DROP 

SHAPE ANALYZER DSA 100B, KRÜSS GMBH, HAMBURG, GERMANY. The 
lying drop method was used with a dropvolume Vdro = 4 µL, a 
measuring time tmes  = 90 s and a measuring interval tint = 1 s at a 
temperature ϑ = 25 °C. The coated surface was measured after 
1 minute of UV irradiation and compared to the uncoated 
surface in Table 1. The higher activity is referred to as 
photoinduced superhydrophilicity which induces the 
photocatalytic removal of hydrophobic organic surface 
contaminants, thus increasing the wettability [3]. 

 
Table 1: Contact angle measurement of the coated and uncoated 
materials for both coating procedures and TiO2 variants 

 

Material ɵpure TiO2 anatas-rich TiO2 rutile-rich 

ɵ 3x1 ɵ 1x3 ɵ 3x1 ɵ 1x3 

Glass 55.2°±3.3 0°±0 0°±0 21.5°±1.5 11.4°±1.2 

PEEK 78.5°±2.3 0°±0 0°±0 20.3°±2.9 15.1°±1.3 

Metal 47.5°±4.1 0°±0 0°±0 24.2°±1.2 11.3°±3.6 
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3. Photocatalytic Activity 

The photocatalytic activities of the coatings were evaluated by 
analysing photocatalytic degradation of methylene blue (MB) 
due to the appearance of reactive oxygen species under UV 
irradiation. The samples were placed in 100 ml MB solution with 
an initial concentration of 12.5 mg/l in accordance to 
DIN 52980:2008. Before irradiation, samples were stirred for 
30 min in the dark to reach absorption–desorption equilibrium. 
A UV LAMP UVAHAND 200, DR. HÖNLE AG, GRÄFELFING, GERMANY with 
a power P = 180 W was used as light source. During irradiation, 
small volume samples were taken every 15 minutes to measure 
discoloration via absorbance at 620 nm on the FILTERMAX™ F5 

MICROPLATE READER, MOLECULAR DEVICES LLC, SAN JOSE, USA. 

 
Material TiO2 anatas-rich TiO2 rutile-rich 

Coating method 3x1 1x3 3x1 1x3 

Degradation [%]/h 27.4 23.7 17.4 14.4 

 
Figure 1. Photocatalytic activity of different TiO2-samples obtained  
by the 3×1 and 1x3 method on glass via methylene blue degradation 
 

The results in Figure 1 show a 10-20 % higher photocatalytic 
activity for the anatase-rich TiO2 material P25 as already 
discovered by Luttrell et al [4]. Furthermore the 3x1-method 
results in 5-10 % higher photocatalytic effects than 1x3-method. 
This is probably due to the curing of each of the three layers and 
thus an overall higher layer thickness than the 1x3 method. In 
this method, the three layers were not cured individually at 
ϑdry = 200 °C and partially dissolved back into the sol during the 
next dipping step. According to Luttrell et al. the photocatalytic 
activity in anatase conformation is mainly dependent on the 
layer thickness [4]. 

4. Antimicrobial Activity 

The antimicrobial effect was investigated for the anatase-rich 
TiO2 material due to the higher photocatalytic values. All coated 
materials were incubated with common nosocomial pathogens 
S. aureus and E. coli for tinc = 24 h at ϑinc = 37 °C. Before 
incubation the experimental setup was UV irradiated for 
tUV = 10 min to activate the coating. After incubation the 
microorganisms were stained with fluorescent dye to distinguish 
between live and dead cells. The results in Figure 2 shows 
significant antimicrobial activity for the polymer test specimens. 
This can be explained by the absence of a calcination step at 
ϑ = 500 °C. At ϑ > 400 °C, the ratio of anatase to rutile may 
change with increasing temperature in favor of the less active 
rutile conformation [5]. The higher toxicity for E. coli can be 
explained by the thinner cell wall of gram-negative bacteria, 
which has a lower protective function against oxidative reactive 
oxygen species compared to gram-positive bacteria [6]. 
 

 
Figure 2. Antimicrobial activity of different TiO2-samples obtained by 3×1 
and 1x3 method via live-dead fluorescent staining of S. aureus cells (A) 
and E. coli cells (B) after UV irradiation 

5. Conclusion 

Using titanium dioxide as a strong photocatalytic substance can 
have a great effect in combating the spread of pathogens 
through highly contaminated surfaces. The application of the 
photocatalytically most active anatase-rich TiO2 results in 
superhydrophilic surfaces and an antibacterial effect, especially 
against gram-negative microorganisms. The processing 
temperature has to be considered in order to avoid a loss in 
photocatalytic activity due to the temperature dependant 
conversion from anatase to rutile crystal conformation. The 
results show a great antibacterial potential for liquid 
environments. As biofilm formation is a major problem in such 
environments the photocatalytic effect on complex bacterial 
structures has to be investigated in the future. The economic 
large-scale implementation of appropriately coated surfaces 
requires further research. 
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Abstract 

 

Technical fluids are often contaminated by bacteria as Burkholderia cepacia (B. cepacia), which is found in different industrial issues 

and affects manufacturing process chains by the formation of planktonic cell-aggregates and biofilms within the working fluids. 

B. cepacia is one of nine species of the Burkholderia cepacia complex (Bcc), a group of gram-negative, motile, non-spore-forming, 

and rod-shaped bacteria. Because of the opportunistic pathogenicity to plants, animals, humans, and the multi-drug and biocide 

resistance, B. cepacia is difficult to treat. This study aims to provide an application to reduce the germ numbers ng in an eco-friendly 

and continuous process without the use of biocides. The approach to disinfect technical fluids is to apply high shear forces in a  

rotor-stator assembly to the fluid. A prototype of the rotor-stator assembly with a variably adjustable shear gap gs and rotor speed srot 

was constructed. First experiments with a frequency frot 10 Hz ≤ frot ≤ 40 Hz a shear gap gs = 83 µm and gs = 166 µm showed a 

reduction of germ number ngr = 99.6 %. It concluded that the disinfection of technical fluids by a rotor-stator assembly is a biocide-

free alternative. In addition to defined process parameters such as shear gap gS, temperature ϑ, frequency frot and time of machining 

process tmp, also the peripheral speed vp, rotational speed vrot, flow rate fr and shear stresses τ were used to assess the machining 

result and to develop an overall concept for disinfection of technical fluids.  

 
 

Micro-manufacturing, microbiology     

 

1. Introduction 

Many industrial processes require the use of various technical 

fluids. A problem of water-based fluids is their susceptibility to 

bacterial contaminations, representing a risk for human health 

and a negative impact on the fluid’s properties, independent of 

the cause of the contamination [1,2]. Bacterial contaminations 

in technical fluids may have different origins. The bacteria may 

descend from the working process itself, but it is also possible, 

that the contamination descends from one of the ingredients or 

the merging process, or even another source [3]. Cathodic dip 

coating systems run with water-based paint [4]. Contamination 

of the paint may result in a decrease in the quality, including 

among other offensive odor, viscosity changes, discoloration, or 

changes in adhesion [1].  

Today’s companies can rely on a wide range of disinfection 

methods to control microbial growth in industrial processes, 

including both, chemical and physical methods [5]. Despite the 

large selection of possibilities, most of the conventional 

methods show disadvantages or are unsuited for certain 

processes like cathodic dip coating. For example, the frequent 

use of biocides poses a high risk to human health and the 

environment [5,6]. Other disinfection agents like heavy metals, 

or oxidizing agents may negatively interact with the paint 

pigments [7]. Disinfection of large paint basins by heat 

sterilization or ultrasound is ecological unsuited due to high 

energy consumption [8]. Additionally, high temperatures would 

have a negative impact on the paint’s properties [9]. 

Regarding the lack of suitable methods and the trend to use 

more environmentally friendly and biocide-free techniques to 

maintain the quality of technical fluids, it is important to detect 

more ecological methods of disinfection. One approach for a 

more environmentally friendly disinfection method is the killing 

of germs using high shear stresses τ [10]. For this approach, 

Fraunhofer IPK, Berlin and Fraunhofer IPA, Stuttgart developed 

a prototype of a rotor-stator assembly to produce high  

shear stresses τ.  

Typical contaminants in cathodic dip coating systems are 

bacteria from the Burkholdeeria cepacian complex (Bcc).  

A frequent representative of Bcc is Burkholderia cepacia 

(B. cepacia), a gram-negative, motile, non-spore-forming, and 

rod-shaped bacteria. Besides potential damage of material and 

working processes, B. cepacia represents a health risk to human, 

animals and plants, regarding it opportunistic pathogenicity and 

multi-drug and biocide resistance [11,12].  

The following experiments will be performed with B. cepacia, 

isolated from a cathodic dip coating system and alternating 

designs of the experiment, combining different rotational 

speed vrot, shear gap gS and cell numbers nc. 

2. Materials and Methods 

2.1. Test microorganisms and cultivation conditions   

The analysis of the disinfectant potential of the rotor-stator 

assembly was performed with B. cepacia isolate Burk_52 from a 

cathodic dip coating system. Burk_52 was incubated in R2A 

media at a temperature ϑ = 31°C, a frequency fr = 200 1/min 
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and a cultivation time tc = 18 h until it reaches an optical density 

of OD595 = 0.7. 

The efficiency of the disinfection was analyzed by cell counting 

after a cultivation time tc = 40 h at temperature ϑ = 31°C on R2A 

agar. After incubation the cell number nc in colony forming units 

per mL (cfu/mL) of the untreated and the homogenized samples 

were counted and a reduction of the germ number ngr was 

determined. For this, two different technical fluids with heavily 

contaminated cell numbers nc ≥ 1.00e09 cfu/ml (shown +++) 

and with less heavily contaminated cell numbers 

nc ≤ 5.00e06 cfu/ml (shown ++) were analyzed. 

 

2.2. Homogenizer with rotor-stator assembly 

The homogenizer (Fig. 1) is operated by an electric motor, its 

rotational frequency frot is set via a frequency converter. A 

transmission with a gear ratio gr = 2.592 is flanged to the electric 

motor. The torque to the rotor-stator assembly is transmitted 

via a clutch to compensate inconcentricities in the gearbox shaft. 

 
Figure 1. Structure of the homogenizer 

 

Preculture of B. cepacia to be examined was diluted in 

phosphate buffered saline (PBS). In the tests, the medium is 

filled into the fluid reservoir. During operation the medium flows 

continuously through the rotor-stator assembly for specific 

machining process time tmp in a loop. The fluid is returned to the 

reservoir via the green tube. 

The rotor-stator assembly consists of a rotor and a tightly 

fitting stator unit which is screwed into the housing via a thread, 

this allows the adjustment and variation of the shear gap gS. 

During operation, the medium flows from above through the 

shear gap to the lower side area in the assembly. Due to the 

pumping action of the rotor, the medium is pumped back into 

the reservoir. 

 

2.3. Procedure of the disinfection process 

During disinfection in techniqual fluids between rotor and 

stator, shear stresses τ are generated depending on the dynamic 

viscosity η of the medium, the peripheral speed vp on the rotor 

and the shear gap gS. Shear stresses τ are calculated using this 

formula: 

 

τ � � ⋅
���

��	
� � ⋅ 
�  

By the variation of peripheral speed vp and shear gap gS, 

different shear stresses τ are tested. The differential in the 

formula describes the shear rate 
� . In a rotor-stator 

homogenizer, high shear rates 
�  are defined with 

20˙000 ≤ 
�  ≤ 100˙000 1/s according to Zhang et al. [13]. With a 

viscosity of the technical fluid η = 0.02205 kg/m/s, this 

corresponds to a shear stresses of 441 Pa ≤ τ ≤ 2205 Pa. 

According to Shirgaonkar et al. this high shear stresses τ cause 

cell disruption in technical fluids [10]. 

 

2.4. DoE trials and process parameters 

In design of experiment (DoE) trials the shear gap gS is adjusted 

between 83.34 μm ≤ gS ≤ 166.68 μm and frequencies frot are 

varied 10 Hz ≤ frot ≤ 40 Hz. This results in rotational speeds of 

1555.2 1/min ≤ vrot ≤ 6220.8 1/min. The mean peripheral speeds 

are 5.05 m/s ≤ vp ≤  20.19 m/s.  Measured flow rates fr from 

0.0263 l/s ≤ fl ≤ 0.1412 l/s occure in the rotor-stator assembly. In 

this study, shear stresses τ of 667.88 Pa ≤ Ƭs ≤ 5343.08 Pa are 

applied on two different contaminated technical fluids in order 

to demonstrate the reduction of germ numbers ng. 

Various process parameters are set according to the DoE 

method for measuring the germ numbers ng. Four test matrices 

result from the variation of the individual parameters  

(tables 1, 2, 3, 4).  

 
Table 1. Process parameters at frequency frot = 10 Hz 

process parameters A B C D 

shear gap gs  

[µm] 
0083.34 0083.34 0166.68 0166.68 

peripheral speed vp  

[m/s] 
0005.05 0005.05 0005.05 0005.05 

rotational speed vrot 

[1/min] 
1555.20 1555.20 1555.20 1555.20 

flow rate fr 

[mL/s] 
0026.27 0026.27 0053.05 0053.05 

shear stresses τ  

[Pa] 
1335.77 1335.77 0667.88 0667.88 

cell numbers nc 

[cfu/ml] 
1.56e09 4.40e06 2.30e11 9.50e05 

 

Table 2. Process parameters at frequency frot = 20 Hz 

process parameters E F G H 

shear gap gs  

[µm] 
0083.34 0083.34 0166.68 0166.68 

peripheral speed vp  

[m/s] 
0010.10 0010.10 0010.10 0010.10 

rotational speed vrot 

[1/min] 
3110.40 3110.40 3110.40 3110.40 

flow rate fr 

[mL/s] 
0050.94 0050.94 0076.75 0076.75 

shear stresses τ  

[Pa] 
2671.54 2671.54 1335.77 1335.77 

cell numbers nc 

[cfu/ml] 
1.86e12 7.15e05 1.61e11 3.30e05 

 

Table 3. Process parameters at frequency frot = 30 Hz 

process parameters I J K L 

shear gap gs  

[µm] 
0083.34 0083.34 0166.68 0166.68 

peripheral speed vp  

[m/s] 
0015.15 0015.15 0015.15 0015.15 

rotational speed vrot 

[1/min] 
4665.60 4665.60 4665.60 4665.60 

flow rate fr 

[mL/s] 
0075.70 0075.70 0107.53 0107.53 

shear stresses τ  

[Pa] 
4007.31 4007.31 2003.65 2003.65 

cell numbers nc 

[cfu/ml] 
2.43e10 1.11e06 2.62e10 3.16e06 

frequency converter 

 
fluid reservoir 

 
connection for  
the fluid circuit 

 
valve 

 
 
 
 
 
 
rotor-stator assembly 

 
clutch 

 
transmission 

 
electric motor 
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Table 4. Process parameters at frequency frot = 40 Hz 

process parameters M N O P 

shear gap gs  

[µm] 
0083.34 0083.34 0166.68 0166.68 

peripheral speed vp  

[m/s] 
0020.19 0020.19 0020.19 0020.19 

rotational speed vrot 

[1/min] 
6220.80 6220.80 6220.80 6220.80 

flow rate fr 

[mL/s] 
0092.94 0092.94 0141.24 0141.24 

shear stresses τ  

[Pa] 
5343.08 5343.08 2671.54 2671.54 

cell numbers nc 

[cfu/ml] 
8.70e11 7.15e05 5.41e11 3.63e06 

 

After a machining process time tmp of 0.5, 1, 3 and 5 minutes, 

samples of the medium are taken from which the germ 

numbers ngr are determined. From these, the percentage 

reduction of germ number ngr  is calculated based on the cell 

numbers nc.  

3. Results 

The following figures show the reduction of germ 

number ngr  and thus efficiency of disinfection according to the 

respective machining process times tmp for each trial. The 

corresponding test parameters are shown in tables 1, 2, 3 and 4.  

Figure 2 (frequency frot = 10 Hz) shows that there is no 

disinfection in trial A using shear gap gs = 83.34 µm with heavily 

contaminated media (+++) and in trial B with less heavily 

contaminated media (++).  

The same result was found in trail D using less heavily 

contaminated media (++) and the shear gap gs = 166.68 µm. 

Whereas in trial C using  gs = 166.68 µm and (+++) the 

reduction of germ numbers ngr increased to ngr ≥ 94.7 % over 

the machining process time tmp = 5 min. After tmp = 0.5 min 

there is no significant disinfection. In the further course in 

machining process times tmp = 1 min to  tmp = 3 min there is an 

increase disinfection  from ngr= 31.3 % to ngr= 83.7 %.  

 
Figure 2. Reduction of germ number ngr at frequency frot = 10 Hz. Error   

bars represent standard deviation of n = 3 experiments. 

 

In trial E using gs = 83.34 µm and (+++), shown in Figure 3 

(frequency frot = 20 Hz), the disinfection is constant ngr > 90.6 % 

at the different machining process times tmp and reaches its 

maximum ngr = 98.3 % after tmp = 5 min.  

Trial G using gs = 166.68 µm and (+++) shows an increasing 

disinfection from ngr = 76.3 % after tmp = 0.5 min to ngr = 85.7 % 

after tmp = 1 min. After tmp = 3 min and tmp = 5 min there is no 

longer any increase in disinfection. 

The trials F and H with less heavily contaminated media (++) 

show no disinfection.  

 
Figure 3. Reduction of germ number ngr at frequency frot = 20 Hz. Error   

bars represent standard deviation of n = 3 experiments. 

 

Figure 4 (frequency frot = 30 Hz) shows in trial I using 

gs = 83.34 µm and (+++), nearly constant disinfection in the 

machining process time tmp with 74.4 % ≤ ngr ≤ 76.6 %. 

Comparatively low disinfection takes place in trial J using 

gs = 83.34 µm and (++) starting with no disinfection after 

tmp = 0.5 min, increasing from ngr = 3.2 % after tmp = 1 min to 

ngr = 16.3 % after tmp = 3 min with a maximum of ngr = 22.2% 

after tmp = 5 min. 

Trial K using gs = 166.68 µm and (+++), the disinfection 

increases from ngr = 65.7 % after tmp = 0.5 min over ngr = 90.2 % 

after tmp = 1 min to ngr = 98.0 % after tmp = 3 min.  

The results of trial L using gs = 166.68 µm and (++) show a 

disinfection starting from ngr = 52.9 % after tmp = 0.5 min and 

ngr = 54.2 % after tmp = 1 min, which increases to ngr = 65.9 % 

after tmp = 3 min and ngr = 86.7 % after tmp = 5 min. 

 
Figure 4. Reduction of germ number ngr at frequency frot = 30 Hz. Error   

bars represent standard deviation of n = 3 experiments. 

 

Trial M using gs = 83.34 µm and (+++), shown in Figure 5 

(frequency frot = 40 Hz), results in high disinfection in the 

machining process time tmp with 93.1 % ≤ ngr ≤ 99.2 %.  

On trial N (gs = 83.34 µm and (++)) disinfection starts at 

ngr = 26.6 % after tmp = 0.5 min, increasing to ngr = 33.8 % after 

tmp = 1 min. After tmp = 3 min and tmp = 5 min there is no longer 

any increase in disinfection.  
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In all trials the maximum disinfection can be found in trial O 

(gs = 166.68 µm and (+++)). After tmp = 3 min and tmp = 5 min, the 

disinfection is ngr = 99,6% and ngr = 99.1 %.  

Trial P (gs = 166.68 µm and (++)) shows no disinfection. 

 
Figure 5. Reduction of germ number ngr  at frequency frot = 40 Hz. Error   

bars represent standard deviation of n = 3 experiments. 

 

In the test series, also two usable test results were achieved with 

frot = 60 Hz and gs = 83.34 µm with both heavily and less heavily 

contaminated cells numbers nc (not shown). This corresponds to 

rotational speeds vrot = 9331.2 1/min , which are, however, to be 

regarded as critical speeds for the operation of the 

homogenizer, as these lead to high vibrations in the machine 

structure. This led to disinfections  for less heavily contaminated 

media ngr = 91.4 % after tmp = 3 min. With heavily contaminated 

media, disinfections ngr = 99.2 % after tmp = 3 min were 

achieved. 

4. Discussion 

Summarizing the results, it is recognizable, that the measured 

disinfection of the fluids is more effective when it is more heavily 

contaminated fluids and higher germ counts are used. 

Disinfection of low cell numbers of nc ≈ 1.00e6 is mostly rather 

ineffective, with a reduction of germ numbers ngr ≈ 25 % (Fig. 4 J, 

Fig 5 N) or not detectable at all (Fig. 2 B, D, Fig. 3 F, H, Fig. 5 P). 

A reason for the bad disinfection might be the limitations of the 

method of detection concerning lower cell concentrations in the 

media. On the contrary, disinfection of higher cell numbers of 

nc ≈ 1.00e11 shows a reduction of germ numbers ngr > 90 % with 

the only exception of Fig. 2 A, where no disinfection was 

detectable at all. The highest degree of disinfection is detectable 

by an applied rotor frequency frot = 40 Hz (Fig. 5 M, O) where the 

reduction of germ numbers ngr reaches values of more than 99 % 

independent from the present shear gap gs. Comparing the 

reduction of germ numbers ngr with a shear gap gs = 83.34 µm to 

the reduction with a shear gap gs = 166.68 µm, it can be 

concluded, that there is no difference regarding the effectivity 

after a machining process time of tmp = 5 min. But with a focus 

on shorter machining process times, the smaller shear gap gs is 

better suited. The maximum reduction of germ numbers ngr with 

a shear gap gs = 83.34 µm is achieved after tmp < 1 min  

(Fig. 3 E, Fig. 4 I, Fig. 5 M). However, using the wider shear gap 

gs = 166.68 µm reaches its maximum of reduction ngr after a 

process time of 3 min < tmp < 5 min (Fig. 2 C, Fig. 4 K, L, Fig. 5 O). 

Besides, the used cell numbers nc and the different shear gaps gs 

the reduction of germ numbers ngr is influenced by the applied 

rotor frequency frot. A higher rotor frequency frot results in a 

stronger reduction of germ numbers ngr. 

5. Summary 

Searching for more ecological methods of disinfection, suited 

for a wide range of technical fluids, the reduction of germ 

numbers by a rotor-stator assembly seems to be a proper 

method. Alternating designs of the experiment, combining 

different rotational speed vrot, shear gap gs and cell numbers nc 

showed, that the highest degree of disinfection is achieved by an 

applied rotor frequency frot = 40 Hz, using high cell numbers nc. 

This experimental set up reaches a reduction of germ 

numbers ngr > 99 % independent from the present shear gap gs. 

Higher cell concentrations in the media and higher rotor 

frequencies up to frot = 40 Hz, the reduction of germ numbers ngr 

is more effective. The variation of the shear gap gs does not 

effect the long term disinfection. A smaller shear gap gs reduces 

the time needed to reach the maximum reduction of germ 

numbers ngr. Using a smaller shear gap gs can reduce the 

necessary machining process time, but if the assembly is used 

either way in a continuous process, using a wider shear gap, the 

shear stresses τ working on the fluid can be halved without a 

negative impact on the disinfection. 

The reduction of germ numbers ngr using the described  

rotor-stator assembly is an effective, ecological alternative to 

existing disinfection methods of technical fluids. However, it 

remains to be seen whether the effectiveness can also be 

achieved with dip paints. The disinfection process must be 

adjusted so that the properties of paints are retained. In 

addition, the reliable reduction in the number of germs ngr could 

be improved at lower cell numbers nc. This is to be achieved by 

installing a cooling system, a continuous machining process 

time tmp of several hours can be generated. As a result, a 

disinfection effect would be possible with less heavily 

contaminated fluids with cell numbers nc ≤ 5.00e06 cfu/ml. 
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Abstract 
Laser induced periodic surface structure (LIPSS) is one of surface nanostructures fabricated by irradiating laser to the material surface. 
LIPSS can produce functionalities such as reduction of friction, anti-reflection, wettability and biocompatibility. However, there are 
some problems in terms of the fabrication caused by low repeatability and difficult shape control. A surface unevenness divides the 
incident light of laser into the scattered light and plasma wave. Therefore, the material surface shape before laser irradiation is an 
important factor for the fabrication of LIPSS. Additionally, it has been reported that the control of original surface shape is effective 
to control the fabricated LIPSS on nickel-phosphorus. Thus, this study aims at the fabrication of LIPSS with high straightness based on 
the use of V microgrooves by ultraprecision cutting at material surface before laser irradiation. In the proposed method, it is required 
to reveal the suitable groove pitch and depth to fabricate the straight LIPSS by creating several microgrooves with different pitches 
and depths. By assuming that the phenomenon changes depending on materials, the fabricated LIPSS on aluminium alloy is compared 
to the LIPSS on nickel-phosphorus in the previous study. In the conducted experiments, straight LIPSS is fabricated on the aluminium 
alloy surface with V microgrooves of 2 μm depth and 10 μm pitch. Since straight LIPSS is fabricated on the nickel-phosphorus surface 
with V microgrooves of 1 μm depth and 10 μm pitch, it is found that deep V microgrooves are required to fabricate straight LIPSS on 
the aluminium alloy surface. 
 
Laser induced periodic surface structures, Ultraprecision cutting, V grooves, Surface functionality      

 

1. Introduction 

In recent years, the demands to reduce energy consumption 
and to improve functionalities have been increased for 
mechanical parts. Fine structures on material surfaces have 
been studied because they perform various functionalities such 
as reduction in friction, anti-reflection, control of wettability, 
and improvement of biocompatibility. laser induced periodic 
surface structure (LIPSS) is surface nanostructures fabricated 
by a short-pulsed laser on a material surface. Fabrication of 
nanostructures with a short-pulsed laser has some advantages. 
For example, a short-pulsed laser can machine metals in the 
single process, applying to a large area and three-dimensional 
shapes. However, it is difficult to control fine structures with a 
short-pulsed laser, because the principles and the phenomena 
have not been completely clarified. 

There are a few reports that the surface shape before 
irradiating laser would have possibility to control the fabricated 
LIPSS. Straight LIPSS is fabricated on the nickel-phosphorus 
surface with straight V microgrooves created by ultraprecision 
cutting in the previous study [1]. However, the suitable groove 
pitch and depth are not investigated to fabricate LIPSS with 
high straightness and high aspect ratio (the height of LIPSS 
divided by the pitch length of those), and material effects have 
not been clarified. Thus, in this study, straight V microgrooves 
are created by changing the pitch and the depth on the 
aluminium alloy surface to investigate the effects of V 
microgroove specifications. By assuming that the phenomena 
depend on materials, the fabricated LIPSS on the aluminium 
alloy surface is compared to the LIPSS on the nickel-
phosphorus surface. 

2. Experimental setup 

Figure 1 illustrates a 5-axis control ultraprecision machining 
center ROBONANO α-0iB (FANUC corp.) used to create straight 
V microgrooves. The machining center consists of three 
translational axes (X, Y and Z) and two rotational axes (B and C). 
The resolution of the translational and the rotational axes are 
1 nm and 0.00001 degrees, respectively. Straight V 
microgrooves are created by using a single crystalline diamond 
tool with the nose angle of 90º shown in Fig. 2. In this study, the 
cutting tool is set up on the B table and a workpiece is located 
on the C table. 

 

 
 
 

 
 

100 μm 

Figure 2. Single crystal diamond tool with the nose angle of 90° 

Figure 1. Machine structure of ultraprecision machining center 
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Table 1 Cutting conditions 

Tool material Single crystal diamond 

Nose angle 90° 

Workpiece material Aluminium alloy (A5052) 

Depth of cut 1, 2 μm 

Cutting speed 40 mm/min 

3. Surface shape before Laser irradiation 

LIPSS is fabricated through the surface plasmons, induced by 
interference between incident light of laser and surface plasma 
waves [2]. Surface roughness divides incident light into the 
scattered light and plasma waves which are propagated parallel 
to the laser polarization direction. Therefore, the surface shape 
before laser irradiation is a key factor to control the fabricated 
LIPSS. In order to control LIPSS, ultraprecision cutting is 
employed to create an optional surface shape before irradiating 
a short-pulsed laser because ultraprecision cutting can create 
microshapes with high accuracy. Figure 3 illustrates the 
schematic of the fabrication of straight LIPSS. The Laser 
polarization direction is perpendicular to straight V 
microgrooves in this study. Therefore, surface plasma waves are 
generated perpendicular to the straight V microgrooves. As a 
result, the LIPSS is fabricated parallel to the created straight V 
microgrooves. Straight V microgrooves induce and propagate 
surface plasma waves periodically and linearly. The LIPSS would 
be distorted at the area far from microgrooves due to the 
attenuation of surface plasma waves. Therefore, straight V 
microgrooves are created by changing the pitch and the depth 
to investigate the effect of V microgroove specifications. 

4. Machining experiment and result 

Cutting conditions for creating straight V microgrooves are 
listed in Table 1. The depth of cut is set to 1 and 2 μm that are 
equal to the groove depths. The groove pitch is also set to 5 and 
10 μm to investigate the differences in the fabricated LIPSS. 
Figure 4 shows laser microscope images of the created straight 
V microgrooves on a flat plate of aluminium alloy. Then, the laser 
with the number of irradiation 10-500 and the energy density 
0.05-0.30 J/cm2 is irradiated on the flat surface and the surface 
with the V microgrooves to fabricate LIPSS. 

Table2 summarizes the average of groove pitch and depth and 
measured by the three-dimensional measurement of a confocal 
laser microscope. From the results, groove pitch and depth are 
realized precisely. SEM images of the fabricated LIPSS on the 
surface with the created microgrooves are shown in Fig. 5. 
Figure 5(a) shows the fabricated LIPSS on the flat surface. From 
this figure, it is found that LIPSS fabricated on the flat surface is 
curved and distorted in different directions. On the other hand, 
LIPSS is fabricated parallel to straight V microgrooves in Fig. 5(e), 
that is, the V microgrooves created with 2 μm depth and 10 μm 
pitch can fabricate straight LIPSS in the same direction. In case 
the groove depth is 1 μm or the pitch is 10 μm, straight LIPSS is 
not fabricated. Since straight LIPSS is fabricated on the nickel-
phosphorus surface with V microgrooves of 1 μm depth and 10 
μm pitch, it is found that deep V microgrooves are required to 
fabricate straight LIPSS on the aluminium alloy surface. 
Additionally, from the experimental results, it is recognized that 
the short-pitch V microgrooves might disturb the fabrication of 
straight LIPSS. 

 

 
(a) Pitch 5 μm depth 1 μm      (b) Pitch 5 μm depth 2 μm 

 

 
(c) Pitch 10 μm depth 1 μm      (d) Pitch 10 μm depth 2 μm 

 
 

Table 2 Measurement results of created straight V microgrooves 

 
Measured 

Standard 
deviation 

Targeted 

Groove pitch 
5.005 μm 0.029 µm 5.000 μm 

9.997 μm 0.016 µm 10.000 μm 

Groove depth 
1.044 μm 0.133 µm 1.000 μm 

1.923 μm 0.026 µm 2.000 μm 
 

 
(a) Flat surface without microgrooves 

 

 
(b) Pitch 5 μm depth 1 μm                    (c) Pitch 5 μm depth 2 μm 

 

 
(d) Pitch 10 μm depth 1μm                  (e) Pitch 10 μm depth 2 μm 

 

5. Conclusion 

Straight LIPSS is fabricated on the aluminium alloy surface with 
V microgrooves of 2 μm depth and 10 μm pitch. From the 
experimental results, the deep straight V microgrooves with 
long pitch is effective to fabricate straight LIPSS on the 
aluminium alloy surface. 
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Figure 3.  Schematic of fabrication of straight LIPSS 

 

10 μm 

Figure 4. Microscopic images of created straight V microgrooves 
 

5 μm 

5 μm 5 μm 

5 μm 5 μm 

Figure 5. LIPSS fabricated on Aluminium alloy with microgrooves 
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Abstract 
Tool conditions have a direct impact on machining quality. Practical machining applications require reliable tool condition 
monitoring systems that detect potential tool failures. Two methods are commonly used to monitor tool conditions: direct and 
indirect sensing. Direct measuring methods involve the use of optical / digital microscopy and automated tool setting system. While 
indirect measuring methods are usually based on cutting signals like acceleration, force, acoustic emission, etc., and the correlation 
of these signals with changes in tool conditions. To detect conditions of cutting tools right before failure is necessary to reduce the 
tooling cost and avoid damage to the workpiece. In this paper, a novel method using non-contact auto tool measurements (ATM) 
to monitor the tool wear pattern and failure modes such as build-up edge and chipping. Milling experiments are conducted in an 
automated machining cell which is integrated with the EROWA Job Management System. The result of the wear behavior obtained 
from ATM and tool wear measured from the digital microscope are calibrated to the signals from spindle load and vibrations with 
an Artificial Neural Network (ANN) model. This results show that the novel method is capable to detect micro-chipping and predict 
the tool wear accurately.   
 
Wear; Smart Machining; Tool Condition Monitoring   

 
1. Introduction 

To achieve good quality and prevent job failure in machining, 
it is necessary to have a monitoring system that can real-time 
monitor the cutting process. Monitoring method has been 
largely developed [1] in the past. However, all these sensors 
could be quite costly which most of the workshops are 
unfordable hence built-in spindle load/ vibration is utilized for 
monitoring. The signal from the built-in spindle load give the 
complex relationship to tool wear as compared to other types of 
sensor, ex. force sensor. In this paper, we presented a novel 
method using non-contact tool measurement to monitor the 
cutting behaviour which also explain the chaotic signals of 
spindle load and vibration signal in Aluminium machining.  

2. Methodology       

2.1. Smart machining cell architecture  
The experimental works are performed with the smart 

engineering system as shown in Figure 1. The Makino F3 CNC 
milling machine, Hexagon coordinate measurement machine 
(CMM) and Fanuc robot arm are integrated by the Erowa Job 
Management System. Built-in spindle load and vibration sensor 
is installed in the F3 CNC for monitoring the cutting condition 
and the Blum Micro Compact NT non-contact auto tool 
measurement (ATM) for measure the tool length and tool 
radius. The measuring data are stored in the databased for 
predict the tool wear. 
 
2.2.Milling experiments  

Milling of AL T6061 plate with Daphne Cut HL-25 Synthetic 
base oil are conducted in F3 3axis CNC machine. The work 
holding device is using the EROWA chuck ITS diameter 148 with 
repeatability accuracy of +/-0.001mm as shown in Figure 2. The 
tool path for the pocket machining is generated from the 3D 
Experince- Delmia. The cutting parameters for each cycle are 

depth of cut – Radial= 2.4 mm & Axial= 1 mm, cutting speed= 
150 m/min, feedrate= 0.025 f/tooth and diameter 6 mm carbide 
cutter was used. After each machining cycle, the tool length and 
radius is measured by ATM. The dimension of the pockets was 
measured after every 3mm depth.  

 

 
 

Figure 1. Smart machining cell architecture   

 

 
 

Figure 2. Experimental setup and tool path generation    
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2.3. Tool wear prediction model    
The tool wear prediction model with Artificial Neural Network 

(ANN) is developed in Matlab [2]. The model was trained under 
supervised learning using five different sets of data namely, 
measurement points, spindle load, vibration, tool length, and 
tool radius. Flank wear was used as the targeted prediction.  
Training function of TRAINLM is selected to ensure faster 
convergence and higher accuracy. To further improve the 
accuracy of the model, 10 neurons in input layer, 7 hidden layer 
and 30 training times were set. Figure 3 shows predicted flank 
wear is very close to the experimental outcomes with a R2 value 
of 0.9857.  

 

 
Figure 3. Tool wear prediction with ANN model 

3. Results & Discussion       

The ATM is able to accurately measure in the micron-scale, 
which allows us to understand the signals behaviour and 
diameter tool wear (Figure 4). Due to the tool worn out the 
workpiece pocket size also reducing gradually (Figure 5). Spindle 
load and vibration with RMS value are compared to the tool 
length measurement as shown in Figure 6. An interesting finding 
was observed in which the tool length data followed the inverse 
moving average trend line (red doted line) of the spindle load 
and same trend line to the vibration. And it was also observed 
that the tool length further increased up to certain cutting 
length then reduced again. This phenomenon is due to built-up 
edge (BUE). When the BUEs are detached from the cutting edge, 
the tool length is seemingly reduced. In addition, BUEs also lead 
to overcut on the surface, where the subsequent cut will 
become shallower. Therefore, the spindle load is lesser than the 
previous cut, once the BUE is removed. Then the cutter will 
resume to the actual cut, and resulted in increasing load again 
as shown in Figure 7. The cyclical BUE formation and collapse will 
weaken the cutting edge progressively and finally leading to 
edge chipping.  

  
Figure 4. Cutting tool dimeter worn out which measured by ATM 

 
Figure 5. The dimension of the pockets measured by CMM 

 

 
(a) 

 
(b) 

 
(c) 
 

Figure 6. Comparison between build-up edge generation on the cutting 
edge using (a) ATM, (b) spindle load and (c) spindle vibration 

 

 
Figure 7. The effect of build-up edge causing the material over cut 

4. Conclusion    

In this paper, an interesting finding was discovered from the 
ATM. Result shows the ATM could accurately detect the BUE and 
tool diameter worn out, which allow us to understand the 
unusual cutting load and vibration signal behaviour. With that, 
the tool wear prediction ANN model was successfully developed. 
Extensive experimental study with different parameters will be 
carry out in the future works.   
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Abstract 
The geometric error of an ultra-precision machine tool will degrade the form accuracy of machined surfaces. This paper proposes a 
error measurement method for a three-axis (XZC) ultra-precision machine tool based on an integrated confocal probe (1 kHz sampling 
rate and 9 nm repeatability). A variance-based global sensitivity analysis method was used to identify major error sources. To avoid 
potential alignment runout, a Φ30 mm brass bar was SPDT turned (Sa < 5 nm) and used as the artefact for the error measurement. 
The reveral method and improved multi-probe method were used to measure the straightness errors of linear slides and the 
radial/axial errors of the aerostatic spindle respectively. The results indicate that the straightness error of linear slide (EZX EYX EXZ EYZ) 
and axial/radial errors of the spindle (EXC EYC EZC) are major geometric error sources. The spindle axis offsets are within 20 nm and 
radial errors are less than 80 nm under tested spindle speeds (60/120/180/240 RPM). 

Keywords: Geometric errors; global sensitivity analysis; on-machine measurement; ultra-precision machining tool 

1. Introduction 

The achievable machined surface quality significantly rely on 
the machine tool motion accuracy. How to detect and 
compensate the geometric error of machine tools has been 
continuously investigated for past decades [1]. Although ISO has 
published series of documents to standardize the error 
calibration process, most recommended methods and 
metrology instruments are only beneficial for 
traditional/precision 3-5 axis machine tools. It is widely 
recogonised that the motion accuracy of ultra-precision 
machine tools are in the nanometer range, which brings 
challenges on the calibration of ultra-precision machine tools. 

The general routine for ultra-precision machines calibration 
follows the error modelling, measurement, and compensation. 
The error modelling, which is mostly developed according to the 
multibody system (MBS) theory and the homogenous 
transformation method (HTM), builds the relationship between 
each error component and the deviation of the end cutting 
point. It is important to measure major geometric errors 
predicted by modelling, from which a compensation value can 
then be generated to modify the NC code for corrective 
machining. Many research works have focused on directly 
measuring errors of single linear/rotary axis [2] or evaluating the 
systematic effect of multiple motion axes by the trial cutting 
method [3]. However, it remains challenging to measure and 
decompose each error component and analyse its effects on the 
machined surface. 

In this paper, a geometric error identification and 
measurement method was developed for the XZC type ultra-
precision machine tool using the integrated confocal probe. A 
variance-based global sensitivity analysis [4] was adapted to 
identify the major error components of the machine and 
important geometric errors are measured by the integrated on-
machine surface metrology system. 

2. Methodology 

2.1. Experimental setup 
The schematic diagram of a three-axis ultra-precision machine 

tool and the kinematic chain are illustrated in Fig. 1. The machine 
has one air bearing spindle and two hydrostatic linear slideways 
that are actuated by the symmetrical placed linear motors over 
the 220 mm travel range. A confocal measurement system (1 
kHz sampling rate and 9 nm repeatability) is integrated into the 
ultra-precision machine tool and a controller board is self-
developed to control the fast-tool-servo machining and on-
machine surface measurement (OMSM) process [5]. 

 

    
Figure 1. (a) XZC type ultra-precision machine tool and (b) topological 
structure 

2.2. Geometric error sensitivity analysis 
According to MBS theory, the identified 21 geometric errors 

are listed in Table 1 using HTM method. Then the error 
modelling along X and Z direction can be simplified to Eq. 1 and 
Eq. 2 if the quadratic term and more are ignored. 

Table 1 Geometric errors of three axis ultra-precision machine 

Error source Error components 

X axis EXX EYX EZX EAX EBX ECX 

Z axis EXZ EYZ EZZ EAZ EBZ ECZ 

C axis EXC EYC EZC EAC EBC ECC 

Squareness errors EAOC EBOC EBOZ 

𝐸𝑋 = 𝐸𝑋𝐶 ∗ cos 𝐶 + 𝐸𝑋𝑋 ∗ cos 𝐶 − 𝐸𝑋𝑍 ∗ cos 𝐶 − 𝐸𝑌𝐶 ∗ sin 𝐶  − 

                𝐸𝑌𝑋 ∗ sin 𝐶 + 𝐸𝑌𝑍 ∗ sin 𝐶 − 𝐸𝐵𝑂𝐶 ∗ 𝑧 − 𝐸𝐵𝐶 ∗ 𝑧 ∗ cos 𝐶 − 

                𝐸𝐵𝑋 ∗ 𝑧 ∗ cos 𝐶 + 𝐸𝐵𝑍 ∗ 𝑧 ∗ cos 𝐶 − 𝐸𝐶𝐶 ∗ 𝑥 ∗ sin 𝐶 − 

                𝐸𝐴𝐶 ∗ 𝑧 ∗ sin 𝐶 − 𝐸𝐴𝑋 ∗ 𝑧 ∗ sin 𝐶 + 𝐸𝐴𝑍 ∗ 𝑧 ∗ sin 𝐶        Eq. 1 
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𝐸𝑍 = 𝐸𝑍𝐶 + 𝐸𝑍𝑋 − 𝐸𝑍𝑍 − 𝐸𝐵𝐶 ∗ 𝑥 − 

                𝐸𝐵𝑂𝐶 ∗ 𝑥 ∗ 𝑐𝑜𝑠𝐶 + 𝐸𝐴𝑂𝐶 ∗ 𝑥 ∗ 𝑠𝑖𝑛𝐶                  Eq. 2 

The Sobol method [4] was used to identify the major error 
components in Eq. 1 and Eq. 2. Based on our previous 
experiment [6], the error interval was set to [-10, 10] nm, [-50, 
50] nm and [-0.1”, 0.1”] for positioning errors, straightness 
errors and angle errors, respectively. The widely used spiral 
scanning method, that requires the X slide and the spindle to 
simultaneously move, is considered, so the sensitivity index is 
Monte-Carlo simulated at X and C evenly spaced from 0 mm to 
40 mm with 5 mm interval and from 45° to 360° with 45° 
interval, respectively. Fig. 2 shows one typical sensitivity analysis 
result at X= 10 mm and C= 45°. The results indicated that the 
straightness errors of linear slide (EZX EYX EXZ EYZ) and axial/radial 
errors of the spindle (EXC EYC EZC) were major error components. 

 

 
Figure 2. Sensitivity analysis along (a) X and (b) Z direction 

2.3. Measuring principle for linear and rotary axis 
The reversal method [7] and the improved three-probe 

method [8] are utilized to measure the straightness of linear 
slides and radial errors of the spindle. According to the machine 
tool configuration, an error measurement platform was 
developed on the basis of the self-cut Φ 30 mm brass bar. A 
confocal probe was fixed on the manual rotation stage (M-
UTR80S, Newport, 0.017° resolution). Two motorized miniature 
linear stages (MFA-CC, Newport, min. incremental motion 100 
nm) hold the rotational stage to align the probe accurately. The 
in-house developed controller board was used for data 
synchronization among the machine tool controller, the 
confocal probe controller and the linear stage controller. The X 
and Z slide fed at 60 mm/min and the confocal probe worked at 
1 kHz sampling rate in straightness error measurement. The 
scanning procedure repeated 20 times. The spindle radial and 
axial offset were measured three times at 60/120/180/240 RPM. 

3. Results 

Fig. 3 shows the results of the straightness error of X and Z 
slide. σmax is the maxium deviation value. For X slide, the mean 
value of straightness error Ezx  and Eyx are 25 nm and 45 nm 
respectively. The mean value of Eyz and Exz for Z slide are 43 nm 
and 33 nm respectively. As shown in Fig. 4 and Fig. 5, the axial 
motion errors of the spindle are within 20 nm, while the radial 
errors are less than 80 nm under all tested spindle speeds. The 
metrology results agree well with the machine tool specification. 

         

                     
Figure 3. The straightness error of (a) EYX (b) EZX (c) EYZ (d) EXZ 

       

        
Figure 4. Spindle axial offset under (a) 60 RPM (b) 120 RPM (c) 180 RPM 
(d) 240 RPM 

              

             
Figure 5. Spindle radial errors under (a) 60 RPM (b) 120 RPM (c) 180 RPM 
(d) 240 RPM 

4. Summary and conclusions 

A geometric error measuring method has been developed to 
measure the major motion errors of a XZC type ultra-precision 
machine tool. Crucial geometric errors have been identified 
through global sensitivity analysis and measured through self-
developed metrology platform. The measurement results will be 
used to develop a closed-loop error measurement and 
compensation of ultra-precision grinding in the future work. 
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Abstract 
The need to develop a European framework for training in Precision Engineering for Advanced Manufacturing was identified and 
implemented by the creation of the PREFAM project.  Led by euspen, the project is supported with six renowned partners across 
Europe to increase the availability and recognition of short specialised training courses.  This project will support course providers 
with guidelines and tools  that are aligned to the European approaches and instruments for course design and learning assessment, 
as well as monitoring and improvement processes. The innovation of pedagogical approaches to learning will allow course providers 
and participants to recognise and promote their skills and competencies thus reflecting their wider knowledge of precision 
engineering.  The systematic approach based on  eight key deliverables is intended to support the precision engineering community 
with added quality assurance.  By offering a standardised framework of training courses and guidelines, to monitor learning gaps and 
create new learning pathways for users and course providers, PREFAM will support the needs and sustain the pan-European market.   
 
 
Precision Engineering, Advanced Manufacturing, Training, European Framework     

 

1. Introduction   

The EU manufacturing sector accounts for 2 million companies 
and 33 million jobs; it is the source of 15 % of EU GDP, 80% of 
our exports and 2/3 of investment in R&D. The Factories of the 
FutureRoadmap of EFFRA – “Factories 4.0 and Beyond” has 
identified some key technologies and enablers for Excellence in 
Manufacturing, in particular for High precision manufacturing, 
Zero-defect manufacturing and Innovative production 
technologies. Strong emphasis is given to the human factor and 
the needs to support training/re-skilling people working in highly 
specialised domains. A key competence area for advanced 
manufacturing is Precision Engineering (PE), which is 
indispensable for advanced product/process engineering in B2B 
customer-supplier interactions. Precision engineering includes 
both multidisciplinary study and the practice of high accuracy 
engineering, metrology, and manufacturing of high precision 
machines, instruments and components.  

The general aim of PREFAM is to support continuous 
professional development in PE in a European perspective, by 
offering high-quality learning opportunities to individuals with 
specialised competences to strengthen their employability and 
personal development in strategic industries. The main target 
group are industry employees who need to keep their skills up 
to date and in line with the precision industry requirements. In 
most cases, they hold an engineering degree and/or have gained 
some level of competence in PE related topics while working. 
Other groups that could as well benefit are PE newcomers and 

teachers in mechanical and mechatronics subjects but with 
limited access to advanced courses in PE.  

2. Aims of PREFAM      

The general aim of this three year project is to fully develop a 
European framework for training in PE for Advanced 
Manufacturing and to increase the availability and recognition 
of specialised trainings in multiple European countries. The main 
focus is the valorisation and improvement of existing trainings, 
in addition to the development of new ones.   

The overall strategy for project implementation is based on 
sharing national/international experience on excellence in 
training for PE as a common and strong basis to design, 
implement and test the innovative outputs.  

This project joins innovation efforts towards EU-wide 
availability of training in PE, including recognition of 
qualifications and developing of learning outcomes, assessment 
criteria and innovative content, to be then implemented and 
tested at different levels.  

Results include an integrated platform for one-point open 
access to the EU-wide training programme, good practice for 
developing new course content, and procedures for monitoring 
quality of existing and future courses and new courses on 
softskills, Additive Manufacturing for Precision Engineers, 
Precision Manufacturing, Machine Tool Metrology and Surface 
Metrology. 
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The key objectives are: 
1. Define a strategy and guidelines for learning success design 

and evaluation. 
2. Develop procedures for course management and 

monitoring in a European dimension. 
3. Produce good practice guides for new courses 

development, including hands-on activities and innovative 
teaching methods. 

4. Design, develop and validate new courses based on market 
requirements. 

5. Monitor new training opportunities and new needs for 
precision engineers. 

   

3. Project implementation and key deliverables of PREFAM      

The overall methodology and the general workplan for the 
achievement of the project objectives and delivery of the 
planned results are split into the following eight Intellectual 
Outputs: 

O1 European framework for training in Precision Engineering  
O2 Strategy and tools for learning success design and 

evaluation  
O3 Procedures and tools for course management and 

monitoring  
O4 Good practice guide and new courses on Entrepreneurship 

and Additive Manufacturing for Precision Engineers  
O5 Hands-on training in multiple locations on Precision 

Manufacturing  
O6 Short online taster courses and Summer courses on 

Machine tool metrology and Surface Metrology  
O7 Integration of other European trainings in Precision 

Engineering within the ECP2 framework  
O8 Monitoring of training opportunities and new needs for 

precision engineers 

 

4. Outlook      

This three-year project PREFAM adopts a systematic approach 
and involves a wide consortium including relevant actors, both 
from universities and from industrial societies in Precision 
Engineering. The Università degli Studi di Padova, Danmarks 
Tekniske Universitet, Deutsche Gesellschaft Für Angewandte 
Optik,  Dutch Society For Precision Engineering, KU Leuven and 
University of Huddersfield, led by Euspen, collaboratively 
contribute to the achievement of project outcomes. The 
dialogue between academia, organisations and training 
providers assures a well-balanced approach which fine-tunes 
the needs of diverse actors to create a framework for continuous 
professional development in PE in a European scenario. The 
partners, adopting the perspective of participatory research and 
practice as well as full collaboration, are developing the 
resources towards establishing models to design, monitor, 
innovate and recognise courses and training programmes in 
Precision Engineering.  

In particular, PREFAM is developing tools, instruments and 
guidelines to accompany providers, trainers and learners in 
maximising their professional and learning experience within 
courses and training programmes.  

Guidelines and tools are framed in the international literature 
for training design, delivery and evaluation (Anderson & 
Krathwohl, 2001; Biggs & Tang, 2007; Steinert et al., 2008; 
Kirkpatrick, 1998).  

Drafts of materials are shared amongst all parters for feedback 
and to assure sustainability of their application to practice. This 

project also aims at transforming and improving current 
practices, therefore it is the common interest to align tools with 
needs of trainers and trainees.  

The approach to training design is aligned to European 
frameworks for identifying competences, skills and knowledge 
of Precision Engineering; the clear definition of each course 
learning outcomes is one of the key outputs of the project. 

A strong emphasis is given to the innovation of pedagogical 
approaches adopted by trainers, based on the assumption that 
active learning  (Freeman et al., 2004) increases learners’ 
performance in science, technology, engineering and 
mathematics. In the framework of the PREFAM project, training 
and guidelines are offered to trainers to enhance their ability to 
engage participants in their learning pathway to maximise the 
learning opportunity and the transition to the workplace, in line 
with trends of teaching and training in Europe.  Specific 
attention is given to approaches and methods that add value to 
every learner and his/her own learning, needs, styles and 
capabilities, including women who are still a minority in the 
context of precision engineering. 

 As for monitoring, quality assurance and enhancement, 
appropriate tools and instruments are under preparation, to 
offer a consistent and comprehensive approach of assessing 
both processes and products in training programs, in the 
perspective of accountability and continuous improvement and 
recognition of competences developed by trainees.   
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Abstract 
Stainless steel AISI 316 L is frequently used as a material for medical applications such as surgery instruments, where polished 
surfaces are often required to achieve sufficient cleaning effects. In addition, polished surfaces are known to increase resistance 
against corrosion. Electrochemical polishing allows for surface treatment without mechanical nor thermal influences on the 
workpiece material, which is advantageous when handling filigree features on microsurgery instruments. Particularly, Plasma 
electrolytic Polishing (PeP) combines these advantages with a low material removal rate and is therefore applicable for precise post-
processing of surfaces by immersing the workpieces into an electrolyte bath. Jet - Plasma electrolytic Polishing (Jet-PeP) offers the 
possibility for localized machining and leads to a reduced energy consumption compared to the immersion-based process, since only 
required surface areas are addressed. However, the physical-chemical process is not completely understood, yet.  
Thus, the present investigation is focused on the analysis of the geometry of the electrolyte jet in Jet-PeP by optical detections with 
a high-speed camera and its influence on the resulting removal area. The captured images were synchronized with the electrical 
current measured during Jet-PeP of stainless steel AISI 316 L. The diameter and shape of the electrolyte jet formed on a planar 
workpiece surface was analysed before and during the process. The process itself was classified into two phases. The first phase was 
characterised by a current peak up to 22 A leading to a widening followed by an interruption of the electrolyte jet due to the formation 
of gas bubbles. The subsequent second phase was characterized by stochastic current peaks up to 5 A in a time duration between 
0.03 s to 0.06 s caused by electrical discharges and interruptions of the contact between electrolyte jet and metal surface.  
 

keywords: Jet-PeP, localized plasma electrolytic polishing, highspeed imaging, current peaks    
   

1. Introduction 

Stainless steels are used for several applications, in which high 
corrosion resistance and high stiffness are required. A typical 
stainless steel for medical applications is AISI 316 L (1.4404), 
which offers sufficiently high creep strain, high failure stress and 
high tensile strength. Moreover, AISI 316 L provides an excellent 
machineability and formability [1]. 

One exemplary application of AISI 316 L are tube coronary 
stents, which can be smoothened by electrochemical polishing 
without mechanical nor thermal influences. [2]. Loaldi et al. [3] 
compared different post-processing methods for the additive 
manufactured metal AISI 316 L and determined that with 
Plasma electrolytic Polishing (PeP) the average roughness can be 
reduced to values below 1 µm. Additionally, the plaque 
concentration was lower and the cell mortality was not 
significantly increased after polishing the surface [4].  

This indicates the high relevance of PeP for post-processing of 
stainless-steel parts for medical applications.  

2. State of the art of Plasma electrolytic Polishing 

PeP is based on the immersion of the workpiece (anode) into an 
electrolyte bath (cathode), which is composed of an aqueous, 
environmentally friendly electrolyte, at voltages in the range 
from 180 V to 300 V when polishing stainless steel. A gaseous 
layer is formed on the surrounding workpiece surface and the 
material is removed by a chemical-physical process [5]. At the 
beginning of the PeP process, the electrical current raises up to 
a maximum and decreases exponentially during the processing 

time. The values depend on the processing parameters and the 
initial workpiece surface [6].  

Jet-based Plasma electrolytic Polishing (Jet-PeP) is a specific 
further development of PeP, where a cathodically polarized 
nozzle is used to apply a closed electrolytic free jet towards the 
anodically polarized workpiece. The electrolyte jet hits the 
workpiece surface orthogonally. A kinematic system is used for 
the positioning of the nozzle and adjustment of the distance 
between nozzle and workpiece. Hence, Jet-PeP allows for local 
polishing of selective areas and properties of the surrounding 
metal surface are not changed [7].  

Akhatov et al. [8] determined an electric current in the range 
from 0.1 A to 1.5 A for a diameter of the jet in the range from 
1 mm to 10 mm. According to Popov et al. [9] the electric current 
increased until a voltage of 300 V and was defined as electrolysis 
mode. With further increase of the voltage at 400 V and 500 V 
the electric current was nearly constant and marks the 
electrolyte-plasma discharge mode.  

The shape of the electrolyte jet during the process depends on 
the applied voltage and the distribution of electric field. 
Following shapes are classified: hemisphere, cylinder, 
hyperboloid and truncated ellipsoid [9]. 

Due to the electric discharges in the electrolyte jet, current 
peaks were detected during the process [10]. The current peaks 
were characterized by amplitudes of 2.4 A and pulse times 
between 3 ms and 9 ms [11]. The discharges lead to local 
temperature increase in the electrolyte jet up to 100 °C. 
Nevertheless, the temperature of the workpiece remains in the 
range of 45 °C to 95 °C [11]. Additionally, the electric discharges 
lead to shock waves in the electrolyte jet [12]. These lead to 

165

http://www.euspen.eu/
mailto:susanne.quitzke@mb.tu-chemnitz.de


  

intensive evaporation of the electrolyte and the electrolyte gets 
a deformed surface [13]. 

Probably, the luminescence of the electrolyte jet during the 
process is caused by ion recombination [9] that arises by the high 
polarization and collision of ions in the gaseous layer [14].  

According to the current state-of-the-art, the Jet-PeP process 
is characterized by electric current peaks, various shapes of the 
electrolyte jet and luminescence. By using a high-speed camera 
and measuring electric current characteristics along with the 
comparison to theoretical calculations, the process is described 
more in detail in this study to allow for a deeper understanding 
of the Jet-PeP process.  

3. Experimental setup and parameters 

The experiments were carried out on the Jet-PeP setup shown 
in the schematic of Figure 1.  

 
 

Figure 1. Schematic of the Jet-PeP setup [15]. 

 
The setup consists of a control system, data acquisition, 

kinematic system, electrical system, process chamber and 
electrolyte system [15]. The electric current between the 
cathodically polarized nozzle and the anodically polarized 
workpiece is measured over a shunt resistor with digital 
multimeters (Keysight 34465 A) and recorded into protocol files 
with a custom control software based on LabVIEW from National 
Instruments. A specific process energy source for Jet-PeP 
developed by Leukhardt Schaltanlagen Systemtechnik GmbH, 
Magdeburg, Germany, was used. 

AISI 316 L was used as sample material. Jet-PeP experiments 
were carried out on a planar surface that was cleaned up with 
acetone and deionized water before the experiments. Table 1 
presents the process parameters.  
 
Table 1 Jet-PeP processing parameters. 

Parameter Value 

Voltage 300 V, 400 V, 500 V, 600 V 

Nozzle diameter 5 mm 

Working gap 6 mm, 10 mm 

Electrolyte flow rate 200 ml/min, 250 ml/min 

Electrolyte type and 
concentration 

ammonium sulfate, 5 wt.-% 

Electrolyte temperature 80 °C 

Electrolyte conductivity 108 mS/cm 

 
A compressed air support with 0.2 bar was used to push away 
accumulations of electrolyte on the workpiece surface and to 
realize the formation of an electrolytic free jet.  

For the optical investigations of the process, a high-speed 
camera FASTCAM AX200 model 900K-M-32 GB of the company 
Photron with 2,000 fps was used. Integrated LED lamps were 
used for the illumination of the processing zone. A white plastic 
plate was placed in the background to provide enough light for 

the optical investigations. The distance between the process 
zone and the objective of the high-speed camera was set to 
350 mm. 

For the determination of the required electric current at the 
beginning of the process, the resistance of the electrolyte jet RJet 
was calculated according to equation (1) 

 

𝑅Jet =  
1

𝜅
 ∙  

𝑠

𝐴
    (1) 

 
where the electrolyte conductivity is κ, the working gap is s and 
A is the cross-sectional area of the electrolyte jet at an inner 
nozzle diameter of 5 mm. The initial electric current I was 
calculated from the applied voltage U and RJet according to the 
equation (2). 

 

𝐼 =  
𝑈

𝑅Jet
   (2) 

 
The initial current of the process is calculated without 

consideration of the influence of gas bubbles on the resistance 
of the electrolyte jet to analyze the maximal expected current 
peak.   

4. Process phases and resulting jet shapes 

The lower images of Figure 2 show the electrical current I as 
function of the process time t and the upper images show the 
corresponding shapes of the electrolyte jet.  

Before the experiment (without applied voltage) the jet is 
characterized by a uniform shape (Figure 2a) with a diameter of 
5 mm near the nozzle tip and a diameter of 10 mm at the contact 
zone near the workpiece surface.  

From the investigation at a voltage of 400 V the process was 
separated into two phases based on the characteristic 
developments of the electric current (Figure 2b and 2c). The 
ignition phase (Figure 2b) represents the start of the process, 
which is characterized by an electric current peak up to 19 A for 
this experiment. Gas bubbles were formed in the electrolyte jet 
at the nozzle tip (yellow arrow in Fig. 2b).  

Further highspeed-images that are not shown here, revealed 
that the more gas bubbles were built, they consolidated to a big 
gas bubble. This leads to the bursting of the gas bubbles and 
thereby to an interruption of the electrolyte jet. Hence, the 
current flow was interrupted as can be seen (I = 0 A) from 
t = 0.019 s until t = 0.168 s in the diagram below. Then the 
electrolyte jet is formed again and electrical contact between 
the nozzle and the workpiece surface is re-built.  

The gas bubbles are built on the nozzle’s inner surface due to 
the flowing electric current, which leads to the electrolysis of the 
water and formation of cathodic hydrogen. Anodically formed 
oxygen gas is purged away over the workpiece surface by the 
electrolyte flow and thus not cognizable in the camera images. 

During the subsequent polishing phase shown in Figure 2c, 
random fluctuations of the current were determined. Here, an 
average electric current of 0.35 A and random peaks from 2 A to 
4 A were measured, which corresponds to [11].  The fluctuations 
of the current also correspond to the results of Parfenov et al. 
[16] for PeP, where it was classified as the electric hydrodynamic 
mode. It is assumed, that this mode is also achieved here in the 
second phase for Jet-PeP, where a polishing process is possible.  

The electrolyte jet is characterized by irregularly distributed 
gas bubbles and evaporation. The evaporation is hardly visible in 
the high-speed images but could be observed in the process 
chamber. The gas bubbles were generated by the Joule heating 
of the electrolyte due to the passed electric current and by the 
electrolysis of water. 
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Thus, the electrolyte jet was expanded to a diameter of 8 mm 

at the nozzle tip and to 15 mm in the near of the workpiece 
surface. The deformed surface of the jet corresponds with the 
results in [13]. 

This results in a ratio of 1.6 between the jet diameter on the 
anode and the diameter on the cathode. The ratio was also 
discussed by Popov et al. [9]. The shape of the electrolyte jet in 
this study is comparable to a truncated cone with an irregular 
surface. This also corresponds to the results of Popov et al. [9] 
at comparable voltages in the range from 420 V to 500 V. 

The contact between the electrolyte jet and the workpiece 
surface depends on the applied voltage as shown in Figure 3. 
 

 
 
Figure 3. Contact between electrolyte jet and sample surface at the 
polishing phase for (a) 400 V and (b) 500 V. 

 
At 400 V, the shape of the electrolyte jet was a  truncated cone 
during the polishing phase (Figure 3a). Large gas bubbles led to 
an expansion of the jet. In contrast to this, the contact between 
the electrolyte jet and the workpiece surface was interrupted at 
500 V (Figure 3b). This led to a recurrent pulsation of the electric 
current, because the interrupted contact led to interruption of 
the electric current. The gas bubbles are smaller and the jet  
 

 
looks like milky. The reason is the higher electric power and the 
associated higher Joule heating of the electrolyte jet.   

Initiation experiments with a working gap increased to 10 mm 
revealed that reliable initiation of the Jet-PeP process and the 
formation of a well-shaped electrolyte jet is only possible with 
an electrolyte flow rate of 250 ml/min. Furthermore, the 
increased working gap leads to a higher resistance of the 
electrolyte jet and therefore a higher voltage is required for the 
initiation of the Jet-PeP process.  

Figure 4 shows the electric current peaks of the ignition phase 
with the orange bars representing the calculated values 
according to Eq. 1 and Eq. 2. The measured electric current 
peaks are displayed by the green bars. It can be stated that all 
the measured electric current peaks at working gap of 6 mm 
(Figure 4a) are higher than the calculated ones. The reason for 
this systematic deviation could be that the formation of gas 
bubbles led to a higher resistance of the electrolyte jet. The 
electric power required for the process initiation increased from 
5 kW at 300 V to 23.2 kW at 600 V. 

At increased working gap of 10 mm shown in Figure 4b, 
significantly lower electric currents were measured for the 
investigated voltages due to the higher resistance of the 
electrolyte jet.   

 

 
Figure 4. Comparison of the calculated (orange bar) and measured 
(green bar) electric current I at the beginning of the process for 
(a) working gap of 6 mm and electrolyte flow rate 200 ml/min and 
(b) working gap of 10 mm and electrolyte flow rate 250 ml/min. 
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Significant initiation current peaks were determined at 300 V 
and 600 V, but not for 400 V as can be retraced by the lower 
value. The reason could not be clear determined with the 
highspeed images. Therefore, further investigations are 
required to understand the ignition phase of the process.  

The results indicate that the calculation of the current peaks 
deviates systematically from the measured current peaks 
towards higher values since the simplified calculations do not 
consider the electric current required for electrolysis and the 
formation of gas bubbles. Gas bubbles also lead to a lower 
electrolyte conductivity and hence to a higher electric resistance 
of the electrolyte jet.  

5. Luminescence of the electrolyte jet 

Figure 5 shows the luminescence of the electrolyte jet at 600 V 
and a working gap of 6 mm.  
 

 
 

Figure 5. Luminescence of the electrolyte jet (a) at the beginning of the 
process and (b) during the process in the polishing phase at 600 V. 

 

A luminescence was detected in the whole jet (Figure 5a) at a 
process time of 0.001 s, which came along with an acoustic bang. 
This indicates an arc discharge, but a crater could not be 
detected on the workpiece surface. The measured electric 
current peak of 38.7 A represents an electric power 
consumption of 23.2 kW at this moment. This led to a heat 
energy of 23.2 J and additionally heating of the electrolyte jet 
with the assumption that 100 % are used for the Joule heating.    

A luminescence with less intensity, as shown in Figure 5b, in 
the electrolyte on the surface was observed at 0.108 s after 
initiation during the polishing phase. In this phase an average 
electric current of 0.38 A was determined. The luminescence in 
the truncated cone base was also detected by Popov et al. [9]. 
Thus, it is expected that a similar process was achieved.  

The repeating luminescence of the electrolyte jet during the 
ongoing polishing process was only observed on the workpiece 
surface and not on the nozzle tip. According to Popov et al. [9], 
the luminescence is caused by the recombination of ions of the 
workpiece material. Another possible mechanism is described in 
[14] as an ionization of water by highly energetic cations, which 
are accelerated towards the gas-electrolyte interface.  

Due to this fact, it can be derived that electrochemical and 
physical reactions occur during the Jet-PeP process.   

6. Conclusion      

It was shown that the Jet-PeP process can be separated into 
two phases based on the measured electric current and the 
specific luminescence of the electrolyte jet. Here, the ignition 
phase is characterized by a high current peak and the polishing 
phase by a comparatively small electric current with random 
noise.  

It was found that the shape of the electrolyte jet was 
influenced by gas bubbles formed due to electrolysis of the 
aqueous electrolyte as well as boiling due to Joule heating 
depending on the flow of electric current. This led to 
interruptions of the contact between the electrolyte jet and the 
workpiece surface, which were detected by temporary 
interruptions of the current flow. The process is characterized by 
the interaction of the electrochemical and physical reactions.  

Acknowledgment      

The research presented in this work was carried out within the 
Jet-PeP project. The Jet-PeP project is managed by the Project 
Management Agency Karlsruhe (PTKA) and sponsored by the 
German Federal Ministry of Education and Research (BMBF) as 
German-Israeli cooperation in applied nanotechnology under 
grant number 02P17W010. 
 
References      

 
[1]  “MatWeb Material Property Data.” Available: 

http://www.matweb.com/index.asp?ckck=1. [01-Nov-2020] 
[2] H. Zhao, J. Van Humbeeck, J. Sohier, I. De Scheerder, 2002, J. 

Mater. Sci. Mater. Med., 13, no. 10, pp. 911–916 
[3] D. Loaldi, M. Kain, G. Tosello, 2019, In: Joint Special Interest 

Group meeting between euspen and ASPE Advancing 
Precision in Additive Manufacturing 

[4] H. Zeidler, F. Boettger-Hiller, J. Edelmann, A. Schubert, 2016, 
Procedia CIRP, 49, pp. 83–87 

[5] K. Nestler, F. Böttger-Hiller, W. Adamitzki, G. Glowa, H. 
Zeidler, A. Schubert, 2016, Procedia CIRP, 42, no. ISEM Xviii, 
pp. 503–507 

[6] E. V. Parfenov, R. R. Nevyantseva, S. A. Gorbatkov, 2005, Surf. 
Coatings Technol., 199, no. 2-3 SPEC. ISS., pp. 198–204 

[7] S. Quitzke, A. Martin, A. Schubert, 2020, 16th Intern. Symp. 
on Electrochem. Machining Technol., pp. 181–188 

[8] M. F. Akhatov, R. R. Kayumov, R. R. Mardanov, I. I. 
Saifutdinova, 2020, J. Phys. Conf. Ser., 1588, no. 1 

[9] A. I. Popov, V. I. Novikov, M. M. Radkevich, 2019, High Temp.,  
57, no. 4, pp. 447–457 

[10] I. I. Galimzyanov, A. F. Gaisin, I. T. Fakhrutdinova, E. F. 
Shakirova, M. F. Akhatov, R. R. Kayumov, 2018, High Temp., 
56, no. 2, pp. 296–298  

[11] A. I. Shaidullin, A. I. Kuputdinova, L. I. Akhmadullina, A. F. 
Gaysin, F. M. Gaysin, A. F. Gaysin,  2020,  J. Phys. Conf. Ser.,  
1588, p. 012011 

[12] D. N. Mirkhanov, A. F. Gaisin, A. I. Kuputdinova, R. A. Muk-
hametov, 2017, J. Phys. Conf. Ser.,  927, no. 1, pp. 3–7 

[13] A. F. Gaisin,N. F. Kashapov, 2018,  J. Appl. Mech. Tech. Phys.,  
59, no. 4, pp. 591–593 

[14] A. Yerokhin, V. R. Mukaeva, E. V. Parfenov, N. Laugel, A. 
Matthews, 2019, Electrochim. Acta, 312, pp. 441–456   

[15] S. Quitzke, O. Kröning, A. Martin, M. Hackert-Oschätzchen, 
H.-P. Schulze, C. Kranhold, H. Zeidler, A. Schubert, 2018, In: 
Proceedings of the 14th Intern. Symp. on Electrochem. 
Machining Technol., pp. 63-71 

[16] E. V. Parfenov, R. R. Nevyantseva, S. A. Gorbatkov, 2005, Surf. 
Coatings Technol., 199, no. 2-3 SPEC. ISS., pp. 189–197  

 

168



 

          
 

 

 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Investigating characteristics of electrochemical machining through electrolyte 
absorbed with porous solid material       
 
Jiankang Wang 1, Wataru Natsu 1  
  
1Tokyo University of Agriculture and Technology      
 
summer@cc.tuat.ac.jp      

  
Abstract       
 
Electrochemical machining (ECM) method is widely used in the processing of difficult-to-cut materials. However, due to the fluidity 
of the conventionally used liquid electrolyte, it's difficult to limit the existing area of electrolyte and the machining area accurately. 
This is one of the important reasons for the low machining accuracy of conventional ECM. To overcome this shortcoming, a non-
conductive porous solid is used as the electrolyte absorption material in ECM processing in this study for the first time. Due to the 
porous structure inside the porous solid, the electrolyte absorbed in it forms a current path from the anodic workpiece to the cathodic 
tool electrode, while the electrolyte cannot flow freely over the workpiece surface. Since the workpiece is not immersed in the 
electrolyte, only the area in contact with the electrolyte held in the porous solid will be machined, while the other areas of the 
workpiece are not affected at all. In this way, the limitation of the electrolyte existing area is realized and the ECM accuracy is 
improved. In this paper, the machining principle and the developed experimental setup are explained, and experimentally obtained 
machining characteristics are reported. 
 
 
Keywords: electrochemical machining, electrolyte existing area, porous solid material, machining characteristics 

 

1. Introduction  

The electrochemical machining (ECM) method is a very useful 
technology in the processing of difficult-to-cut materials, for its 
independent of the material hardness and no heat-affected 
layer, no residual stresses, no cracks on the workpiece surface. 
In the conventional ECM process, the cathodic tool electrode 
and the anodic workpiece are usually immersed in electrolytes 
to ensure that the machining gap between them is filled with 
electrolytes. However, due to the fluidity of the electrolyte, it’s 
difficult to limit the current flowing area and the machining area 
accurately. As effective methods of limiting the machining area 
in ECM, electrolyte jet machining [1], ECM with electrolyte 
suction tool [2], and the ECM with electrolyte confined by 
absorption material (ECMEA) method [3]  have been proposed. 
Besides that, by using the through-mask electrochemical 
micromachining (TMEMM), many efforts have been made to 
improve the machining accuracy and control the machining area 
of ECM method [4][5][6]. 

It is generally known that some porous structure materials, 
like the sponge, have a good ability to absorb and retain water. 
In daily life, when a piece of sponge, which contains water inside, 
is used to wipe a table, only the areas rubbed by the sponge exist 
water, and other areas of the table are not influenced by water 
at all.  

If non-conductive porous solids can be used in ECM 
processing to do as the electrolyte absorption material like what 
the sponge does, limitation of the electrolyte existing area and 
the machining area can be realized, since the flowing electrolyte 
is replaced with the electrolyte that is absorbed and confined in 
the absorption material. The schematic diagram is shown in 
Figure 1. 

However, as shown in Figure 1, if there is no electrolyte flow 
or paths to evacuate by-products, such as dissolved substances 
and gas bubbles, by-products will gradually accumulate in the 
machining area and prevent the ECM process from continuing. 
Chen et al. have used a kind of porous metal cathode in the 
sandwich-like electrochemical micromachining (SLEMM) to 
remove gas bubbles and some nonconductive insoluble 
electrolytic products [7]. 

In this study, to reduce the impact of by-products, a porous 
and non-conductive ball made of maifan stone was used as the 
electrolyte absorption material in ECM process. Maifan stone 
balls, hereinafter abbreviated as MFS-ball, are generally used as 
the filter material for water filters. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Schematic diagram of ECM processing with electrolyte 
absorption material 

2. Machining principle and method  

2.1. Machining principle and experimental setup 
The processing schematic and picture of this method are 

shown in Figure 2 and Figure 3. An MFS-ball (commercial 
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product for water filter) is inserted between the cathodic 
electrode and the anodic workpiece after absorbing the 
electrolyte. The electrode (SUS 304 plate), where there are a V-
shaped cross-section track and flowing electrolyte on its surface, 
is placed beneath the workpiece and the MFS-ball. Different 
from the conventional ECM process, the workpiece (SUS 304 
plate with a thickness of 1mm) is placed above the electrode and 
the MFS-ball, instead of being immersed in the electrolyte tank.  

Since the electrolyte absorbed by the MSF-ball forms a current 
path between the electrode and the workpiece, machining 
current flow from the workpiece, the electrolyte absorbed in the 
MFS-ball and the electrode, and finally reaches the negative pole 
of the power supply.  

At any moment of the ECM process, dissolution of the 
workpiece material due to electrochemical reactions only occurs 
in the machining area where the electrolyte exists. 

During the whole ECM process, the distance between the 
electrode and the workpiece is kept constant, and the workpiece 
is moved linearly and reciprocate along the X-axis direction. At 
the same time, the MFS-ball rolls on the workpiece and the 
electrode surfaces alone the motive direction due to the friction 
among them. Besides, in the areas where the MFS-ball contacts 
with the flowing electrolyte on the electrode surface, not only 
the ECM by-products adhering to the MFS-ball can be cleaned 
by the flowing electrolyte, but also the MFS-ball can re-absorb 
the fresh electrolyte and take it to the machining area. 

 
 

 
 

Figure 2. Processing schematic 

 
 

 
 

Figure 3. Processing picture 

 
2.2. Experimental method and procedure     

Before ECM experiments, in order to extrude the air contained 
inside the dry MFS-balls out and absorb the electrolyte, MFS-
balls are put into an electrolyte container which has the 
ultrasonic-assisted function. Figure 4 shows the experimentally 
obtained relationship between the weight of ten MFS-balls 

absorbed with electrolyte and the electrolyte absorption time. 
The result shows that the weight of electrolyte absorbed in ten 
MFS-balls is 1.63g, which means that each MFS-ball can absorb 
0.163g of the electrolyte. 

 

 
 

Figure 4. Change in total weight of MFS-balls with absorbed 
electrolyte 

 
The experimental procedures are as follows: 
Step1: During the power-off period, the workpiece is moved 

toward the MFS-ball along the Z-axis. Since the workpiece and 
the electrode are connected to the test leads of the multitester 
separately, once the circuit is closed due to the touch between 
the workpiece and the MFS-ball, the ammeter will beep. To 
ensure that the workpiece is in contact with the MFS-ball fully 
along the whole moving track, the workpiece is moved 0.1mm 
further toward the MFS-ball after the touching. 

Step2: Turn on the switch of the electrolyte pump to allow the 
electrolyte to flow in the V-shaped path, and let the MFS-ball 
which is driven by the workpiece because of the friction 
between them, pre-scan in the V-shaped path along the Y-axis 
direction with the machining power supply off.  

Step3: Turn on the power supply and the XYZ axis stage. At the 
same time, the MFS-ball is rolling in the V-shaped path for 
reciprocating scanning, and the electrochemical reactions occur 
on the contact area of the workpiece and the MFS-ball. 

Step4: After the processing, turn off the power supply and the 
XYZ axis stage. 

The experimental parameters are shown in Table 1. 
In order to verify the feasibility of this experimental method 

and the influence of different experimental conditions on the 
machining result, the SUS 304 stainless which is wildly used in 
daily life has been used as the tool electrode and the workpiece 
in this experiment. 

 
Table 1. Experimental parameters 

Parameter Value 

Absorption material MFS-ball 

MFS-ball’s diameter 10mm 

Workpiece SUS304 plate 

Electrode SUS304 plate 

Electrolyte 10wt.% NaCl solution 

Scanning distance 50mm 

3. Experimental results and discussions 

In this study, by changing the time of pro-scanning, the 
machining constant current (CC) value, the machining time, and 
the workpiece moving speed, the influences of these 
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experimental conditions on the ECM process by using MFS-balls 
are ascertained. 

One example of the appearance of the machined trace is 
shown in Figure 5. At a certain moment, the circular area, where 
the electrolyte exists, is etched by electrochemical reactions. 
The machined trace can be regarded as the overlap of the 
countless circular machining areas. Since the circle area is equal 
to each other, when using a constant current, the current 
density and the machining rate can be kept constant during the 
whole processing. 

After machining, the contour measuring machine was used to 
measure the cross-section shape of machined traces along the 
measuring line shown in Figure 5. 

 
 

 
 

Figure 5. Example of machined surface 

 
3.1. Pre-scanning 

The purpose of pre-scanning is to store sufficient electrolyte 
in the machining area of the workpiece. Without the pre-
scanning, the volume of electrolyte in the initial stage is 
relatively small and increases with machining. In this case, stable 
machining could not be obtained. When the constant current 
value is greater than 40mA, the electrolyte will be quickly 
consumed by the electrolysis reactions at the initial stage, which 
will cause electrical discharge at the machining part, which leads 
to the failure of ECM processing to continue smoothly. Hence, 
the pre-scanning is necessary for this ECM process. 

In order to verify this situation and explore the maximum 
width of the cross sections affected by the pre-scanning time,  
the experimental parameters of Table 1 and the pre-scanning 
time from 100s to 350s at an interval of 50s were used. Other 
parameters were as follows: the machining time of 100s, the 
constant current of 40mA, the moving speed of 8mm/s. 

The measurement results of cross section, processed with the 
time of pre-scanning less than 200s are shown in Figure 6, and 
the change in the trace width for all pre-scanning time is shown 
in Figure 7. 

From Figure 6, we can know that by using the same processing 
conditions, the width of the cross section increases gradually 
with the pre-scanning time. However, because the volume 
removal rate of ECM processing is the same in all conditions in 
this case, the the depth of cross section decreases as the width 
increases. 

From Figure 7, we can find that when the time of pre-scanning 
is greater than 250s, the width of the cross sections does no 
longer increase obviously. This result means that the maximum 
time of pre-scanning that affects the width of cross sections is 
250s, after which the width does not change. 

 
3.2. Constant current (CC) value 

By changing the CC value from 20mA to 50mA in combination 
with the pre-scanning time of 100s, the machining time of 100s, 
the workpiece moving speed of 8mm/s, experiments were 
carried out to investigate the effect of the CC value. 

From the measurement results in Figure 8, we can know that 
as the CC value increases, the depth, and width of the machining 
trace increase, while no electrochemical corrosion on the 
workpiece’s surface other than the machining traces was 

observed. This fact proves that the MFS-ball can limit the 
electrolyte existing area and the machining area. 

 
 

 
 

Figure 6. Cross section of machining trace under different pre-
scanning time 

 
 

 
  
Figure 7. Result of trace width for different pre-scanning time 

 
 

 
 

Figure 8. Cross section of machining trace under different CC value 

 
 

Besides that, it can be found that the cross section of the 
machining trace has a W shape because the depth of the center 
part is shallower than the two sides of the cross section. From  
Figure 2 and Figure 3, it can be found that the center of the 
machining area is the part where the MFS-ball contacts with the 
workpiece, and the electrolyte in this area are mainly absorbed 
through the inside of the MFS-ball. It is obvious that the 
electrolyte amount in the center area is smaller than that on 
both sides, whose electrolyte comes from the surface of MFS-
ball. Therefore, the ECM processing rate on both sides is faster 
than that on the center, which resulting in a shallower machining 
depth at the center of the machining area finally. 

In order to confirm the influence of the MFS-ball’s mechanical 
grinding effect, an experiment was carried out without the 
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current supply (current: 0mA), while the other machining 
conditions remained unchanged. As shown in Figure 8, there is 
no difference between the unprocessed surface and the 
machined surface with a current of 0mA. Therefore, we can say 
that the ECM process is not affected by the grinding of the MFS-
ball. 
3.3. Machining time 

By changing the machining time from 50s to 200s in 
combination with the pre-scanning time of 100s, the CC value of 
40mA, the workpiece moving speed of 8mm/s, experiments 
were carried out to investigated the effect of the machining time. 

From the measuring results of Figure 9, it is found that as the 
machining time increases, the depth and width of the machining 
trace increase at the same time. The reason for the increase in 
the depth is that the electricity quantity increase with the 
machining time. Meanwhile,  the reason for the increase in the 
width is thought to be similar to the result of chapter 3.1, that is, 
the longer the machining time, the more the electrolyte 
accumulates on the machining area. Thus, not only the depth of 
the machining trace but also the width increases as the 
machining time increases. 

 
 

 
 

Figure 9. Cross section of machining trace under different machining 
time 

 
3.4. Workpiece moving speed  

By changing the workpiece moving speed from 4ms to 8ms in 
combination with the pre-scanning time of 100s, the machining 
time of 100s, the CC value of 40mA, experiments were carried 
out to investigate the influence of the workpiece moving speed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Cross section of machining trace under different moving 
speed 

 
 

The measurement results by using the contour measuring 
machine are shown in Figure 10. From the results, it is known 

that as the workpiece moving speed increases, the depth and 
width of the machining trace increase slightly at the same time. 
The reason for the increase in the depth and the width is 
considered as follows. a faster moving speed causes a faster 
electrolyte renewal and by-product removal at the machining 
area, which speeds up the electrolysis reactions.  

4. Conclusions 

In this study, in order to limit the electrolyte existing area and 
increase the machining accuracy, electrochemical machining 
with electrolyte absorbed in MFS-ball was proposed and the 
effectiveness was experimentally confirmed. The effects of 
experimental conditions on the processing results were 
investigated. The following conclusions were obtained:  

(1) The pre-scanning plays an important role in the initial stage 
of ECM processing. A pre-scanning time of 250s is required for a 
stable machining width.  

(2) The rate of ECM processing increases as the increasing of 
the machining current value, which leads to the increase of the 
width and the depth of the machining trace.  

(3) The depth and the width of ECM processing trace increase 
with the increase of the machining time. 

(4) The workpiece moving speed affects the machining trace 
directly. A faster moving speed speeds up the refresh of 
electrolyte to the machining area.  

Since the processing of this method is like writing with a ball-
point pen, in the future this method can be applied to write 
characters and patterns on the surface of the difficult-to-
machine metal like a ball-point pen. 
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Abstract 
 
Mechanical conditioning is known as the challenging part of employing superabrasive diamond grinding wheels. Therefore,  Wire 
Electrical Discharge Conditioning (WEDC) has been applied as a nonconventional conditioning process for more flexibility in the 
conditioning of electrically conductive bonding materials. Since the conditioning process influences the surface topography of 
grinding tools, it plays an important role indetermining the efficiency of the grinding process. Grain size is another influencing factor 
in the surface topography of grinding tools. Accordingly, evaluation of grain size effects under both mechanical and electrical 
discharge conditioning processes is necessary. In this study, the efficiency of external cylindrical plunge profile grinding of a tungsten 
carbide (WC) workpiece using grinding wheels with two different grain sizes (D25 and D64), conditioned by conventional and WEDC 
process, has been studied. The topography of conditioned grinding wheel surfaces has been measured and compared utilizing 
confocal microscopy and corresponding 3D-surface parameters. The profile accuracy of grinding wheels with different grain sizes 
under both conditioning processes is also evaluated. Finally, the wear of the grinding wheel and surface roughness of the ground 
workpieces are compared to assess the two applied conditioning methods and grain sizes. It was shown that higher protrusion and a 
rougher wheel surface topography were achieved by the D64 grain size and applying the WEDC. Consequently, applying the WEDC 
to the coarser grinding wheel (D64) resulted in lower profile wear owing to sharper abrasive grains and higher grain protrusion, which 
cause less friction and more efficient chip formation. However, the workpiece surface roughness was larger compared to the 
mechanically conditioned grinding wheels. Utilizing the smaller grain size grinding wheel (D25), leads to achieveing a surface 
roughness value as mechanically conditioned. Also, the lower wear value is corresponding with WEDC for this grain size too.  
 
 
Grinding tool conditioning - Wire electrical discharge conditioning – Diamond grinding wheel- Tungsten Carbide- External cylindrical grinding 
   

 
1. Introduction  

The increasing demand for higher quality, precision, and 
durability of products in many industrial applications has led to 
the demand for high-performance materials such as advanced 
ceramics and ceramic composites. The grinding process using 
superabrasive grinding wheels plays a key role in coping with the 
challenges associated with utilizing this kind of materials. 
Especially, using profiled grinding wheels is an efficient and cost-
effective method to achieve desired profile forms with high 
surface qualities on these difficult-to-cut materials [1]. 
Therefore, the importance of improving the technical 
knowledge in conditioning takes precedence over grinding [2]. 
However, the mechanical conditioning, i.e. truing, dressing, and 
cleaning of superabrasive grinding tools is, in turn, cumbersome, 
costly, time-consuming and for complex profile forms, even 
noneconomic [3] and also, in some cases, not possible. In 
addition to macro geometry, superior microtopography by 
generation and exposure of new cutting edges on the surface of 
the grinding wheel is an important aim of the conditioning 
process, over which there is little controllability using 
conventional conditioning methods [4,5]. 

Recently, non-conventional conditioning processes are 
introduced to overcome the abovementioned shortcomings and 
increase the flexibility and applicability of conditioning 

processes [6,7]. The Wire Electrical Discharge Conditioning 
(WEDC) is a novel alternative to perform conditioning of 
superabrasive grinding wheels with conductive bond materials. 
The WEDC can be extended to many resin, hybrid, and metal 
bonded tools with adequate electrical conductivity [2]. Within 
the WEDC process, only the electrically conductive bond 
material is eroded, while diamond grains, which are normally 
nonconductive, are protruded from the eroded bond surface [8]. 
Consequently, superior grinding wheel topography with a more 
open structure is resulted by WEDC [9]. Within mechanical 
conditioning, on the other hand, the abrasive grains have almost 
no protrusion from the bond surface and undergo a flattening or 
a complete pullout, neither of which are desirable for the chip 
formation process during grinding [10,11]. Therefore, WEDC 
leads to the reduction of grinding forces and consequently to 
lower wheel wear by providing rougher micro-topography of the 
grinding wheel [11]. Klink [8] evaluated the material removal 
rate in the dressing process of fine-grained grinding wheels with 
different grain concentrations and bond materials. It is reported 
that comparing different bronze bond materials, Cu-Bz yields the 
highest material removal rate and the material removal rate of 
Co-Bz and Fe-Bz lies  nearly in the same range. Weingärtner [12] 
reported the grinding efficiency of different metal bonded 
grinding tools with various concentrations but with the same 
grain sized. According to mentioned report, the higher grinding 
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G-ratio is observing for higher concenteration of grinding wheel. 
However, there is not comprehensive report about the influence 
of grain size on the grinding efficiency and profile accuracy of 
WED-conditioned grinding wheels and its comparison with 
mechanically conditioned wheels. 

This study investigates the grinding efficiency of two hybrid 
bonded grinding wheels with different grain sizes but the same 
concentration and bond materials utilizing wire electrical 
discharge and mechanical conditioning processes. The profile 
accuracy and topography of grinding wheels after conditioning 
have been measured. Furthermore, the efficiency of these 
grinding wheels within the external cylindrical plunge profile 
grinding process of a tungsten carbide (WC) workpiece is 
evaluated. The archived profile accuracy on the workpiece, 
workpiece surface roughness, and grinding wheel wear are 
compared to provide an assessment of the two applied 
conditioning methods and grain sizes.  

 
2. Experimental setup 

WEDC of 100 mm diameter hybrid-bonded (a mixture of resin 
and metal bond) diamond grinding wheels D64-NF-B10A and 
D25-NFM B10A from 3M company was performed on an 
MP2400 water-based WEDM-machine from the precision series 
of Mitsubishi Electric, which is equipped with a specially 
designed rotary spindle (RSI-55 from ITS technologies) with a 
programmable driver integrated into the machine’s controller 
(Fig. 1.a). The rotational speed of the spindle was set at 800 rpm. 
The mechanical conditioning was, on the other hand, performed 
with a vitrified bonded SiC grinding wheel. The topography and 
profile accuracy of conditioned grinding wheel surfaces have 
been measured using confocal microscopy and corresponding 
3D-surface parameters. The cylindrical plunge profile grinding 
process of tungsten carbide workpieces (Ceratizit CTS20D) with 
a diameter of 25 mm was performed on a 5-axis HAAS Multigrind 
CA grinding machine (Fig. 1.b). The grinding parameters and 
conditions are listed in Table 1. 

  
 

Fig. 1. The conditioning setup on the WEDM machine (a);the cylindrical 
plunge profile grinding setup (b). 
 
  Table 1. 

Cutting speed vc [m/s] 25 
Grinding speed ratio qs, [-] 50 

Radial infeed vfr [mm/min] 
1.2 (D25) 
1.6 (D64) 

Workpiece stock [mm] 5 × 2.4 
Spark-out t [s] 27 
Grinding fluid Oil 

 
3. Results 

Fig. 2 shows the average deviation of the nominal profile after 
conditioning. The profile deviation of the WED-conditioned 
grinding wheel is significantly lower than the mechanically 
profiled grinding wheel. The difference is much bigger for the 
finer grinding wheel. The force-free and wear-less conditioning 
process in the case of WEDC leads to a much more precise profile 
and less deviation from the nominal profile for both grain sizes. 

Moreover, the larger grain size (D64) leads to higher profile 
deviation in both conditioning processes. In WEDC, grains are 
not directly influenced by the erosion process; therefore larger 
grains increase the incidence probability of deviations from the 
nominal profile and also the number of contacts between the 
wire and the grains. The wire-grain contacts can increase the 
wire vibration during the conditioning process and cause 
inaccuracy. The surface topography and grain conditions of the 
WED-conditioned grinding wheel as well as, the mechanically 
conditioned, were investigated before the grinding experiments 
using confocal microscopy and by evaluating 3D surface 
parameters. As it is shown in Fig. 3, significant grain flattening 
and pullout are clear in the mechanically conditioned grinding 
wheel, specially for the larger grain size of D64 (Fig. 3(c)). As 
shown in Fig.3(b) and 3(d), sharper abrasive grains, a more 
considerable grain protrusion, and relatively rough wheel 
surface are the results of the WEDC. The corresponding 
arithmetic mean height Sa, the core roughness depth Sk, the 
reduced peak height Spk and the reduced valley depth Svk 
values are presented as 3D surface parameters in Fig.4. Although 
porosity and roughness of the WED and mechanically 
conditioned grinding wheels with smaller grain size (D25) lie in 
the same range, the deviation is much more considerable for the 
larger grain size (D64), which is due to the more effectively 
protruded cutting edges. For a given grinding wheel 
specification, the combined Spk and Sk values provide a measure 
for the grain protrusion on the grinding wheel surface. 
Therefore, a higher grain protrusion is achievable for larger grain 
sizes in WED conditioning. 

Fig. 5 and Fig. 6 present the confocal images and the 
corresponding 3D surface parameters of the grinding wheels 
after external cylindrical plunge profile grinding experiments. 
The different microtopographies of mechanically and WED 
conditioned grinding wheels have led to different wear behavior 
within the grinding process. As shown in Fig 5(c), the 
mechanically conditioned grinding wheel with the larger grain 
size (D64) undergoes the most considerable amount of 
flattening during grinding, which is due to the worn and dulled 
grains during mechanical conditioning. The 3D-surface 
parameters in Fig. 6 confirm this claim. The confocal images 
show that there are still more frequent open structures on the 
WED conditioned grinding wheel than to the mechanically 
conditioned ones. There are also some traces of flattening 
visible on the WED conditioned grinding wheels, especially in the 
case of larger grain size (D64). However, it is still possible to 
distinguish individual grains remaining on the wheel surface 
after grinding, which implies that the WED conditioned grinding 
wheels are still sharp after being used. Besides, the increasing of 
Svk, shown in Fig. 6, is a sign of increasing of cavities, which 
perform as the result of grain pullout on the mentioned grinding 
wheel. 

 

 
 

Fig. 2. The average deviation of nominal profile for WED-conditioned 
and mechanically conditioned grinding wheel. 
 

 

Rotary spindle 

Wire electrode 

Grinding wheel 
Workpiece 

Grinding wheel 
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Fig. 3. Surface topography of conv. conditioned D25 (a),WED 
conditioned D25 (b), conv. conditioned D64 (c), and WED conditioned 
D64 (d) grinding wheels before grinding experiments. 
 

 
Fig. 4. 3D-surface parameters of mechanically and WED conditioned 
grinding wheels before grinding process. 
 

Fig.7 shows the wear behavior of grinding wheels after 5 
plunge grinding passes. Compared to the mechanically 
conditioned grinding wheels, smaller amounts of wear are 
measured on the WED conditioned wheels of both grain sizes. 
The mechanically conditioned D25 grinding wheel undergoes 
the largest wear of about 92µm, which was accelerated after the 
3rd pass. The corresponding WED conditioned wheel`s wear is 
approximately 30% smaller, where the abrupt increment started 
later after the 4th pass. Different wear behavior is due to the 
sharper cutting edges after WEDC, which leads to smaller forces 
on individual grains during grinding. Therefore, the grains keep 
their material removal ability longer before they are worn and 
pulled out of the bond. The accelerated grin pullout could be 
responsible for the abrupt increment of wear amount in the case 
of D25 grinding wheels. In comparison to the finer D25 grinding 
wheels, the grinding wheels with the larger grain size (D64) 
experience smaller wear amounts, as the retention capability of 
the bond matrix is much larger for larger grain sizes. 
Furthermore, the wear characteristics are smoother in case of 
D64 wheels (Fig. 7), which implies that larger grains keep their 
chip formation capability over a longer application period. The 
WED conditioned D64 grinding wheel`s total wear is about 70% 
smaller than the mechanically profiled one, which shows that 
the grain protrusion resulting from WEDC  is even more 
significant for larger gain sizes than smaller grain sizes.  
 
 

 

 
 

Fig. 5. Surface topography of conv. conditioned D25 (a),WED 
conditioned D25 (b), conv. conditioned D64 (c), and WED conditioned 
D64 (d) grinding wheels after grinding experiments. 

 

 
 

Fig. 6. The 3D-surface parameters of grinding wheels after grinding 
process. 

 
The surface roughness of the ground workpieces across the 

grinding direction is the last investigated aspect for assessing the 
WEDC process. The average surface roughness Ra and the mean 
roughness depth Rz of the ground workpieces throughout the 5 
grinding passes are presented in Fig.8. Throughout the 
experiments, the fine D25 grinding wheels have provided the 
smallest Ra and Rz values with both conditioning processes, 
which is commonly expected regarding the smaller chip 
thickness values correlated with the grain size.  The effect of 
grain size on the workpiece surface roughness can be seen most 
obviously on the workpiece ground with the WED conditioned 
grinding wheels, where the grinding wheel with D64 grain size 
has resulted inconsiderably larger roughness values. As the 
bonding surface is set back efficiently within the WEDC process, 
the grain protrusion seems to be the dominant factor in the 
ground workpiece surface roughness,  directly related to the 
grain size. In the WED conditioned D64 wheel, both roughness 
parameters experience a steep reduction as the initial sharp 
cutting edges get dull upon the first contact with the workpiece 
surface (up to the end of 2nd pass). Conventional conditioning of 
both grain sizes has led to comparably the same roughness value 
ranges. It can be assumed that the flattening of the grains within 
the conventional conditioning process is so significant that it 
overrules the effect of grain size. Additionally, the cutting edges 
of the mechanicaly conditioned D25 grinding wheel are 
apparently overloaded by a rather high material removal 
amount, and the grinding wheel is undergoing a degree of self-
sharpened, which is also confirmed byFig 5(c). This behaviour is 
also in acoordance with the mechanically conditioned D25 
wheel`s wear characteristics, which change abruptly to the 
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largest wear amount after the 2nd grinding pass in Fig. 7.   In this 
regard, the D64 wheel has even led to slightly smaller roughness 
values, which can be explained by the more likelihood of grain 
flattening and no tool self-sharpening during the grinding 
process. The overall incremental trend of the roughness values 
(after the initial reduction in the case of the WED conditioned 
D64 wheel) is due to the gradual breakage or pull-out of the 
grains due to increment of cutting forces and induced loads on 
each active grain.  

According to Fig. 4, Fig. 6 and Fig. 8 it can be concluded that 
the resulting ground workpiece surface quality is directly 
correlated with the 3D surface parameters of the conditioned 
grinding wheels, regardless of the conditioning process (either 
WED or conventionall conditioning). 

 
 

 
 
Fig. 7. The profile wear of conditioned grinding wheels after grinding 
process. 
 
 

 
 
Fig. 8. The surface roughness of ground workpiece using mechanically 
and WED conditioning. 
 
4. Summary 

This study presented the role of grain size on profiling 
accuracy and grinding efficiency of mechanically and WED 
conditioned hybrid bonded diamond grinding wheels. The 
correspondingly conditioned grinding wheels were applied to 
the external cylindrical plunge grinding of a tungsten carbide 
workpiece where the following conclusions can be made: 
 
 WEDC can be considered as a promising method for 

conditioning superabrasive grinding tools with electrically 
conductive bonding systems. The advantages of WEDC over 
mechanical conditioning are specifically pronounced, where 
complex, flexible, and reproducible profile forms are 
demanded. 

 The quantitative investigation of the conditioned D25 
grinding wheel surface shows the same roughness and 

porosity of the grinding wheel surface. However, the 
qualitative microscope image shows the bigger porosities on 
WED conditioned grinding wheel. On the other hand, both 
quantitative and qualitative data, confirm rougher and 
higher amount of porosity for WED conditioned D64 grinding 
wheel and provide a more effective grain protrusion and 
lubrication, and as a consequence experiences lower grain 
wear and pullout compare to mechanically conditioned.  

 The profile accuracy of the WED conditioned grinding wheels 
is superior to the mechanically conditioned ones. Moreover, 
higher accuracy is achievable for grinding wheels with 
smaller grain sizes. However, grinding wheels with larger 
grain sizes undergo smaller wear amounts compared to fine-
grained grinding wheels.  Regardless of the grain size, WED 
conditioning leads to smaller wear and longer applicability 
than conventional conditioning. 

 Owing to the larger grain protrusion resulting from WEDC, 
the ground workpiece surface roughness is larger than the 
workpieces ground with the mechanically conditioned 
grinding wheels. For smaller grain sizes, the relative grain 
protrusion is less dominant as the tool self-sharpening 
influences the workpiece roughness more considerably. 
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Abstract 
For increasing tool life and cutting length of micro-milling tools the cutting edge preparation was successfully established. Using the 
immersed tumbling process, a reproducible cutting edge preparation with constant cutting edge radii as well as low chipping of the 
cutting edges can be realised. For a profound understanding of the preparation process and the process mechanisms further 
knowledge about the particle interactions with cutting tools as well as the particle flow mechanisms needs to be obtained. 
In this investigation the preparation process of micro-milling tools was analysed and the contact-mechanisms as well as the resulting 
pressures were investigated by simulation studies. Using the discrete element method (DEM) with the software ROCKY DEM from 
the company ESSS, Florianópolis, Brasil, the immersed tumbling process could be modelled and particle contacts, particle traces as 
well as particle interactions with the micro-milling tool can be visualized. Especially the particle-tool interactions were more 
accurately investigated by analysing the stresses and particles shear work as well as correlations between these parameters to prove 
the comparability between the process simulation and the real preparation process. 
 

immersed tumbling, micro-milling tools, discrete element method, cutting edge radius   

 

1. Introduction 

The immersed tumbling process is an appropriate technology 
for the cutting edge preparation of milling tools made of 
cemented carbide [1, 2]. After their manufacturing by grinding 
processes the sharp cutting edges usually indicate grain-
outbreaks and in consequence an increased chipping of the 
cutting edges Rs. The high chipping of the cutting edges Rs lead 
to higher tool wear in the cutting process as well as higher 
fluctuations in tool performance [3]. During the preparation 
process the cutting edges were rounded and the chipping of the 
cutting edges Rs decrease, shown in Figure 1. Compared to other 
technologies like abrasive brushing or abrasive jet machining the 
immersed tumbling process enables the preparation of micro-
milling tools with diameter D ≤ 0.5 mm [4].  

 

Figure 1. SEM images cutting edges of micro-milling tools;  
a) unprepared, b) prepared 

During the process the milling-tools are fixed in tool holders 
and immersed in an abrasive medium. The tools are completely 
surrounded by the lapping medium and the material removal 
takes place by ploughing and furrowing of the abrasive grains on 
the micro-milling tools [5]. Within the process, no particle flow 
can be observed. In initial investigations the simulation of the 
immersed tumbling process with the software ROCKY DEM from 
the company ESSS, Florianópolis, Brasil, could be realized [6].  

 
In the following, simulation results of the flow of an abrasive 

lapping medium onto a micro-milling tool are shown and the 
particle influence is investigated. The pressure profiles are 
analysed and the comparability between results of a linear 
inflow and a complex flow caused by the planetary motion of a 
drag finishing machine tool is discussed. 

2. Discrete element modelling 

The software ROCKY DEM version 4.4.2 was used for the 
process simulation. A rectangular basin with a side length of 
l = 40 mm, a width of w = 21 mm and a height of h = 17 mm was 
created as the container for the lapping medium, shown in 
Figure 2.  

 

 
Figure 2. Test environment and boundary conditions 

In the simulation, particles were generated in accordance with 
a medium of the type H 4/400. They consist of a mixture of 
walnut shell granulate with grain diameters in the range of 
0.4 mm ≤ dG ≤ 0.8 mm and a polishing paste containing diamond 
particles. The abrasive particles of the lapping medium were 
designed as rectangular polyhedron with 14 corners and the 
particle size SP as well as the amount of particles nP were 
implemented according to the measurement results, shown in 
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Table 1 [6]. Within the simulation, the basin was filled with 
nP = 47,835 particles and the micro-milling tool with diameter 
D = 0.5 mm was moved in one direction with the velocity of 
v = 35 mm/s. Three tests were carried out. Thereby, the flow 
angle and tool orientation were changed by α = 45 ° for each 
attempt. The path length was lp = 30 mm. For contact modelling 
a hysteretic linear spring normal force model and a linear spring 
coulomb tangential force model were used.  

Table 1. Particle distribution according  
to the size of the sieves SP and mass of particle mP [6] 

Size of the 
sieve SS 

Mass of 
particle mP 

Size of the 
sieve SS 

Mass of 
particle mP 

1,000 µm   0.00 g    500 µm 30.86 g 

   900 µm   0.31 g    400 µm 17.49 g 

   800 µm   0.13 g    300 µm   1.37 g 

   710 µm   5.58 g    200 µm   0.00 g 

   600 µm 44.09 g < 200 µm   0.00 g 

3. Results and discussion 

Figure 3 shows the calculated material displacement dm of the 
micro-milling tool resulting from the particle interactions with 
the tool in dependence of the flow direction by varied flow 
angle α. During the simulated preparation process an average of 
stress in the range of 0 Pa ≤ σ ≤ 10,000 Pa was determined. The 
average stress σ can be divided into the normal stress σn and the 
tangential stress σt. Higher normal stresses σn than tangential 
stresses σt were found in all three cases with varied flow 
direction. The flow angle of α = 0 ° shows the highest loads onto 
the cutting corner. Compared to the first setting, shadowing 
effects on the cutting corner were observed with the second 
setting and a flow angle of α = 45 °, which reduces the pressure P 
on the cutting corner and thus the intensity of the machining. 
With a flow angle of α = 90 ° the intensity of the process 
pressure P increases on the major cutting edge S. A higher 
material displacement dm of the major cutting edge S in 
comparison with other flow directions α could be determined 
which leads to higher cutting edge radii rβ. In further 
investigations with rotating tool during machining with 
planetary motion a superposition of all pressure ranges could be 
determined. Since a direct pressure measurement during the 
cutting edge preparation could not be realized so far, a direct 
statement about the accuracy of the simulated pressures is not 
possible. However, a comparison of prepared micro-milling tools 
and the manufactured cutting edge radii rβ along the major 
cutting edge S and the minor cutting edge S’ showed a good 
qualitative agreement with the simulation results.  

4. Conclusion 

For the improved understanding of the immersed tumbling 
process during the cutting edge preparation of micro-milling 
tools the software Rocky DEM could be selected and different 
machining scenarios could be presented. The results show good 
correlations in the pressure distribution depending on the flow 
direction α. Particularly at the cutting corners, an increased 
intensity of the machining was observed, which is associated 
with increased cutting edge preparation, increased material 
removal and thus higher cutting edge rounding. 

Further development potentials are given in the validation of 
the material removal dm and the analysis of the input 
parameters for a better quantification of the results. 

 

 
Figure 3. Material displacement dm of the cutting part of  

the micro-milling tool after the simulated preparation  
with different flow directions of the abrasive medium 
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Abstract 
When an electrolyte suction tool is applied to electrochemical machining process to restrain the electrolyte flow and improve 
machining accuracy, some electrolyte overflows outside the tool, because the electrolyte in the inner-electrode area is contaminated 
with bubbles and electrolytic by-products generated during machining. The current density becomes lower at the portion of 
overflowing electrolyte, which leads to a deterioration of the machining accuracy and the surface quality. In this paper, a suction tool 
with built-in auxiliary anode is designed and applied to stationary and scanning electrochemical machining. Since the function of the 
built-in auxiliary anode is to further restrain the electric field and lead to a narrower current area in the inter-electrode gap (IEG) in 
addition to the constrained electrolyte flow, higher machining accuracy and surface quality can be achieved. Based on the tool 
structure, the numerical simulation of current density distribution was carried out to show the effectiveness of the new tool. Also, 
characteristics of electrochemical machining with the proposed tool were experimentally investigated. It was found the machining 
accuracy was greatly improved, especially in the case of tool scanning. 
 

 
Keywords: electrochemical machining, electrolyte suction tool, auxiliary anode, machining characteristics 

  

1. Introduction 

Conventional electrochemical machining (ECM) is conducted 
with the tool and the workpiece immersed in the electrolyte 
solution. Therefore, anodic dissolution occurs on the whole 
workpiece surface contacting the electrolyte, resulting in a lower 
machining accuracy [1]. In order to solve this problem, an 
electrolyte suction tool, confining the electrolyte solution just 
under the tool tip, was proposed by Yamamura [2] and Endo et 
al [3]. By using this suction tool, the machining area is limited in 
the workpiece surface just under the tool tip, and the electrolyte 
tank immersing a workpiece is no longer needed. Meanwhile, in 
the machining with the suction tool, the volume increase of 
electrolyte solution due to by-product and bubble generation 
causes the leakage of electrolyte to the outside of the tool [4]. 
The distance between the workpiece and the tool electrode in 
the leakage area is a little longer than that in the other area, 
reducing the current density in the leakage area. Machining 
accuracy and surface quality then decrease in the leakage area 
due to the low current density causing poor surface quality in 
ECM. 

In order to solve the problem of the conventional suction tool, 
the new electrolyte suction tool with an auxiliary anode of the 
same voltage as the workpiece was proposed by our group [5]. 
By using this new tool, the distribution of equipotential lines and 
current density are changed in the leakage area. It is difficult to 
flow current under the auxiliary anode, and the area with low 
current density can be reduced, resulting in the high machining 
accuracy and the high surface quality around the machining 
mark. 

 In addition, the flow direction of the electrolyte flow direction 
influences the machining characteristics, mainly due to the 

behaviour of gas bubbles generated around the the auxiliary 
anode.  

In this paper, scanning ECM with the different electrolyte flow 
modes was conducted by using the suction tool with the 
auxiliary anode to investigate the machining depth and the 
machining surface quality. Also, based on the result, scanning 
ECM with and without auxiliary anode was conducted to 
investigate the machining accuracy and the surface quality 
around the machining mark. 

2. Experimental setup, method and structure of suction tool 

2.1. Experimental setup and method 
Experimental setup is shown in Fig. 1. Electrolyte suction tool 

was connected to the electrolyte supply tank and the waste tank, 
and mounted on an XYZ stage. The negative pole of the power 
supply was connected to the electrode, and the positive pole 
was connected to the workpiece and the auxiliary anode. The 
suction pressure was adjusted to -6 kPa by the pressure 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Experimental setup 
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regulator and the pump. The distance between the auxiliary 
anode and the workpiece was set to 50 μm before machining. 

Experimental conditions are shown in Table 1. In this paper, 
the auxiliary anode was made of graphite. Voltage pulse of the 
power supply was used for the experiments to remove by-
products and bubbles generated during the pulse-on time since 
by-products and bubbles can be removed by circulating 
electrolyte during the pulse-off time when electric current rarely 
flows. 
 

Table 1 Experimental conditions 

Material of auxiliary anode t 1 mm Graphite plate 

Material of workpiece SUS304 

Material of electrode SUS304 

Scanning rate 10 mm/min 

Machining time 60 s  

High voltage 15 V 

Low voltage 2 V 

Pulse width 10 ms 

Pulse interval 10 ms 

Electrolytic solution 20 wt% NaNO₃aq 

Flow mode 
Inner Flow Mode (IFM)  

Outer Flow Mode (OFM) 

 
2.2. Structure of electrolyte suction tool  

The structure of electrolyte suction tool is shown in Fig. 2. This 
tool is composed of the stainless pipe electrode, the graphite 
auxiliary anode, and acrylic plates for forming the electrolyte 
path. The outer and inner diameter of the stainless pipe is 1 mm 
and 0.7 mm, respectively. The both diameter of the holes in the 
graphite auxiliary anode and in the acrylic plate is 1.4 mm. The 
two holes in the acrylic plate and in the auxiliary anode were 
drilled, and the graphite auxiliary anode had a screw hole for 
electricity feeding. The pipe electrode, the graphite auxiliary 
anode and the acrylic plates were assembled by keeping all 
center holes concentric and then connected by adhesive.  

 

 
Figure 2. 2D structure of electrolyte suction tool 

 

Figure 2 shown the electrolyte flow in the inner flow mode.  
Electrolyte flows through the space between the outer side of 
the pipe electrode and the holes in the graphite auxiliary anode 
and acrylic plate, and then enters the space between the pipe 
electrode and the workpiece, and finally flows through the 
centre hole of the pipe electrode under the suction pressure. In 
this way, electrolyte is circulated.  

In order to prove the effectiveness of the auxiliary anode, 
simulation with COMSOL Multiphysics was carried out. The 
equipotential lines in the leakage area during ECM with and 
without auxiliary anode are shown in Fig. 3. Fig. 3(a) shows that 
equipotential lines exist under the insulating part in the case of 
ECM without auxiliary anode. However, as shown in Fig. 3(b), 
there are no equipotential lines under auxiliary anode in the case 

of ECM with auxiliary anode, which means that the auxiliary 
anode changes the distribution of equipotential lines and 
prevents the current flow under auxiliary anode. The calculated 
result of the current density distribution on the workpiece 
surface is shown in Fig. 4. From Fig. 4 it can be seen that the 
distribution of current density in the case of ECM with auxiliary 
anode is nearly same as that in the case of ECM without auxiliary 
anode at the radius from 0 to 0.55 mm. However, there is a clear 
difference between the current density at the radius from 0.55 
mm to 0.8 mm. Therefore, it is recognised that low current area 
is restrained by adopting the auxiliary anode. 

 
(a) w/o auxiliary anode 

 
(b) w/ auxiliary anode 

Figure 3. Distribution of equipotential lines 

 

 
Figure 4. Current distribution under electrolyte suction tool 

 

2.3. Electrolyte flow mode 
Since the electrolyte can be sucked through the center hole or 

through the outer cylinder, the electrlyte flow direction is 
different. The 2D structure of electrolyte suction tool with the 
different flow modes is shown in Fig. 5.   Fig. 5(a) show the way 
that the electrolyte flows from the outer cylinder toward the 
center, and is sucked into the center hole of the electrode. This 
flow mode is defined as inner flow mode  [hereinafter referred 
to as IFM]. In the IFM, bubbles generated around the auxiliary 
anode flow to the tool tip, and prevent the material dissolution 
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[6]. Therefore, the amount of machining is reduced, resulting in 
the deterioration of machining depth and machining surface 
quality. On the other hand, in outer flow mode [hereinafter 
referred to as OFM] shown in Fig. 5(b), electrolyte flows from 
the centre and is sucked from the outer cylinder.  In the OFM, 
since ECM is performed without the influence of the generated 
bubbles around the auxiliary anode, improving the machining 
depth and the machining surface quality can be realized. 

 

         
 
(a) Inner flow mode (IFM)     (b) Outer flow mode (OFM) 
 

Figure 5. Comparison of structures with different flow modes 

3. Results of scanning ECM with different electrolyte flow 

modes 

In order to investigate the machining accuracy and the 
machining surface quality with the different flow modes, 
scanning ECM was conducted with the different flow modes as 
shown in Fig. 5. Also, the auxiliary anode was connected to the 
positive pole of the power supply to observe the influence of the 
bubbles generated around the auxiliary anode. 

 The shapes of the machining marks were measured with a 
contour measuring instrument (Mitsutoyo, CONTRACER CV-
3100) as shown in Fig. 6, and the shapes of the machining mark 
are shown in Fig. 7. 

From Fig. 7, the depth of the machining mark with the OFM is 
deeper than that with the IFM. In Fig. 7(a), the machined surface 
in OFM is flat. On the other hand, the machining surface with the 
IFM was rough. 

In order to observe the machining surface roughness, the 
machining surface was measured by a surface roughness 
measuring instrument (Mitsutoyo, SJ-210) as shown in Fig .6①. 
The result of the roughness measurement is shown in Fig. 8. In 
Fig. 8, the machining surface with the IFM is rougher than that 
with the OFM since the bubbles generated around the auxiliary 
anode flow under the tool tip and prevent material dissolution. 

In order to investigate the machining efficiency with the 
different flow modes, the currents flowed through the 
workpiece was measured by an oscilloscope (Tektronix, TBS 
2000series) while machining. Figure 9 shows the comparison of 
current with the different flow modes. In Fig. 9(a), the machining 
current steady flows as 0.9 A with the OFM except for the initial 
5 s. On the other hand, in Fig. 9(b), current value as 1A is high 
when the machining starts, however, current value reduces by 
about 0.2 A when the machining finished. Th e reason 

 

 
 

Figure 6. Measured lines of the machined mark 
 

 
 

(a) Cross section in Fig.6①           (b) Cross section in Fig.6② 
 

 
 

(c) Cross section in Fig.6③            (d) Cross section in Fig.6④ 
 

Figure 7. Shapes of machining marks  
with different flow modes 

 

 
is that bubbles generated around the auxiliary anode inserted to 
the space between the tool tip and the workpiece and stayed in 
that space, increasing the resistance of ECM while machining. 
Therefore, with the IFM, the depth of the machining mark  was 
shallower and the machining surface was rougher than those 
with the OFM. 
 

 

  
 

Figure 8.  Roughness of machining surfaces  

 

 
(a) Outer flow mode (OFM)          (b) Inner flow mode (IFM)     

Figure 9. Comparison of current with different flow modes 

4. Effectiveness confirmation of auxiliary anode in scanning 

ECM  

In previous section, the electrolyte flow mode was changed, 
resulting in the high machining accuracy and the machining 
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surface quality. Based on the result, the effectiveness of the 
auxiliary anode in scanning ECM was investigated with the OFM. 
The scanning ECM experiments, with and without the auxiliary 
anode, were carried out by connecting the auxiliary anode to the 
positive pole of the power supply (hereinafter referred to as w/ 
auxiliary anode) and by disconnecting the wiring between the 
auxiliary anode and the power supply (hereinafter referred to as 
w/o auxiliary anode). The machining conditions are shown in 
Table 1.  

The shapes of machining marks were measured with a contour 
measuring instrument as shown in Fig. 6, and these shapes of 
the machining marks are shown in Fig. 10. In Fig.10, the depth of 
the machining mark with the auxiliary anode is deeper than that 
without the auxiliary anode. However, in Fig. 10(b)-(d), the 
diameter of the machining mark without the auxiliary anode is 
larger than that with the auxiliary anode, and the machining area 
spreads without the auxiliary anode. Therefore, the machining 
area of ECM can be reduced by using the auxiliary anode.  

 

 
 

(a) Cross section in Fig.6①           (b) Cross section in Fig.6② 

 

 
 

(c) Cross section in Fig.6③            (d) Cross section in Fig.6④ 
Figure 10. The shapes of the machining marks  

with and without the auxiliary anode 
 

The image of the area around the machining mark with and 
without the auxiliary anode is shown in Fig. 11. In Fig. 11, the 
surface around the machining mark with the auxiliary anode is 
not changed. However, the leakage area without the auxiliary 
anode was machined and discolored.  

 

 
 

Figure 11. Image of area around machining mark 

The surface roughness around the machining marks was 
measured by a surface roughness measuring instrument. The 
measurement result is shown in Fig. 12. In Fig. 12, the surface 
around the machining mark with the auxiliary anode is the same 
roughness as the original surface. Therefore, the area around 
the machining mark was not machined by reducing the low 
current density. On the other hand, the surface around the 
machining mark without the auxiliary anode is rougher than the 
original surface since current flows to the leakage area which is 
machined, resulting in the deterioration of the surface quality. 
 

 
 

Figure 12. Surface roughness around machining mark 
 

5. Conclusions 

The scanning ECM with two flow modes was conducted. The 
machining mark with the OFM was deeper than that with the 
IFM and the machining surface quality was improved with the 
OFM. 

The effectiveness of the proposed suction tool was 
investigated in scanning ECM. The current area of ECM with the 
auxiliary anode was narrower than that without the auxiliary 
anode, resulting in the high machining accuracy. Moreover, ECM 
with the auxiliary anode improved the surface quality around 
the machining mark, that the surface around the machining 
mark with the auxiliary anode was the same roughness as the 
original surface. 
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Abstract 
Typically, a large number of individual tool electrodes has to be used in sinking electrical discharge machining (sinking EDM) to 
successfully machine a single workpiece. Due to non-uniform wear and insufficient flushing of the working gap electrode geometries 
have a significant effect on the process efficiency. This paper discusses the use of an actuated variable tool electrode for sinking EDM 
to reduce the number of required tool electrodes and to increase the overall process efficiency. A miniaturised linear actuator was 
developed to individually move electrode segments to form the target shape for the tool electrode. The coordinated actuation of 
bundled electrode segments introduces new methods for the active flushing within the working gap, which cannot be implemented 
in conventional sinking EDM. Intelligent sinking strategies can further improve process efficiency by creating and sinking sub-
geometries into the workpiece offering improved flushing conditions compared to the original geometry. 
 
EDM, sinking EDM, micro-actuator    

 

1. Introduction   

A great challenge in manufacturing of injection moulds by 
sinking EDM is the large number n of individual tool electrodes 
typically required. This results from the fact that those processes 
are characterised by considerable tool wear and complex 
geometries, which are processed by applying differently shaped 
tool electrodes. Up to several hundred machining steps have to 
be repeated until the target workpiece geometry is reached, 
each requiring an individually manufactured tool electrode. This 
results in a considerable amount of time needed for the 
manufacturing of the tool electrodes as well as for the tool 
electrode change. Therefore, the total time t and cost c of 
production for each workpiece are high [1]. An approach for 
reducing the number n of required tool electrodes and the time 
needed to produce the tool electrodes is the use of segmented 
tool electrodes. Each segment has few geometric features and 
can ideally be taken from stock material. The bundling of 
multiple segments creates a more sophisticated geometry, 
comparable to individual pixels in a digital picture. 

Several publications have shown that tool electrodes made up 
of multiple individual segments can improve process conditions 
in sinking EDM [2, 3]. Channels in the centre of the segments 
enable active flushing of the working gap s, which can only be 
implemented in solid electrodes with considerable effort. All 
approaches published in the literature need adjustments of the 
segments before the erosion process to create the geometry for 
the tool. This adjustment is time intensive and leaves potential 
for improvement. In this paper the concept for a new kind of 
segmented tool electrode is presented. In addition, to using 
multiple segments in a fixed configuration, the application of 
actuators is discussed to move individual electrode segments 
during the erosion process. Firstly, this enables the automated 
precise and quick positioning of the segments to form the 
desired geometry to be transferred into the workpiece. 
Secondly, the actuation of segments during the erosion enables 

dynamic flushing in the working gap s, which cannot be achieved 
in conventional sinking EDM in this way. In order to realise the 
actuation of the segments, a dedicated electric linear drive is 
developed with a minimised geometry. 

2. Subdivided erosion process for improved flushing  

Dynamic adaptation of the tool geometry does not only reduce 
time in the machine setup. Additionally, completely new erosion 
strategies are possible. Taken the pyramid geometry as seen in 
Figure 1 a, the flushing of the working gap s with conventional 
strategies becomes significantly less efficient the larger the 
erosion depth de. Due to several sharp edges around the 
pyramid steps, the erosion particles get trapped in the working 
gap s. A possible improvement for the flushing conditions is 
depicted in Figure 1 b. In step I, the top plateau of the pyramid 
is transferred into the workpiece. In step II the outer ring of the 
tool electrode segments is retracted, so that the inner 3 x 3 
segments are exposed. In the final step III, only the innermost 
segment is exposed to erode the final step of the pyramid. In 
each step this leaves more space around the top level of the 
geometry for particles to be removed from the working gap s. 

To prove the hypothesis, that the erosion duration tero of steps 
I - III is significantly shorter than the one of the process shown in 
Figure 1 a, experiments were carried out on the machine tool 
Genius 1000 The Cube by ZIMMER & KREIM, Brensbach, Germany. 
EDM 3 graphite, by POCO GRAPHITE INC., Decatur, USA, was used 
for the tool electrodes and ELMAX steel, by VOESTALPINE AG, Linz, 
Austria, as the workpiece material. For the first experiment a 
solid tool electrode as seen in Figure 1 a was used. The second 
experiment was carried out according to Figure 1 b. For this 
experiment, the electrode segments were mounted statically. A 
combination of the strategy shown in Figure 1 b and the 
dynamic, synchronised movement of the electrode segments 
with the help of the actuators is believed to further improve the 
flushing in the horizontal direction inside the frontal working 
gap sF and therefore shorten the erosion duration tero. 
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Figure 1. Example of a pyramid geometry sunk into the workpiece;  

a) conventional process; b) with a segmented tool electrode  

3. Miniaturised linear direct drive with weight compensation     

To dynamically generate complex depth profiles for highly 
adaptable tool geometries the linear actuator is required to 
generate a static working stroke of L = 30 mm. Furthermore, the 
actuator is utilised to generate the oscillating wave movements 
for the flushing strategy, which demands a slider-amplitude of 
about A = 1 µm and a frequency of up to ω = 5 Hz. Accordingly, 
the required maximum force amplitude FA to accelerate the tool 
electrode with a mass m = 10 g is calculated given in Equation 1. 
 

FA = m (ω2A + g) = 0.108 N (1) 
 

Energy-dissipating effects, like friction between the 
electrodes, are initially neglected in this concise calculation. The 
main part of 91 % of the required force amplitude FA is used to 
counteract the static gravitational force Fg = 0.098 N of the tool 
electrode. The required dynamic force Fd = 0.01 N thus accounts 
for only 9 % of the total force. Since the width of an electrode 
segment is w = 5 mm, the outer diameter of the miniaturised 
linear actuator is limited to d ≤ 5 mm. The major challenge in 
designing the linear actuator is to ensure a high force density DF 
for robust control dynamics despite the small installation space 
and the large working stroke L. In this regard, the concept of a 
miniaturised electric linear drive including a permanent 
magnetic weight compensation was developed. This concept is 
shown in Figure 2.  

The objective of the permanent magnetic weight 
compensation is to passively counterbalance the electrode 
mass m over the specified process stroke of L = 30 mm. As 
shown in Figure 2, this is realised by integrating a diametrically 
magnetised permanent magnetic slider into a soft magnetic 
stator. Thereby a position-independent force of Fg = 0.098 N can 
be generated closely [4]. 

To provide the dynamic force with an amplitude of Fd = 0.01 N, 
a two-phase linear synchronous motor was developed. The 
actuator is based on the physical principle of the LORENTZ force FL. 
Two axially magnetised permanent magnets penetrate the 
stator coils with a radial magnetic field B and thus generate an 
axial force FL on the slider, see Equation 2. 
 

FL=∭ j × B dV (2) 

 

The opposing permanent magnets in the slider create an 
alternating radial magnetic field B in the stator coils. The current 
densities ji in the stator coils are adjusted in dependence of the 
slider position xL to provide current densities ji proportional to 
the local radial magnetic field. Providing a current density 

amplitude of ĵ = 5 A/mm2 a LORENTZ force of FL = 0.05 N is 
generated. The force FL is calculated using the multiphysics 
simulation software COMSOL.  
The generated force FL = 0.05 N exceeds the required dynamic 
force Fd = 0.01 N by ΔF = 0.04 N. The resulting force reserve ΔF 

can be utilised to compensate for occurring disturbing forces Fd, 
which have been neglected, when deriving the demanded 
actuator force FA in Equation 1. Thereby, a sufficient actuator 
force FA for a robust and dynamic position control is guaranteed. 

 

 
Figure 2. Miniaturised electric linear drive with  

permanent magnetic weight compensation  

4. Conclusion 

Within this paper the potential of the actuated variable tool 
electrode regarding optimisation in sinking EDM was presented. 
The automated generation of bundled tool electrode 
geometries by variable electrode-segments and innovative 
flushing strategies allow for a significant decrease of the EDM 
process time tprocess. Moreover, the concept of a miniaturised 
linear direct drive with permanent magnetic weight 
compensation has been developed to ensure robust control 
dynamics despite the limited installation space. 

In future work the realisation and experimental validation of 
the designed actuator will be investigated. An essential topic in 
this respect are intensive investigations after combining the 
segmented tool electrode with the linear drive requiring the 
design of an appropriate positioning control. Furthermore, the 
flushing strategy will be optimised by simulation and validated 
experimentally. In this regard, the excitation strategy, 
amplitude A and frequency ω will be investigated and optimised 
in respect to diverse workpiece geometries and materials. 
Innovative erosion strategies will be derived as well as means of 
the compensation of the relative linear wear ϑl by adjusting the 
positions of the electrode segments will be investigated. 
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Abstract       
 
This report presents a study on the effect of microwave plasma sources on the surface modification of carbon fibre reinforced 
composites. The adhesion property of polymer composites is an important consideration in manufacturing processes. A key challenge 
in polymer adhesion is the need for adhesive pre-treatment to improve the wettability properties of the surface. Often three 
sequential steps are needed: contaminant removal, physically induced surface modification and chemical treatment. Atmospheric 
plasma treatment (APT) has been shown to either achieve, or eliminate the need for, one or more of these steps. The effects of APT 
on the surface properties of thermoplastics and thermosetting polymers have been reported recently, but the report on the effect 
of different plasma sources on the APT of polymers is limited.  
50% carbon fibre epoxy samples were subjected to a microwave plasma source with varied flow rate, power, and samples’ distance 
from source, under atmospheric conditions. The surface energy of the composites was determined using liquid contact angle analysis. 
A coherence scanning interferometer was used to characterise the surface changes. The underlying mechanisms for the observed 
change of surface properties will be discussed. 
 
Composite; plasma; surface energy; polymers; surface roughness; microwave plasma      

 

1. Introduction   

Polymer composites are of increasing value in the aerospace 
sector [1] due to their light weight, high stiffness and strength 
[2]. The adhesion properties of polymer composites are an 
important consideration in the manufacturing process due to 
their use in complex structures. Several mechanisms play a key 
role in the adhesion process including mechanical interlocking, 
diffusion, electrostatic attraction, adsorption, and related 
molecular forces. A key challenge in polymer adhesion is the 
need for adhesive pre-treatment to improve the wettability 
properties of the surface [3]. 

Adhesive bonding of composites can often be difficult due to 
low surface energies and presence of surface contamination. ISO 
standards on the methods of surface preparation before 
adhesion state a 3-step process; contaminant removal, physical 
surface modification and chemical treatment [4] 

The 3-step process can often involve the use of abrasive 
cleaners and other chemical treatments that are not only 
complicated but also time consuming [5]. Atmospheric pressure 
plasma offers an alternative treatment that has the potential to 
functionally replace not just one but possibly all of these steps 
while also being a relatively simple non-contact treatment 
method [6]. 

This paper looks at the effect of microwave atmospheric 
pressure plasma treatment on the surface characteristics of 
carbon composites, particularly the surface roughness and the 
surface free energy (determined through the surface 
wettability), building on previous work conducted with the same 
torch for the surface modification of crystal quartz [7,8]. 

2. Methodology      

To produce an argon plasma, a Sairem surface wave compact 
plasma torch was adapted for atmospheric applications. A 
microwave electromagnetic field propagates longitudinally at 
the interface between a dielectric quartz tube and the plasma 
created within the tube. A dielectric barrier discharge ignition 
system is added to ensure the plasma ignites under atmospheric 
conditions. The inductively coupled torch was mounted 
vertically so that the plasma flows downwards towards the 
sample (See figure 1). A microwave frequency of 2,450 MHz was 
set throughout the experiments.  

Two different settings for forward power were set: 150 W and 
100 W with various reflected powers depending on the initial 
power and flow rate of argon.  

Carbon fibre reinforced epoxy samples were cut into 3 x 3 cm 
squares, then being ultrasonically cleaned for 30 minutes before 
processing. The samples were placed directly under the torch, 
with the centre of the sample aligned to the centre of the quartz 
tube. Samples were radiated for 180 seconds.  

Interferometric and contact angle tests were conducted at the 
centre of the sample, directly under the plasma stream. Water 
contact angle and Ethylene Glycol contact angle measurements 
were made using a Goniometer (ThetaLite 100,   Biolin 
Scientific). Measurements were taken over 10 seconds at 6 
frames per second. 

For surface roughness evaluation, a coherence scanning 
interferometer (Talysurf CCI 6000, Taylor Hobson Precision) was 
utilised. Measurements were taken directly at the centre, 1 mm 
to the left and then 1 mm below of the centre point. The 
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measurements were taken with a 20x lens, measuring an area of 
0.9 x 0.9 mm. The roughness of the surface before and after 
processing, at the same place, was observed. Surface form and 
waviness measurements were also taken. Levelling and 
averaging were carried out for each sample. 
 

 
Figure 1. The schematic set-up of the microwave torch in relation to 

the sample 

 

3. Results 

Initially samples were irradiated for a period of 60 seconds.  
However, water contact angle measurements showed negligible 
improvement upon the surface energy of the composites. 

This is in line with previous studies on plasma surface 
processing of carbon epoxy composites, with an epoxy surface 
finish. Previous work conducted by Luo et al  [9] on carbon fibre 
reinforced PEEK composites showed that increasing treatment 
time from 30 seconds to 120 seconds had a significant impact on 
reducing contact angles. Dighton et al  [5] reported that longer 
treatment times, where the plasma remained at each point in 
the sample for a longer period, decreased water contact angles 
when using a dielectric barrier air plasma. For these reasons, 
treatment time was then increased to 180 seconds where a 
noticeable difference was observed. 

3.1 Influence of plasma parameters on the surface roughness 

Surfaces were measured using a coherence scanning 
interferometer before and after treatment, at the centre of each 
sample.  

 
 Figure 2. Surface topography as measured by a coherence scanning 

interferometer for a 0.9x0.9 mm section of the composite.  

 
It is apparent by the surface topographical measurement, that 

the surface shape of the composites follows a similar shape to 
the crosshatched pattern of the carbon fibres underneath them, 
as seen in figure 2.  

A profile was taken to measure Rq, from top to bottom, as 
shown in figure 2 and 3. This causes some variation in results 
with form being directional, depending on what part of the 
crossed hatched area the profile crosses. 

 

 
Figure 3. Surface profiles taken to characterise surface roughness. 

 
An average across the three measurement areas was taken for 

each repeat and detailed in table 1 below.  
 
Table 1 The effect of atmospheric pressure plasma on the Ra of carbon 

fibre reinforced epoxy. Note Rq is in nm scale. 

Forward 
Power 
(W) 

Flow 
Rate 
(Lmin-1) 

Z 
Height 
(mm) 

Surface Roughness  
(Rq, nm)  

Before 
Treatment 

After 
Treatment 

100 
 

10 2 29 21 

3 33 14 

20 2 26 12 

3 23 13 

150 10 2 18 22 

3 34 38 

20 2 22 20 

3 23 48 

 
From the Rq measurements, it can be observed that plasma 

treatment has a slight effect in altering the surface roughness, 
although this effect is negligible. A similar occurrence can be 
found with Coulon and Mailard [10] who also found that plasma 
processing of epoxy showed slight, but negligible, improvements 
in lowering surface roughness. Spyrides et al [11] found that 
plasma processing of a different polymer, polyethylene, actually 
increased the surface roughness, with longer treatment times 
resulting in higher Sq. However, this study used a radio 
frequency plasma at low pressure, and it is likely the roughness 
could also increase due to the temperature of the plasma, in 
their case. 

Drnovska et al [12] also observed similar results using low 
temperature oxygen plasma. However, it is likely this is a cause 
of the type of feed gas used, as their results report an increase 
in roughness from oxygen plasma while ammonia decreased 
surface roughness.  

Sq measurements were also recorded to give a better 
presentation of each of the three 0.9x0.9 mm sample surfaces, 
as a whole. This provides a better understanding of the overall 
surface roughness. 
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Table 2 The effect of atmospheric pressure plasma on the Sq of carbon 
fibre reinforced epoxy. Note for consistency the units are in nm. 

Forward 
Power 
(W) 

Flow 
Rate 
(Lmin-1) 

Z 
Height 
(mm) 

Surface Roughness (Sq, nm)  

Before 
Treatment 

After 
Treatment 

100 
 

10 2 142 165 

3 81 98 

20 2 68 61 

3 95 101 

150 10 2 185 186 

3 125 104 

20 2 83 97 

3 60 156 

 
Looking at the Sq measurements from table 2, it is clear that 

plasma processing still has negligible effect on surface roughness 
as a whole. While the overall surface roughness does seem to 
increase or decrease depending on processing parameter, the 
increase/decrease is still relatively small, in terms of ten of 
nanometres. When topographical images were looked at very 
few differences were observed before and after processing. 

3.2. Influence of processing parameters on wettability 

Liquid contact angles with water and ethylene glycol were 
measured, to observe the wettability on the samples. These 
results were used to calculate surface free energy. 

 
3.2.1 Liquid contact angle measurement      

Prior to plasma treatment, the average contact angles of water 
and ethylene glycol on the composite surface were 67.5 o and 
51.2 o, respectively. After treatment contact angles reduced 
dramatically to a range between 11.8-19.8 o for water and 5.6-
15.1 o for ethylene glycol, as demonstrated in table 3. 
 

Table 3 The effect of atmospheric pressure plasma on the liquid 
contact angle of carbon fibre reinforced epoxy.  

Forward 
Power 
(W) 

Flow 
Rate 
(Lmin-1) 

Z 
Height 
(mm) 

Liquid Contact Angle (˚)  

Water Ethylene 
Glycol 

100 
 

10 2 19.1 8.7 

3 19.8 15.1 

20 2 17.3 8.2 

3 16.5 13.7 

150 10 2 13.5 6.0 

3 15.1 9.9 

20 2 11.8 5.6 

3 14.7 7.0 

Looking at table 3, the results as a whole, it is clear that power, 
flow rate and standoff distance all affect the resultant liquid 
contact angle. 

 
3.2.2 Surface energy calculations     
Surface energy is the additional free energy at a surface. This 

is a result of the molecules at the surface having fewer 
molecules to interact with. Unbalanced forces, as a result of lack 
of attraction, results in additional energy. There are many 
different methods for determining surface energy depending on 
the type of material measured and the liquids used. The most 
basic form is Young equation. Young equation describes a 
relationship between contact angle (θ), liquid surface tension 

(𝛾𝑙𝑔), interfacial tension between a solid and a liquid (𝛾𝑠𝑙) and 

the surface free energy of the solid (𝛾𝑠𝑔) as shown in equation 1 

and displayed in figure 4 [13]. 
 

γ𝑠𝑔 =  γ𝑠𝑙 +  γ𝑙𝑔 cos θ 

Equation 1.  Young equation 
 
The various models used for determining surface energy are 

often chosen depending on whether the surface energy of the 
sample is likely to be high or low, polar, or non-polar etc. Often 
liquids that contain different dispersive and polar elements are 
chosen. The choice of model may have a significant impact on 
the result, which often makes choosing a model a difficult and 
unclear decision [14]. 

 

 
Figure 4. The diagram describes the components needed for Young’s 
equation in relation to a liquid droplet measurement, where 𝛾𝑠𝑙 is the 
surface tension between a solid and a liquid, 𝛾𝑠𝑔  is the solid and gas 

interfacial tension and  𝛾𝑙𝑔 is the liquid and gas surface tension.  

 

The Owens, Wendt, Rabel and Kaelble(OWRK) method [15,16] 
is used to measure surface energy of polymers and other 
moderately polar surfaces [12]. The model incorporates the 
Young-Dupre equation, equation 2 and the Fawkes model, 
equation 3. 

 
𝑊𝑠𝑙 =  𝜎𝑙(1 + cos 𝜃) 

Equation 2. The Young Dupree equation 
 
Where Wsl is the work of adhesion, σl is the surface energy of the 
liquid. The theory further relates work of adhesion into its polar 
and dispersive (van der waals) forces, as shown Equation 3. 
 

𝑊𝑠𝑙 = 𝑠 (√𝜎𝑙
𝑃. 𝜎𝑠

𝑃 + √𝜎𝑙
𝐷. 𝜎𝑠

𝐷) 

Equation 3. The Fawkes theory in regards to work of adhesion 
 

Where σl
P and σl

D are the polar and dispersive components of 
the liquids surface tension and 𝜎𝑠

𝑃 and 𝜎𝑠
𝐷are the respective 

solid components. This method calculates solid and liquid 
interfacial tension using two liquids with known dispersive and 
polar parts [10]. Water has a surface energy of 72.8 mJm-2 
composed of 51 mJm-2 polar energy and 21.8 mJm-2 dispersive 
energy. Ethylene glycol with a lower energy of 48 mJm-2 is 
composed of a polar and dispersive component of 19 mJm-2 and 
29 mJm-2 respectively [14].  

The OWRK model, see equation 4, is derived so that the liquid 
dispersive and polar interactions may be expressed in the form   
y = mx + c. 

 

𝜎𝑙(1 + cos 𝜃)

2 (√𝜎𝑙
𝐷 )

= (√𝜎𝑠
𝑃)

√𝜎𝑙
𝑃

√𝜎𝑙
𝐷

+ √𝜎𝑠
𝐷  

Equation 4. The OWRK model 
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The left side of the equation is plotted on the y-axis with the 

square root of the liquid’s polar forces over its dispersive forces 
plotted on the x-axis. The polar and dispersive components of 
the surface energy can then be found from the ‘m’ gradient and 
‘C’ intercept.  

 
𝜎𝑠 = 𝜎𝑠

𝑃 + 𝜎𝑠
𝐷 

Equation 5. The Fawkes theory where overall surface energy is a sum 
of polar and dispersive components 

 

As surface energy of the solid sample is considered a 
component of its polar and dispersive forces, we may add these 
forces to produce our total surface energy, 𝜎𝑠, as displayed in 
equation 5. 

 
Table 4 The effect of atmospheric pressure plasma on the liquid 

contact angle of carbon fibre reinforced epoxy.  

Forward 
Power (W) 

Flow Rate 
(Lmin-1) 

Z Height 
(mm) 

Surface Energy 
(mJ/m2) 

Before Treatment 34.5 

100 10 2 75.6 

3 76.3 

20 2 76.9 

3 78.4 

150 10 2 79.0 

3 78.6 

20 2 79.8 

3 78.4 

 
Looking at the surface energies from the different processing 
parameters, in table 4, it can be observed that all parameter 
combinations have a significant and positive increase in surface 
energy. The change in surface energy does not vary by much 
across the different parameters, however it is clear that a 
combination of 150 W, 20 Lmin-1 and a 2 mm Z height appears to 
result in the highest surface energy, with higher power treated 
samples (150 W) showing higher surface energies overall than 
lower power (100 W) treated samples.  

4. Conclusion      

Atmospheric pressure microwave argon plasma has been 
shown in this study to increase the surface free energy of carbon 
fibre reinforced epoxy, with the degree of modification 
dependent on a combination of processing parameters; forward 
power, flow rate and torch to sample distance (Z height).  

From the combination of parameters studied, the optimum 
combination of parameters for increasing surface energy has 
been shown to be 150 W forward power, a 20 Lmin-1 flow rate 
with a 2 mm z height. This and previous work demonstrate that 
increasing the forward power results in a significant increase in 
surface energy, but further work is needed to optimise these 
conditions. 

It will be advantageous in future studies to further incorporate 
other surface analysis techniques, such a spectroscopy, to gain 
understanding of the plasma- surface interactions on a chemical 
level. 

Given previous work in literature [5], further studies should be 
done to compare the effect of z height and flow rate upon the 
samples. Work conducted within this study will be repeated with 
the same conditions to produce mean values and deviations to 
quantify the influcne of the parameters better.  

 

Particular interest should be taken with measuring the surface 
energy change across the sample, from the centre region, to the 
perimeter of the treatment area, to observe the uniformity of 
treatment. 
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Abstract 
Micro ceramic injection moulding is a commonly used replication method for mass production of ceramics parts of complex shapes 
with tight tolerance. However, improving the wear resistance of moulding surfaces as well as enhancing the injection feedstock 
flowability is a challenging task for ensuring the homogeneous productions. To resolve this challenge, micro-EDM based surface 
structuring of the STAVAX steel mould has been put forward in this paper. Conventionally, short and ultra-short pulsed laser 
micromachining are used for texturing. However, the beam based methods (lasers) have limited control on dimple shape and 
dimensions. Femto-second lasers have proven in demonstrating better dimensional control of textures but the processing speed 
becomes low. Furthermore, reflectivity issues on the curved and polished mould surfaces limit texturing performance. Therefore, 
micro-EDM is put forward as a tool-based texturing method to achieve better control over dimple shape and dimensions. A large 
amount, i.e. 2500, of micro-dimples were textured along the 100 mm spiral channel, which is used for the injection flowability test. 
Before machining, micro-EDM tool path planning along a spiral trajectory planning has been generated. The structured surface 
topology has been characterized together with a statistical analysis of the frontal tool wear. The spiral flow test has showed the 
effectiveness of applying micro-EDM in structuring the complex injection mould. 
 
Micro-EDM, surface texturing, micro ceramic injection moulding        

 

1. Introduction   

Being an efficient method for enhancing the surface 
functionalities, EDM based surface texturing has been reported 
in reducing the injection adhesion and friction and thus 
improving the micro injection moulding productivity [1,2]. The 
micro-structures such as micro-dimples reduce the contact area 
of liquid–solid (feedstock-mould) interface as well as the air gets 
entrapped in these dimples which ultimately reduces coefficient 
of friction and hence the flowability of feedstock can be 
improved. There are several micro-machining technologies, such 
as laser micromachining, micro electrical discharge machining 
(EDM) and micro-cutting, which can be used for producing the 
micro-structures. Among them, micro-EDM has as the capability 
of generating geometrically controllable features in the micro-
meter scale on difficult-to-cut materials, together with 
controllable material damage around the feature. Therefore, 
this paper focuses on structuring of mould cavities with micro-
dimples by employing micro-EDM assisted with a wire electrical 
discharge grinding (WEDG) unit for dressing micro-electrodes 
down to 30 µm.  

2. Materials and methods    

2.1. Trajectory planning      

The spiral mould was made out of STAVAX® steel. It consisted 
of a spiral channel fabricated by milling and a tapered hole in the 
center for injecting the pressurized feedstock into the mould. 
The objective was to structure the spiral mould surface with 
micro-dimples using micro-EDM technology. 

The nominal diameter of the dimples is 30 µm and the nominal 
depth is 30 µm. The nominal pitch between any two dimples 
along the spiral path is considered to be 200 µm while the pitch 
of two dimples tangent to the spiral path is specified to be 150 
µm. In order to define the tool motion along the spiral groove, a 
fully automated program was developed in Matlab® by using the 
Archimedean spiral in a parametric form 

                                 

𝑟 =
𝑅

𝑛×2𝜋
𝜃

𝑥 = 𝑥0 + 𝑟𝑐𝑜𝑠(𝜃 + 𝜃0)

𝑦 = 𝑦0 − 𝑟𝑠𝑖𝑛(𝜃 + 𝜃0)

                                     (1) 

where 𝑛 refers to the turns of the spiral and is specified as 3. 
𝜃0  is the angle between the starting point and end point. 
𝜃∈[0,n*2π] denotes the spiral rotation angle. 𝑟  denotes the 
spiral radius with respect to the rotation angle. 𝑥0  and 𝑦0 
denote the spiral center  position located in x- and y- axis 
respectively.  

 
          Figure 1. Equidistant spiral path generation through Matlab®.  

The generated spiral path is shown in Figure 1, where five 
columns of equidistant spiral path segments have been 
simulated. The nominal distance between two consecutive spiral 
path segments is 150 µm. 
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2.2. Experimental set-up      

The micro-EDM structuring experiments were conducted on a 
SARIX® SX-100-HPM machine. The clamping was achieved by 
fixing the spiral mould on a conductive block using bolts and the 
assembly was further clamped on a vise on the machine-bed as 
shown in Fig.2(b). The micro-EDM milling tool followed the 
trajectory generated from delivered positions as explained in 
section 2.1. In order to fabricate the micro-dimples down to 30 
µm in diameter, the WC electrode was dressed using the on-
machine wire-electric discharge grinding (WEDG) set-up as 
shown in Fig.2(a). A finish-machining regime was utilized for 
micro-EDM strcuturing of each dimple assisted with the side 
injet flushing (HEDMA oil) covering along the entire channel 
during the process. Based on the experimental experience 
gained from pilot experiments, the main electrical parameters 
for fabricating micro-dimples on STAVAX® steel mould were set 
as, e.g. pulse frequency= 170 kHz, open voltage= 90 V, current 
index= 70, servo voltage= 65 V. The spiral mould was made of 
Stavax® steel and the feedstock for spiral flow test was 
polyoxymethylene (POM) binder with Zirconia particles. 

 
Figure.2 micro-EDM set-up for micro-dimples texturing. Zoom-in figures 
shows (a) WEDG set-up and (b) the clamping of spiral mould on a vise 

3. Results and discussion      

The dressed electrode is shown in Figure 3. Its diameter is 30 
µm with a tolerance of 1 µm and the dressed length is 3 mm. A 
trapezoidal transition is designed between the parent rod and 
the dressed rod. This is specifically achieved to strengthen the 
stiffness in this transitional part.  

 
Figure 3. The dressed electrode by WEDG unit. Image acquired through 
a digital microscope (Dino-Lite® Edge AM4115ZT) 

The spiral channel with the micro-dimples is shown in Figure 4(a). 
Analogous to the simulated segments (section 2.1), one row of 
dimples were observed equidistant while one column were 
shown along the channel. Figure 4(b) shows the profile of a 
representative micro-dimple fabricated by micro-EDM, where 
the colorbar represents the height values. The profile gives a 
conical appearance instead of straight-walls due to the 
inevitable corner wear worn on the dressed electrode. This 
excessive tool wear is caused by the accumulated sparks near 
the sharp edge of the electrode where the electrical field 
intensity is comparatively high. And the corner wear is 
substantial in size for the micro-electrode leading to the 
evolvement of a conical shape in the electrode tip. This usually 
occurs under the condition of a small machining depth where 
the sparking difference in field was not able to be eliminated in 
time. The target machining depth was pre-defined as 30 µm 
while the achieved dimple depth (Figure 4(c)) is measured as 20 

µm. The difference in depth is attributed to the frontal wear of 
the electrode. However, the frontal wear, especially in micro-
meter scale, is difficult to be precisely controlled due to the 
inconsistent machining condition and the probabilistic sparking 
phenomena of micro-EDM. This is also presented in the 
statistical results (Figure 5), of frontal wear with respect to 100 
runs of micro-dimples near the entry, in the middle and near the 
end of the channel. The average frontal wear in the middle is 
slightly higher than that near the entry and the end, which might 
be due to the non-uniform flow-field along the spiral channel.  

The spiral flow tests were conducted at Formatec® company 
with and without surface-structuring. The spiral flow length with 
micro-EDM texturing is measured as 86.85 ± 1.68 mm while the 
it is only 68.05 ± 1.46 mm without texturing. This indicates a 27 % 
increase in feedstock flowability with micro-EDM structuring.  

 
Figure 4. Textured dimples by micro-EDM on the spiral channel. (a) 
Optical image of the textured segment of the whole spiral channel (b) A 
representative dimple topology (measured by SENSOFAR® S NEOX) (c) 
cross-sectional profile of a representative dimple. 

 
Figure 5. Frontal tool wear with respect to 100 runs of micro-dimples. 
These three sub-figures, from the top to the bottom, show the statistical 
results measured near the entry, in the middle and near the end of the 
spiral channel, respectively. 

4. Conclusions and outlook      

This paper detailed the micro-EDM texturing steps: micro-
EDM tool trajectory planning, workpiece clamping, parameter 
setting, tool-electrode dressing and fabrication of micro-
dimples. The topology of a representative micro-dimple 
appeared as a smooth conical shape due to corner wear of 
micro-electrode. A 27 % increase in feedstock flowability with 
micro-EDM structuring has been observed in spiral flow-tests.  
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Abstract 
The requirements and challenges of machining advanced materials in the field of aerospace, automotive and tool industry are 
increasing constantly. Due to their mechanical properties, cutting of high-strength materials such as superalloys is severely limited. 
Electro-discharge drilling can be used for the manufacturing of holes in hard to machine materials. Although electrical discharge 
machining (EDM) is successfully applied to the machining of holes in turbine blades, a lack of performance and challenges concerning 
the geometrical accuracy still remain. By applying inner flushing, the resulting electrically conductive debris is flushed through the 
lateral working gap, increasing the probability of arcs and short circuits. The resulting increased tool wear, conicity of the hole, limited 
hole depth and process instabilities are still challenging in electro-discharge drilling. 
In order to decrease the effects of the arcs and short circuits, a surface modification is applied to increase the electrical resistance of 
the lateral surface of the tool electrode. As a result, the mentioned impairments occur less frequently due to decreased occurrence 
of arcs and short circuits in the lateral working gap. For the present investigation copper tool electrodes were thermally oxidised in 
dry and humid air with different durations and used afterwards for electro-discharge drilling of MAR-M247. The tests were carried 
out on the machine tool AGIETRON Compact 1 from the company GF AgieCharmilles, Losone, Switzerland. Holes with a depth of 
t = 11 mm were drilled using various surface-modified tool electrodes with a diameter of d = 2 mm. Oxidation with dry air and a 
extended oxidation time resulted in a 18 % lower erosion duration, accompanied by an increase of the linear wear of the tool 
electrode Δle below 10 %. 
 
Keywords: Drilling EDM, oxidation, process efficiency  

 

1. Introduction  

Nowadays, the requirements and needs for high-tech 
applications have increased extremely. Consequently, 
technological innovations must also grow in order to machine 
advanced materials. These materials are characterized by high 
hardness H and strength f, for which conventional machining 
processes are not always sufficient. For the purpose of drilling 
holes in those materials, electro-discharge drilling is successfully 
used instead. Advanced fuel injection nozzles and cooling holes 
in turbine blades for the aerospace and automotive industry are 
few of the many applications for this machining process [1]. 

However, further challenges in the area of electro-discharge 
drilling are still remaining. The formation of debris in the working 
gap s of the dielectric fluid leads to arcs and short circuits. As a 
consequence, inner pressure flushing is used to remove those 
debris to avoid arcs and short circuits occuring on the lateral 
surface of the tool electrode. The resulting process instability, 
increased erosion duration tero, relative linear wear ϑl and the 
conicity of boreholes α still need to be addressed. To improve 
the process significantly, the tool electrodes were surface 
modified to reduce the probabilities of the occurrence of arcs 
and short circuits on the lateral area of the electrodes [2, 3]. 

In this work, the passivation was achieved by means of an 
oxidation of the tool electrode surface following the procedure 
according to UHLMANN ET AL. [4]. The oxidation duration toxi and 
the oxidation atmosphere have been varied with the objective 

to decrease the erosion duration tero and the linear wear of the 
tool electrode Δle. 

2. Materials and methods      

To achieve identical oxidation pre-conditions, the copper tool 
electrodes with an outer diameter of do = 2 mm and a length of 
l = 80 mm from the company EDM DEUTSCHLAND GBR, Kahl am 
Main, Germany, have to be cleaned properly. For this, a diamond 
paste with a grain size of sg = 1 µm from the company 
STRUEERS GMBH, Dresden, Germany, was used to remove the pre-
existing oxidation layers. Afterwards the tool electrodes were 
cleaned in the ultrasonic bath device Sonorex RK 100 from the 
company BANDELIN, ELECTRONIC GMBH & CO.KG, Berlin, Germany, 
using ethanol to prevent further natural oxidation. 

The subsequent oxidation processes were carried out  
at an oxidation temperature of ϑoxi = 200 °C by the  
laboratory-type drying cabinet 6120 from the company 
HERAEUS DEUTSCHLAND GMBH & CO. KG, Hanau, Germany. No 
higher oxidation temperature ϑoxi was initially selected to avoid 
excessive loss of strength f due to recrystallization and grain 
coarsening. Tool electrodes with excessive loss of strength f can 
no longer be used for electro-discharge drilling. The oxidation 
parameters used for this investigation are given in Table 1. After 
the oxidation process, the tool electrodes were exposed to air 
on a fireclay brick until ambient temperature ϑa was reached. 
The oxidised tool electrodes were used for drilling blind holes in 
MAR-M247 on the machine tool AGIETRON Compact 1 from the 
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company GF AGIECHARMILLES, Losone, Switzerland, with a sinking 
depth of es = 11 mm.  

Table 1 Oxidation parameters of tool electrodes 
 

Electrode 
configuration 

Oxidation 
atmosphere 

Oxidation 
temperature ϑoxi  

Oxidation 
time toxi 

I 
dry air 

200 °C 

10 min 

II 35 min 

III 
humid air 

10 min 

IV 35 min 

Three runs are performed for each electrode configuration 
without inner flushing nor rotation to observe the effects of the 
oxidation and to maintain the reproducibility only. The process 
parameters are given in Table 2. The erosion duration tero as well 
as the linear wear of the tool electrode Δle were determined.  

Table 2 Process parameters of electro-discharge drilling experiments 
 

Discharge  
peak current ip 

Open circuit 
voltage ûi 

Discharge 
duration te 

Pulse 
interval time t0 

Capacity C 

117 A 160 V 32 µs 18 µs 1 µF 

3. Results 

3.1. Preparation by oxidation 
Figure 1 shows the mass fraction of copper wCU and the mass 

fraction of oxygen wO as functions of the oxidation atmosphere 
and the oxidation time toxi. 

 
Figure 1. EDX results of different oxidised tool electrodes 

The mass fraction of oxygen in the lateral area of the copper 
tool electrodes oxidised in dry air increases with the duration of 
exposure. The longer oxidation time toxi resulted in an increase 
from wO,I = 5.9 % to wO,II = 6.1 %. However, the mass fraction of 
oxygen was reduced from wO,III = 5.4 % to wO,IV = 4.8 % during 
oxidation in a humid atmosphere. Poorly adherent black 
particles were observered for electrode configuration III. It may 
be possible that the oxidation layer generated in the humid 
atmosphere is porous and delaminating with an increasing 
oxidation duration toxi due to thermal stresses σth between the 
oxidation layer and the core material. As a result, the mass 
fraction of oxygen wO of electrode configuration IV is lower than  
of electrode configuration III. 
 

3.2. Electro-discharge drilling experiments 
Figure 2 shows the erosion duration tero and the linear wear of 

the tool electrode Δle of the oxidised tool electrodes, compared 
to the unoxidised reference tool electrode (Ref).  

Generally, it could be proven that a longer oxidation 
duration toxi can lead to a decreased erosion duration tero. But 
still a high margin of error occurred. The lowest erosion 
duration tero was accomplished by electrode configuration II, 

which led to a reduction of the erosion duration by 18 %, from 
tero,Ref = 20.4 min to tero,II = 16.8 min. 

 
Figure 2. Processing results of oxidised tool electrodes 

Although the mass fraction of oxygen of electrode 
configuration IV with wo,IV = 4.8 % is lower than the one of 
configuration III with wO,III = 5.4 %, this configuration also led to 
a much lower average erosion duration of tero,IV = 22.0 min in 
comparison to tero,III = 33.8 min. This leads to the conclusion that 
the mass fraction of oxygen wO may not be the only influence on 
the erosion duration tero. Following the extended oxidation 
duration toxi of electrode configurations II and IV compared to I 
and III, recovery processes due to heat treatment could also be 
a factor, influencing the erosion duration tero. The linear wear of 
the tool electrode increases by 10 % at most, from 
Δle,Ref = 3.0 mm to Δle,IV = 3.3 mm.  

4. Conclusion and outlook  

The oxidation of copper tool electrodes showed promising 
results regarding erosion duration tero and the linear wear of the 
tool electrode Δle as part of prestudies regarding the oxidation 
atmosphere. A decrease of the average erosion duration tero by 
18 % could be achieved with a longer oxidation time toxi but with 
contradictory mass fractions of oxygen wO. Thus, these 
experimental trials open up further research questions that 
need to be investigated. Further experiments will be performed 
to explain correlations by using parametric statistical tests. Also, 
the investigation of deeper holes will reveal the effects on the 
conicity α which should decrease due to the oxidation layer. 
Different heat treatments of tool electrodes with and without 
oxidation are to be compared. The effects of crystal recovery 
and recrystallisation on electro-discharge drilling shall be 
investigated likewise. Also, chemical oxidation can be carried out 
to analyse the effects of the oxidation without any heat 
treatment at ambient temperature ϑa. Further investigations 
regarding electrode materials and their effects on the electro-
discharge drilling process will be addressed. This work is funded 
by the German Research Foundation (DFG). 
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Abstract 
The required high economic efficiency, combined with the corresponding high quality demands, in the aerospace industry as well as 
in mould and tool making, motivate the necessity of finding suitable parameter combinations for the process of electrical discharge 
machining (EDM), e.g. when introducing new materials. To counteract this, various methods are being investigated in research for 
the optimisation of EDM. One new method is the stochastic optimisation procedure evolution strategy (ES). Due to its metaheuristic 
approach, this optimisation method is excellently suited for very complex processes in which the interrelationship of the individual 
influencing variables is not known. This publication presents the results of the investigation of the suitability of the ES optimisation 
method using the example of electrical discharge drilling. For this purpose, two nested ES-types were investigated. The electrode 
materials used were brass for the tool and stainless steel X5CrNi18-1 for the workpiece. As a result, the erosion duration could be 
reduced by 30 %. This investigation forms the basis for the use of nested ES types in electrical discharge drilling.  
 
EDM, nature analogue algorithm, optimisation    

 

1. Introduction 

In order to fulfil the constantly growing requirements for 
compact and high-performance products in aerospace as well as 
in mould and tool making industry, hard and wear-resistant 
materials are primarily used. A process commonly used for 
machining these materials is electrical discharge 
machining (EDM). Considering the high complexity and the non-
linear process behaviour, there are still no comprehensive 
findings or models on the inherent interactions of the process 
parameters of the EDM process. However, due to the high 
industrial relevance, huge efforts are being made in industry and 
research to optimise as well as model the EDM process [1]. In 
general, the common target values of the process cannot be 
influenced independently of each other. 

Common approaches to process parameter optimisation are 
based on statistical design of experiments (DoE), e.g. based on a 
response surface method (RSM) and multicritically optimising 
the obtained quadratic model with the Derringer-Suich-Method 
in a case of sinking EDM [2]. However, DoE is restricted to 
narrowly defined limits. AUERBACH ET AL. [3] proposed a 
separation of model and optimisation because an optimisation 
of non-linear production processes by use of models was not 
practicable. This approach allows the application of optimisation 
methods, where the correlations between individual process 
parameters and process results may be unknown [3]. 

Due to its metaheuristic concept, the stochastic optimisation 
method evolution strategy (ES) is well suited for complex 
processes such as EDM, see Figure 1. Analogue to nature, new 
parameters are generated as children of a parent parameter by 
mutation and recombination. New parameter sets are applied in 
real experiments, whereupon the results obtained are evaluated 
with regard to the optimisation criterion. Meeting a termination 
criterion such as a specific objective function value, a fixed 

number of generations γmax or the absence of significant 
improvements will end the ES [4]. 

 
Figure 1. General procedure of the ES according to RECHENBERG [4] 

2. Materials and method 

The hybrid machine tool "MicroDrill" was used for the 
investigations to optimise electrical discharge drilling by use of 
the ES [5]. Applying deionised water as the dielectric for internal 
flushing and a static pulse generator, multi-channel brass 
electrodes with an outer diameter of do = 0.90 mm were used to 
drill through holes in the stainless steel X5CrNi18-1 with a height 
of h = 3 mm. For the target values erosion duration tero and 
linear wear of the tool electrode ΔlE, the discharge duration te, 
the pulse interval time t0, the discharge current ie and the open-
circuit voltage ûi were considered as process parameters to be 
varied. 

Based on the work of STRECKENBACH ET AL. [6], two types of ES, a 
nested (1,4)-ES and a nested (1+4)-ES, with a number of parents 
of μ = 1 and a number of children of λ = 4 for each generation 
were applied for this study. The nested ES-types work according 
to the same principle as the simple ES-types. The step size is 
reduced with progressive evolution, which also reduces the 
search domain from generation to generation. For both types of 
nested ES a generation with four children each is generated by 
the algorithm, then experimentally executed and finally 
evaluated with regard to the erosion duration tero and the linear 
wear of the tool electrode ΔlE. For this purpose, the target value 
erosion duration tero is weighted with 70 % and the linear wear 
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of the tool electrode ΔlE with 30 % respectively. In this way, it is 
possible to calculate quality points qC, according to Equation 1 
and use these for the validation of the ES applied. This process 
is repeated up to and including the fifth generation. 
 

q  = 0.7 ∙ 
   o
   l 

   o
s     + 0.3 ∙ 

∆lE
   l 

∆lE
s     (1) 

 

After the fifth generation, the starting point for the sixth 
generation is determined by selecting the best children out of all 
five previous generations. Furthermore, the step size is reset to 
its initial value. This makes it possible to shift the search range 
and adjust the step size in the direction of a possibly better local 
optimum. From this new starting point, five more generations 
are generated and experimentally executed. 
In the nested (1,4)-ES, the parent vector eroded in the previous 
generation is not taken into account for the selection procedure. 
In the nested (1+4)-ES however, the best child of the previous 
generation, i.e. the parent vector of the current generation is 
checked again and additionally issued with the three generated 
children. Thus outliers can be excluded and hence a search in the 
wrong direction can be prevented. This may result in a 
degradation of the subsequent generations, but it allows the 
algorithm to find further local optima.  

3. Results 

Figure 2 visualises the determined quality points qC after triple 
execution of the nested (1,4)-ES as well as the nested (1+4)-ES 
for the optimisation of electrical discharge drilling. The mean 
value of the first parent with quality points qC = 1 and the mean 
values calculated from the best three children out of all 
generations of the respective strategy types are shown. 

 
Figure 2. Comparison of  

   quality points qC before and after optimisation 
 

The results show that improvements of the quality points qC 
by 10.8 % and 12.8 % could be achieved, using the nested  
(1,4)-ES or the nested (1+4)-ES respectively. It should be noted 
that the target values taken into account via a quality function 
are offset against each other and an improvement of one target 
value compensates for the deterioration of another target value, 
as stated in the introduction. This fact results in the need of a 
differentiated consideration of the respective target  
values, visualised in Figure 3. The mean values of the 
erosion duration tero and the linear wear of the tool electrode ΔlE 
are calculated from the best three offspring of the respective 

strategy types. The values of the first parent are shown for 
comparison. 

 
Figure 3. Comparison of 
   the target values before and after optimisation 
 

Using the nested (1,4)-ES, the erosion duration could be 
reduced by 24 %, from tero = 640 s to tero = 488 s. However, in 
parallel, the linear wear of the tool electrode ΔlE increased by 
19 %, f o  ΔlE = 8.00     o ΔlE = 9.55 mm. With the nested 
(1+4)-ES, the erosion duration was reduced from tero = 640 s to 
tero = 447 s, a reduction of 30 %. As with the nested (1,4)-ES, this 
was accompanied by an increase in the linear wear of the tool 
electrode ΔlE by 28 %, f o  ΔlE = 8.00     o ΔlE = 10.20 mm.  

Although the linear wear of the tool electrode ΔlE has 
increased due to the weighting in the calculation of the 
quality points qC, however within the framework of this 
investigation, it was thus possible to demonstrate that 
optimisation of electrical discharge drilling is possible using the 
nested ES-types. 

4. Summary and Conclusion 

Based on the presented investigations, it could be shown that 
electrical discharge drilling can be optimised using the natural 
analogue algorithm ES. Both algorithms of the nested ES show 
the potential to be used for the optimisation of EDM 
applications in the industry.  

A comparison of the nested (1,4)-ES and the nested (1+4)-ES 
showed that the nested (1+4)-ES results in a slightly better 
process improvement, with reductions of the quality points qC 
by 12.8 % and 10.8 % respectively. This led to a decrease of the 
erosion duration tero by 30 % and 24 % respectively. 

In summary, it can be stated that electrical discharge drilling 
can be optimised using the nested ES. The knowledge gained 
from this investigation forms a basis for further research and 
successful application of the ES for EDM processes. 
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Abstract 
 

Niobium carbide (NbC) is a novel cermet material which is a potential material for cutting tool inserts and moulds as it has an 
excellent combination of hardness (comaparable to WC) and toughness. It is difficult to machine this multiphase material with 
conventional processes due to its high hardness and extreme mechanical properties. Therefore, the machinability of nickel bonded 
NbC cermet was evaluated experimentally with electrochemical micro-milling process, with and without laser assistance. Several 
channels were machined on the samples to study the process behaviour. The machined channels were observed under a confocal 
microscope and scanning electron microscope (SEM) along with analysis of machining current to provide insights on machinability of 
the NbC cermet. It was concluded that NbC can be effectively machined with electrochemical micromachining process. Additionally, 
laser assistance to electrochemical micromachining process enhances the electrochemical dissolution behaviour of the multiphase 
NbC cermet. 
 
Keywords: Electrochemical micromachining, laser-electrochemical machining, hybrid machining, micro-milling.    

 

1. Introduction   

Cermets and cemented carbides are materials with carbides 
dissolved in a metal binder. Titanium (Ti) and tungsten (W) are 
most commonly used elements for metal carbides. The carbide 
particles impart hardness properties to the material and the 
metal binder is responsible for material toughness. This is a 
conflicting set of properties which gives cemented carbides 
numerous applications as the properties can be tailored to the 
required conditions. They are used mostly for cutting tools to 
machine materials with extreme mechanical properties. 
Cemented carbides are also used for heavy duty applications like 
drill bits due to high resistance to wear. Tungsten carbide is one 
of the most widely used cemented carbide. Cobalt (Co) on the 
other hand is the most common metallic binder due to its high 
wettability and solubility of carbide particles [1]. Pure niobium 
carbide (NbC) possesses a higher melting point (3608 oC) than 
WC (2870 oC) and almost half the density (7.8 gm/cm3) of WC 
(15.7 gm/cm3) along with high hardness up to 1960 (HV30). Due 
to these properties, NbC can be used to prepare cemented 
carbides by using less material mass for the same application 
ranges [2]. However, NbC has not been explored frequently as 
the main strengthening carbide phase but only as a grain growth 
inhibitor for WC based cemented carbides [3]. Recent research 
has shown NbC cermets to have similar or even higher wear 
resistance than WC cemented carbides [4] but better toughness 
and thermal shock resistance. Huang et al. [5],[6] recently 
fabricated NbC based cermets with various compositions and 
evaluated the material properties. 

The extreme properties of NbC make it challenging to machine 
using conventional machining processes. Electrochemical 
micromachining (feature size < 2 mm)  (ECM) process can be 
used for machining cemented carbides as this process is 

independent of material hardness. Eletcrochemical dissolution 
behaviour and mechanisms of tungsten carbides [7], [8] were 
reviewed to understand the dissolution behaviour of cermets. 
Since all the metals (Ti, W and Nb) belong to the same transition 
metals group, they should exhibit similar dissolution behaviour. 
It is relatively easier to machine TiC than WC due to lower 
standard electrode potential of Ti (-1.63 V) compared to W (0.1 
V) using ECM. The strong passivation behaviour of WC limits 
ECM performance. WC passivates in sodium nitrate (NaNO3) 
electrolyte and tungsten oxide adheres strongly to the 
workpiece surface which requires addition of a strong solvent, 
like sodium hydroxide (NaOH) in the salt-based electrolyte or 
reversal of the electrode polarities to generate NaOH in aqueous 
electrolytes [7]. Nb metal was also observed to easily passivate 
in alkaline medium [9]. Saxena et al. [10] recently explored 
machining of NbC and WC using ECM with and without laser 
assistance in an aqueous electrolyte solution of 25 g/l NaOH and 
100 g/l NaNO3. The results showed it was possible to machine 
NbC with ECM which exhibited high passivation and the cavity 
surface was more uniform with laser assistance.  

This paper presents the machinability evaluation of NbC based 
cermets using electrochemical micromachinng with and without 
laser assistance. The micro-milled channels were observed 
under a scanning electron microscope (SEM) and confocal 
microscope to analyze the dissolution behaviour. Machining 
current was recorded to compare the effect of laser assistance 
on the kinetics of ECM process. Results show that NbC can be 
machined using ECM and that laser assistance improves the 
dissolution behaviour and enhances electrochemical dissolution 
kinetics for the parameters used in this study. 
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2. Experimentation 
 
2.1. Hybrid laser-electrochemical micromachining setup      

The tool based hybrid laser-electrochemical micromachining 
(LECM) setup developed by Saxena et al. [11] was used for the 
experiments with further hardware upgradation. The setup 
utilizes a tubular tool electrode (stainless steel tube with quartz 
glass capillary inside) of outer diameter 1.2 mm and inner 
diameter 0.35 mm, which can move below the workpiece 
surface. The updated setup shown in Figure 1, primarily consists 
of the LECM prototype, electrolyte flow system and machine 
control console. The LECM prototype itself consists of a 
machining cell, microsecond pulsed DC voltage source, 
nanosecond pulsed green laser delivery system (average power 
30 W, max. pulse energy 180 μJ, max. pulse repetition rate 1500 
kHz), hybrid machining head and a gantry type graphite-based 
machine frame. The hybrid machining head is supported by two 
angular contact ball bearings and can move along the z-axis with 
repeatability of ± 0.2 μm and resolution of 0.1 μm. 

The XY stage (Standa® 8MTL120XY-Planar XY linear stage) uses 
direct drive technology to provide zero backlash motion with 
absolute accuracy of ± 0.5 μm after calibration and repeatability 
of ± 0.15 μm. The setup control is designed to simultaneously 
activate the XY stage and process energies. This is achieved by 
utilizing a LabVIEW® project with the NI® cRIO 9045 controller 
and LUMS software for the XY stage ACS drive. This control 
mechanism allows to machine multiple trajectories with 
accurate pulse control to switch the pulses OFF during non-
machining movements of the XY stage. The hybrid machining 
head was modified to decouple the coaxial laser and electrolyte 
flow through the hollow tool electrode in order to reduce laser 
power loss. The electrolyte is supplied externally through a 
nozzle angled towards the tool electrode tip as shown in  
Figure 1(a), (c). About 23 % laser power loss (measured using 
Ophir® sensor) is observed with tool electrode of 45 mm length 
due to diffuse reflections within the tool because the stainless 
steel reflective surface is not perfectly smooth [10]. This 
attenuation further increases when using longer tool electrodes. 

 
2.2. Samples preparation      

Nickel bonded NbC cermet of composition NbC-12Ni-4Mo2C-
8WC was used for the electrochemical micro-milling 
experiments. The selected composition of nickel content gives a 
good balance of hardness, thermal shock resistance and 
toughness properties [2]. It has a hardness of 1300 (HV30) and 
fracture toughness of 9.2 MPa m1/2 (KIC). The samples were 
initially fabricated in the form of cylinders with complete 
densification through liquid phase sintering. The cylinders were 
cut into 3 mm thick discs using wire-electrical discharge 
machining (EDM). The surfaces of the sample discs were then 
grinded to obtain a smooth surface with a diamond resin 
grinding wheel of shape 1A1, grit size 46 µm and grit 
concentration 100.  

 

2.3. Experimental procedure      
Electrochemical micro-milling experiments were performed 

on NbC samples using the prototype hybrid laser-ECM setup. 
Channels were machined in order to study the process-material 
interaction. An aqueous 200 g/l NaNO3 (conductivity 12.5 S/m at 
16 0C) solution was used as an electrolyte to investigate ECM of 
NbC using an eco-friendly electrolyte and to avoid corrosion of 
precision machine components with electrolytes of higher or 
lower pH. The electrolyte was supplied using a solenoid 
metering pump connected to a flow nozzle with an exit diameter 
of 0.65 mm. The interelectrode gap (IEG) is set through an 
electrical touch mechanism. Several pilot-experiments were 
conducted to select a set of parameters as shown in Table 1. 
Three parallel channels of 8 mm length and 5 mm apart were 
machined for each machining condition namely, ECM and LECM. 
Experiments were done without tool rotation to minimize the 
influence of a variable (20 – 30) µm tool runout in order to 
achieve good repeatability of results. For laser assistance, the 
laser pulse energy was set to a low value of 8 µJ to prevent 
boiling of the electrolyte and material removal through laser 
ablation. The samples were cleaned in an ultrasonic bath of DI 
water (8 MΩ cm) for 20 mins after machining. The samples were 
weighed on a micro-balance from Mettler Toledo® XS105 with a 
readability of 10 µg and repeatability of 20 µg to calculate the 
material removal rate  (MRR). Keyence® digital microscope was 
used to inspect the surface of the channels. SEM from Philips® 
XL30 FEG along with energy dispersive x-ray spectroscopy (EDX) 
was used to analyse the channels to understand the dissolution 
behaviour. The machining current was  measured using a current 
acquisition module NI-9223 with a sample rate of 1 MHz. 

 

 
Figure 2: a) ECM and b) LECM  

 
Table 1: Machining Parameters 

Parameter Value 

Voltage 30 V 

Electrolyte flow rate 0.75 ml/min 

IEG 100 µm 

Voltage pulse duty cycle 50 % 

Voltage pulse width 10 µs 

Milling feed rate 100 µm/s 

Laser pulse energy 8 µJ 

Laser pulse repetition rate 600 kHz,  

Laser pulse width 10 ns 

Figure 1: a) LECM process schematic, b) LECM experimental setup and c) Close-up of machining head 
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3. Results      

3.1. Analysis of machined channels     
The cleaned samples were first viewed under a Keyence® 

confocal microscope which revealed three distinct machining 
regions as shown in Figure 3(a), (b). The different regions exist 
due to the current density distribution along the width of the 
channel. The tool-electrode localizes the current density within 
the machining zone (of the order of tool-diameter) through the 
least resistance path for the flow of current in IEG. As the 
direction of electrolyte flow is inclined with respect to the 
machining zone to improve flushing of reaction by-products, it 
also distorts the current density distribution giving rise to the 
different machining regions [12], [13]. The channel surfaces 
were observed using SEM (as shown in Figure 3). The surface of 
region 1 is the primary machining region directly under the 
electrode which has a more uniform surface compared to the 
other regions due to the highest current density in this region. 
The edge of region 1 is quite distinct owing to the localization 
effect due to passivation in NaNO3 electrolyte. The passivating 
layer on the channel walls restricts stray machining as the 
current is not strong enough to penetrate the layer along the 
width direction. As the channel width increases, the current 
density gradually decreases until it becomes too weak to 
effectively machine the material causing surface pitting which is 
the characteristic of region 2. Region 2 is much wider along the 
electrolyte flow direction which is expected due to directional 
flushing. Region 3 is merely surface passivation. 

 

 
Figure 4: SEM 3500x magnification image and EDX, a) ECM and b) LECM 

Comparison between the machined channels shows that 
region 1 (W1) is much wider and region of stray machining 
(region 2) (W2) is narrower in channel machined with LECM. The 
laser beam heats up the local electrolyte and workpiece surface 
increasing the electrolyte conductivity. This improves the 
reaction kinetics and transfer of current which escalates the 
material dissolution. The laser focus in the frontal gap weakens 
the passive layer in the depth direction  and also facilitates trans-
passive dissolution along the channel walls. For the channels in 
Figure 3(a),(b), region 2 width of channel machined with LECM 
decreased by 48.6 % (176.6 µm) as compared with region 2 
width (343.4 µm) of channel machined with only ECM. For 
channel machined with LECM, region 1 width (2093.3 µm) 
increased by 30.3% as compared to region 1 width (1606.8 µm) 
of ECMed channel. Therefore, the channel width can be 
controlled more accurately with LECM due to reduction in stray 
machining. With LECM, average channel depth  
(131.62 µm ± 5.04 ) (distance between highest point and 
deepest point of channel) increased by 16.13 % as compared to 
channel depth (113.34 µm ± 32.69) with only ECM. The lower 
standard deviation with laser assistance signifies that material 
dissolves more uniformly and the process is more stable (for the 
set of parameters) than only ECM. Figure 3(c), (e) (ECM) and 
Figure 3(d), (f) (LECM) depict the central channel regions, 
showing that the material dissolution occurs in the form of 
dissolution pits. Also, the pits in the channels machined with 
LECM are much wider as compared to ECM alone. As the NbC 
cermet is a multiphase material, the different metal phases do 
not dissolve simultaneously due to difference in their standard 
electrode potentials [14]. The more reactive Nb and Ni contents 
are dissolved first. The non-conductive carbides fall out when 
the surrounding metal phases are dissolved. The pits are visibly 
wider with LECM due to the temperature induced increase in 
local current density which escalates the material dissolution. 
This is confirmed by the EDX results in Figure 4. The low 
percentage composition Mo2C appears to have been completely 
removed in both machining conditions. The  3.29 wt.% decrease 
in Nb content with LECM is followed by an almost equal increase 
of 2.58 wt.% in W content. This indicates that the increase in 
current density increases Nb dissolution but it is possibly not 
high enough to enhance dissolution of the W content. The more 
uniform surface of the ridge (rich in oxides (passivation) and less 
reactive metal phases) with LECM indicates the existence of 

Figure 3: Confocal images [a) ECM and b) LECM], SEM images [c) ECM 50x, d) LECM 50x, e) ECM 1000x and f) LECM 1000x]. 

W1 
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trans-passive material removal due to heat induced conductivity 
increase which facilitates penetration of the passive layer. 

The machined samples after cleaning were measured to 
observe the mass difference on a micro-scale to calculate the 
average MRR of all three channels for each machining condition. 
The average MRR was calculated by dividing the mass difference 
by the time needed to machine all three channels (240 s). 
Average MRR with LECM (0.15 mg) increased by 34.5 % when 
compared with only ECM (0.11 mg). This is due to the 
accelerated dissolution of NbC cermet with heat induced rise in 
local current density with LECM process. 

 
3.2. Current measurements      

The machining current was recorded throughout the channel 
machining at an acquisition rate of 1 MHz and logging rate of  
1 Hz as the objective here is to compare the average current 
values and not instantaneous values. As a micro-second pulsed 
voltage source is used for ECM, Figure 5 shows the peak and root 
mean square (RMS) currents measured during the 
electrochemical micro-milling process. The increase in both the 
average peak (11.7 %) and average RMS (12.5 %) current values 
with LECM process validates the analogy that current density 
increases due to the heat by the laser beam which subsequently 
enhances dissolution rate of the NbC cermet. Another key 
observation is the curve fitted to the measured values clearly 
shows that the current fluctuation is much higher in ECM as 
compared to LECM. The current trend is almost straight in the 
case of LECM. This shows that the current during machining of 
channels with LECM fluctuates less in comparison with only 
ECM. Which implies that LECM is a more stable process for the 
selected experimentation parameters. Hence, LECM can 
machine multiphase NbC cermet more uniformly and is less 
affected by passivation and conductivity of different metal 
phases. When using solely ECM process, the machinig current 
fluctuates more because the process cannot penetrate the 
passive layer or dissolve less reactive metal phases, which 
decreases the current values when the machining zone becomes 
rich with these contents after the more reactive metal phases 
are dissolved.  

 
Figure 5: Measured machining current trends 

4. Conclusion      

The evaluation of machinability of NbC cermet using ECM with 
and without laser assistance is presented in this paper. 
Experimental investigations were done to study dissolution 
behaviour of the NbC cermet and to compare the process 
performance of ECM and LECM. Results indicate that the NbC 
cermet can be machined effectively with ECM. Comparative 
studies revealed that channels machined with LECM process had 
a more uniform surface, less stray machining, higher MRR and 

higher machining currents for the set of experimentation 
parameters due to increase in local current densities with laser 
assistance. The results achieved in this preliminary study of NbC 
machinability with ECM and LECM provide a basis to carry out 
more detailed experimental investigations of NbC machining 
using more parameter combinations and different machining 
conditions. 
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Abstract 

The proposed extended abstract describes strategies to control the contact force between a moving end effector and a highly 
dynamic environment with only partially known characteristics. The control strategies will be applied to two distinct applications in 
the field of biological sensing and machine tools, which are characterised by different force amplitudes (i.e. from mN to kN), control 
accuracy, and dynamic environment. For both strategies, the force is impaired through a linear voice-coil actuator with moving part 
guided with flexible blades that is operated in closed-loop force control fashion. Two distinct approaches for closed-loop control 
synthesis will be presented. The first method relies on classical LQR state-feedback with a force estimator. The second method is 
based on a frequency-domain design through the definition of 𝐻∞ performance constraints of the closed-loop sensitivity function. 
Additionally, a practical bumpless position-to-force control switching will be presented. 

Force, Feedback control, Flexible blade, Mechatronics, Actuator, Voice-coil, 𝐻∞. 

 

1. Introduction 

Research on closed-loop force control has prospered in the past 
decades with multiple successful applications especially in the 
field of robotics, where the purpose is to control the interaction 
of an end effector with the environment. Relevant examples 
include telemedicine, haptics feedback, robot manipulation, 
with several practical tasks include polishing, deburring, 
machining, or assembly. Nevertheless, pure position control is 
predominant and systems aiming to control force and position, 
as well as their switching, are less common. In the presented 
work, two distinct approaches for closed-loop control synthesis 
will be introduced for two different systems which are 
characterised by different force amplitudes (i.e. from mN to kN), 
control accuracy, and dynamic environment. Bumpless 
controller switching is usually implemented to avoid bumps for 
the open to closed loop transition and are usually related to PID 
controllers [1], while implementation for higher order 
controllers are missing. Firstly a description of the systems is 
given in section 2. To underline the similar architecture despite 
the difference in scale and output force ranges, an only block 
diagram will be used to describe both the systems. Successively, 
sections 3 and 4 describe the control strategies implemented on 
each systems as well as the main results achieved. Section 5 
presents the implementation details allowing to achieve the 
bumpless force-to-position (and viceversa) controller switching 
for PID like controllers and for higher order (> 5) controllers. 

2. Systems description      

Both the systems are based on a similar architecture in which 
the force or position of the end effector is controlled using a 
Voice Coil Actuator (VCA) which is guided using a simple 
parallelogram flexure mechanism (Figure 1). Nevertheless, the 
scale of the two systems is largely different (Table 1). 
 

Table 1: Main parameters of systems under study. 
 

 SYSTEM #1 SYSTEM #2  

m1 0.011 120 (kg) 

m2 N.A. 15 (kg) 

m3 ≈ 0.1 2 (kg) 

Kflex 0.556 140 (N/mm) 

KVCA 4.42 124.7 (N/A) 

Continuous VCA 
Force 

1 500 (N) 

Peak VCA Force 1 1860 (N) 

 
Figure 1. Mass-damper-spring-model to represent the both systems 
(pictures of real systems unavailable due to confidentiality agreement). 
 

No force sensor is present in system #1, thus masses m1 and m2 
appears as single m1 mass. The VCA is a custom built unit by 
CSEM, its position measurement relies on a miniature inductive 
encoder from POSIC. The electronics used for testing is a dSPACE 
microlabbox and a custom built power amplifier. 
System #2 is an appendix of a more complex tooling workstation. 
The VCA is a BEI-Kimco LA50-65-000 driven by a LCAM-5/15 
Linear Amplifier from H2W. A force sensor used is a Kistler 
9046C4 dynamometer kit including 4 triaxial ring force 
transducers. An Eddy’s current sensor EddyNCDT3010 from 
Micro-Epsilon is used for VCA position measurement. 
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3. System #1: Force control using force estimator 

The apparatus described under system #1 is used to apply 
precise and small forces. The small size, low forces and price 
constraints on the final application prevented the use of a force 
sensor. The system has two operating modes and force 
application. Hereunder a typical operational sequence:  

1) Approach: non contact and position control 
2) Contact: estimation of  external forces to reach a threshold 
3) Braking to zero speed 
4) Applying a force trajectory. 

In order to achieve this behaviour the system needs: 

▪ Position controller 
▪ A force estimator 
▪ A force controller 

Positon control is based on a LQR regulator [3] with the following 
system states, position, speed (estimated), current, integral of 
position error. A non linear feedforward is added to improve the 
braking time and to limit the force overshoot just after contact. 
Contact is defined with a threshold on the external force, the 
latter being estimated as the difference between the VCA force 
and the spring force from the flexure blade (𝐹𝑘𝑠), optionally a 
term accounting for inertial forces can be added. The strategy 
used to control the force is based on computing the required 
current to apply the desired forces. The required current is: 

𝑖𝑟𝑒𝑓(𝑥, 𝐹𝑟𝑒𝑓) =
𝐹𝑟𝑒𝑓 + 𝐹𝑘𝑠(𝑥)

𝐾𝑚(𝑥)
 

A digital loop is used to compute the required voltage to obtain 
the said current. 

𝑈 = (𝐾𝑝 +
𝐾𝑖

𝑧 − 1
) ⋅ (𝑖 − 𝑖𝑟𝑒𝑓) 

Where  𝐾𝑖, 𝐾𝑝 are calculated to achieve a 200 Hz bandwidth. 
Note that the sampling time of the current loop is set to 5 kHz. 
The openloop bode plot of the full system in contact with a 
surface is depicted in Figure 2. Contact surface is particularly soft 
with stiffnesses ranging from 30 N/m up to 600 N/m. The current 
bandwith is set to 200 Hz but the complete system bandwidth is 
lower due to the surface interactions (see Figure 3). The main 
challenge in this application is the calibration of  𝐹𝑘𝑠 and 𝐾𝑚(𝑥) 
motor constant versus position. Moreover to have accurate 
force, the flexure stage has to be free from bi-stable behaviour 
and hysteresis. 

3.1. Results  

The system developed is able to maintain a force on a soft 
surface with an accuracy of about ± 5mN, without any force 
sensor. 

 
Figure 2. Open loop of current controller, system and surface 

interaction, for diverse surfaces stiffnesses. 

Closing the loop lead to the step responses depicted in Figure 3. 

 
Figure 3. Step response of current controller, system and surface 

interaction, for diverse surfaces stiffnesses. 

4. System #2: Force control using 𝑯∞ 

As already introduced, system #2 can be seen as a sub-system 
embedded in a more complex machine composed of different 
sub-systems. This means that the operations performed by the 
other machine subsystems are seen by system #2 as induced 
perturbations on the quantity to be controlled, i.e. on the tool 
tip. Consequently, the two main functions 2dentify2hed 

1. Position control: put in contact (or detach) the system end-
effector to the part to be machined 

2. Force control: ensure the reference force traking as well as  
the rejection of the induced perturbations during the most 
critical operating phases. 

The machine process is such that the mechanical properties of 
end-effector varies during operation. In such case, applying 
classical model-based system description for controller 
synthesis covering the whole operating scenario is rather 
difficult. Moreover, closed-loop system identification is required 
to define system variations during operation. Consequently, 
data-driven controller synthesis method is more suitable [4]. In 
particular, an 𝐻∞ design approach is used. Initially a controller is 
designed using Open-Loop (OL) identification data. Successively 
Closed Loop (CL) identification data are used for controller 
design refinement for optimal perturbation rejection.   

4.1. Open loop identification and initial controller design 

External perturbations can be either induced by other machine 
subsystems either unmodelled dynamics. 

 
Figure 4. Basic feedback control scheme. 

The perturbations 𝑑(𝑡) acting on the output can be defined as 

(a) 𝑑(𝑡) = 𝑦𝑚𝑒𝑎𝑠(𝑡) − 𝑦𝑒𝑠𝑡(𝑡) = 𝑦𝑚𝑒𝑎𝑠(𝑡) − �̂�(𝑠) ⋅ 𝑢(𝑡)  

Where 𝑢(𝑡) is the VCA current and 𝑦𝑚𝑒𝑎𝑠(𝑡) is the contact force 

and �̂�(𝑠) is the plant model identified in OL (Figure 5).  
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Figure 5. Transfer fuction from VCA current to 𝑭𝒛. 

The controller 𝐾(𝑠) is designed using the Frequency-Domain 
Robust Control (FDRC) Toolbox from EPFL [4] so that the 
sensitivity function 𝑆(𝑠) satisfies the following 𝐻∞ criterion  

(a) ‖𝑊1(𝑗𝜔)𝑆(𝑗𝜔)‖∞ < 1 ↔ |𝑆(𝑗𝜔)| < |𝑊1(𝑗𝜔)|
−1, ∀𝜔 (2) 

The weighting function 𝑊1
−1(𝑠) is designed as a mask to 

attenuate eventual perturbations in the frequency range below 
100 Hz by 13dB, while allowing 𝑆(𝑠) to rise to values up to 6 dB 
starting from the frequency of 100 Hz. 

 
Figure 6. The weighting function 𝑾𝟏

−𝟏(𝒔) (dashed line) and the 𝑺(𝒔) 
obtained with the initially designed controller. 

The main constraints for the controller design are the presence 
of an integrator and the controller order, which is limited to 5. 

4.2. Closed Loop Identification and Iterative Controller Design 

CL identification based on spectral analysis is performed when 
normal machine operation regime is achieved, i.e. when steady 
state is achieved. If the length of each pass is too short and it  
prevent the gathering of enough data to correctly 3dentify the 
system, a transfer function is determined for each pass., the 
identified transfer functions are averaged with the aim to reduce 
the variability due to noise measurements. Figure 7 depicts the 
transfer functions identified for the same load but for different 
operating conditions of the external sub-system (for example 
different machining speeds). The speed dependence is clearly 
visible, causing a shift of the characteristic, at least for what 
concerns frequency range [10-110] Hz, to the left. 

The first step for the controller synthesis is to define the 
perturbations 𝑑(𝑡) on the output for each newly determined 

�̂�(𝑠). After having defined the main frequency content of the 
force Fz(t) obtained with the initial controller, new constraints 
on the sensitivity function can be defined to reduce their 
influence on some specific frequency range.  

 

Figure 7. Transfer function identified in CL for a load for a same load. 

4.3. Results 

After having observed the frequency distribution of the force 

with the initial controller, the 𝑊1
−1(𝑠) displayed in Figure 8b 

(dashed line) has been designed to attenuate the interested 
frequencies, below 100 Hz and above 1 kHz. The constraint on 
the controller order is relaxed and a controller with order 20 has 
been found to satisfy the 𝐻∞ criterion for this particular case. 

 
(a) (b) 

Figure 8. (a) Comparison of the Fz spectra obtained with the initial 
controller and the refined controller. (b) Comparison of the sensitivity 
functions of the two controllers. 

5. Bumpless position-to-force control switching  

Both mechanical systems has to switch between OL, position 
and force control. Two possible solutions to implement 
bumpless controller switching are presented here, one for each 
system. In both cases the requirement essentially comes down 
to initalising the controller “memory” correctly so the outputs of 
the 2 controllers at switching time 𝑡∗ match. 

A. System 1: 

For the first system a switch between a PI force controller and 
an LQR position controller is required: the integrator of the 
inactive controller is initalised by reverse computation. The 
force PI controller is written as 

𝑢(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝐾𝑖
𝑇𝑠

𝑧 − 1
𝑒(𝑡) 

Where 𝑢 is the controller output, 𝑒 its input (error), 𝑇𝑠 the 
sampling time and 𝐾𝑃 , 𝐾𝑖 the PI gains. When switching from 
position (or open loop) to force, the I term is initialized to the 
current measured output 𝑢(𝑡) minus the proportional term 

𝐼0 = 𝑢𝑚𝑒𝑎𝑠(𝑡) − 𝐾𝑃𝑒(𝑡) → 𝑢(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝐼0 = 𝑢𝑚𝑒𝑎𝑠(𝑡). 

For position control, an LQR is used with the estimated states 
being the position, speed and current of the actuator 

𝑢(𝑡) = 𝐾𝑖
𝑇𝑠

𝑧 − 1
𝑒(𝑡) − [𝐾1 𝐾2 𝐾3] [

𝑝(𝑡)

𝑣(𝑡)
𝑖(𝑡)

] 
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Where 𝐾1, 𝐾2, 𝐾3 are the LQR gains and 𝑝, 𝑣, 𝑖 are the position, 
speed and current making out the system state vector. Similarly, 
when switching to position control, the integrator is initialized 
to the current output minus the LQR term. 

𝐼0 = 𝑢𝑚𝑒𝑎𝑠(𝑡) + [𝐾1 𝐾2 𝐾3] [

𝑝(𝑡)

𝑣(𝑡)
𝑖(𝑡)

] 

This scheme has the advantage of working independent of the 
system being in steady-state. 

B. System 2: 

For the second system switching is between a PID position 
controller and a 𝐻∞ force controller. Both controllers are 
implemented with a difference equation intrinsically providing 
bumpless switching if the correct controller inputs are used. 

Given 𝑢(𝑡) =
𝑏0+𝑏1𝑞

−1+𝑏2𝑞
−2+⋯+𝑏𝑛𝐵𝑞

−𝑛𝐵

1+𝑎1𝑞
−1+𝑎2𝑞

−2+⋯+𝑎𝑛𝐴𝑞
−𝑛𝐴

𝑒(𝑡) where 𝑢 is the 

controller output, 𝑒 its input (error) and 𝑏𝑛 , 𝑎𝑛 its numerator and 
denominator coefficients respectively, which is  

𝐴(𝑞−1)𝑢(𝑡) = 𝐵(𝑞1)𝑒(𝑡). 

If we pose  

Position:  𝐴𝑃(𝑞
−1)𝑢𝑃(𝑡) = 𝐵𝑃(𝑞

1)[𝑟𝑝(𝑡) − 𝑦𝑃(𝑡)] 

Force:  𝐴𝐹(𝑞
−1)𝑢𝐹(𝑡) = 𝐵𝐹(𝑞

1)[𝑟𝐹(𝑡) − 𝑦𝐹(𝑡)] 

then when one controller is in use, the reference is replaced by 
the current measurement, i.e. 𝑟(𝑡) = 𝑦(𝑡), and the computed 
force controller outputs by the measured position controller 
outputs, i.e. 𝑢𝐹(𝑡 − 𝑛) = 𝑢𝑃(𝑡 − 𝑛). Thus, when in position 
control and steady-state, we get 

𝑟𝑃(𝑡) = 𝑦𝑃(𝑡) → 𝐴𝑃(𝑞
−1)𝑢𝑃(𝑡) = 0 

Due to the integrator and steady-state, we know that 

∑𝑎𝑖𝑝

𝑛𝐴𝑝

𝑖=0

= 0 and 1 = −𝑎1𝑝 − 𝑎2𝑝 −⋯− 𝑎𝑛𝐴𝑝 

And similarly for the force controller 

𝐴𝐹(𝑞
−1)𝑢𝐹(𝑡) = 0 

1 = −𝑎1𝐹 − 𝑎2𝐹 −⋯− 𝑎𝑛𝐴𝐹  

𝑢𝐹(𝑡) = [−𝑎1𝐹𝑞
−1 − 𝑎2𝐹𝑞

−2 −⋯− 𝑎𝑛𝐴𝐹𝑞
−𝑛𝐴𝐹]𝑢𝐹(𝑡) 

Replacing past 𝑢𝐹(𝑡) by past 𝑢𝑃(𝑡) it follows that 

𝑢𝐹(𝑡) = 𝑢𝑃(𝑡) 

So, both controller ouputs at time 𝑡∗, in steady-state, are equal. 

5.1. Results 

Figures 9 to 11 provides evidences of the quality of the bumpless 
position → force → position transition achieved. 

 
Figure 9. System 1 controller transitions. 

 
Figure 10. System 2 controller transitions. 

 
Figure 11. System 2 zoom on switching zones. 

6. Conclusions  

In the presented work two different approaches for force 
controller synthesis have been discussed, in relation to two 
different mechanical systems, both of them based on the 
moving stage architecture VCA+Flexure. The preferred solutions 
implemented to overcome the two main challenges, i.e. force 
estimation for System #1 and perturbation rejection for System 
#2, have been detailly presented with results assessing the 
validity of the approaches. Last, but not least, two methods to 
achieve bumpless switching from position to force control and 
vice-versa have been presented for classical LQR controller and 
less common high order 𝐻∞ controllers, one for each system, 
and demonstrated to be effective. 
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Abstract 

Rehabilitating patients with upper limb poststroke paresis is a difficult challenge for both therapists and patients. In fact, to be as 
effective as possible and enable long-term restoration of arm’s motoric function, therapy must be introduced early and combined 
with frequent rehabilitation sessions. Active rehabilitation devices are establishing themselves as a likely solution, as they not only 
provide highly repetitive movements enabling to reinforce the connections between the visual and the motion sensory systems, but 
also allow alleviating the workload of physiotherapists. The conceived design configuration of an upper limb rehabilitation device, 
comprising 14 degrees of freedom, of which 8 are active, is thoroughly analysed in this work. The ranges of motion are validated 
against human arm movements using functional model representations. The sensors and their approximate positioning are 
considered as well. An in-depth analysis and characterization of the kinematic performances of the device is performed by using the 
Denavit-Hartenberg parameters. The simplified model of the rehabilitation device, and the resulting kinematic tree, are then 
implemented in the robotic operating system, enabling the simulation of its behaviour. The compatibility of the device for the 
rehabilitation of daily life activities is also validated by using a workspace analysis based on the functional representation of the arm. 
 
Upper limb rehabilitation, mechatronics device, kinematic analysis, workspace validation, ROS implementation 

 

1. Introduction 

Strokes, typically caused by obstructing or rupturing blood 
vessel, are one of the major causes of impaired brain areas 
related to fine upper limb movements. The recovery of the 
patients is conditioned by the severity of stroke, the related 
brain injury, patients’ age, as well as the volume and timing of 
the rehabilitation process [1]. Using active devices in the reha-
bilitation process, especially considering earlier therapy intro-
duction, critical for positive outcomes, as well as of the ability to 
provide a large number of intense movements, tailored individ-
ually to each patient, enhances considerably rehabilitation 
quality. In fact, the available body of evidence proves that 
autonomous exercise, combined with dynamical repetitive task-
oriented training, is a promising and efficient rehabilitation 
modality [2], as it allows reinforcing the connections between 
the visual and the motor sensory systems. Proper interactions 
between the patient and the rehabilitation device are then of 
utmost importance for successful rehabilitation. Upper limb 
active rehabilitation devices are usually classified in two groups: 
wearable exoskeletons, which provide support and assistance in 
motion control of the entire arm, and end-effector devices, that 
are used in controlling the trajectory of the hand only. An inno-
vative exoskeleton-type device, whose basic concept was previ-
ously proposed [3], is hence elaborated in detail in this work. To 
define the respective functional and technical requirements, 
which is an essential step in modelling its interactions with the 
patient, in the whole design process a functional model of the 
human arm is used, hence enabling a credible representation of 
the rehabilitation device. By using a 15 degrees of freedom 
(DOFs) biomechanical model of the arm based on experimental 
data developed in [4], which includes an accurate representa-
tion of muscles and joints, an optimization of the mechanical 
design and of the control subsystem is enabled as well. This 

enables simulating and testing several feasible device variants. 
The aim of this work is, therefore, to validate the proposed 

design concept of an upper limb rehabilitation device in terms of 
the necessary number, placement and alignment of the DOFs 
and of the patient-device interfaces. An in-depth kinematic 
analysis of the device is also performed via simulations and 
studies enabled by implementing its model in the robot 
operating system (ROS). Some associated prototyping 
undertakings are described as well. 

2. Design of an innovative rehabilitation device and peripherals 

The model of the conceived innovative rehabilitation device, 
fitted to the functional representation of the human arm, is 
shown in Fig. 1. The model of the device is implemented in the 
open source 3D creation suite Blender in combination with the 
Robot Designer add-on, developed as part of the Neurorobotics 
platform (NRP) that allows blending the brain, body and robot 
models with their environment [5]. The patient-device interac-
tion is achieved herein along the shoulder-elbow-wrist-hand 
interaction chain. The devised rehabilitation device itself com-
prises rigid girders, coloured in blue, mutually connected by 
joints enabling relative movements between them, each corre-
sponding to one DOF. Two different joint types are used: pris-
matic joints enabling linear, and revolute joints permitting rota-
tional motions. The joints can then be active (actuated) or pas-
sive. The combination of the diverse joint types allows attaining 
the following functional variants: the revolute active (RA), the 
revolute passive (RP), and the prismatic passive (PP) joint sets. 
 

2.1. Rehabilitation capability and patient-device interactions of 

the designed device 

The key steps in designing a smooth and functional rehabilita-
tion device, is aligning the complex human joints to the revolute 
robotic joints, and compensating the misalignments between 
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the rigid exoskeleton girders and the soft human tissue. Since 
one revolute joint cannot entirely capture the complex motion 
patterns of the corresponding human joint, nor the joint coupling 
effects, the number of revolute joints has to be increased, 
resulting in bulky and expensive devices. In the herein employed 
conformation, a 15 DOFs skeletal model of the human upper 
extremity (UE), with the functional joint kinematics devised in 
[4], is then used (Fig. 1). The UE model incorporates 3 DOFs for 
the shoulder kinematics (elevation plane and angle, and 
shoulder rotation), 1 DOF for the elbow (flexion), 3 DOFs for the 
wrist (forearm rotation, flexion and deviation), a well as 4 DOFs 
for the index finger and 4 DOFs for the thumb. The coupling 
among the joints is considered, while the ball-and-socket joint is 
used to represent the articulation between the scapula and the 
humerus. What is more, regression equations are used to define 
the shoulder girdle movement. The used bones’ dimensions are, 
in turn, based on the typical 50th percentile male setup. 
 

 

Figure 1. Model of the device fitted to functional arm representation. 
 

To design a self-aligning device [6], minimize the number of 
active DOFs, expand the ranges of motion (ROMs), and enable 
smooth movements, the introduction of additional PP joints for 
misalignment compensation is mandatory. The conceived inno-
vative device comprises thus 14 joints (i.e., 14 DOFs), of which 8 
are active, while 6 are passive. Every actuator (depicted in Fig. 1 
in black) drives then one RA joint, with the respective axes of 
revolution (represented by dashed lines) positioned so as to 
enable the rotary motion of the human joints. Preliminary in-
house measurements on differently aged human subjects, 
allows establishing that in activities of daily life (ADLs) the output 
velocity of the actuators should be in the 1 rad/s range, 
providing an important boundary condition for their dimension-
ing. The whole device is then fixed to a strong base that supports 
its weight, while it is connected to the arm via three interfaces. 

The different joint types used in the proposed rehabilitation 
device, with the respectively used designating numbers, are thus 
specified in the first two columns of table 1. The main assisted 
UE motions related to each joint are outlined in the third 
column, bearing in mind that for certain UE motions more than 
one joint are employed. As depicted in Fig. 1, two grey PP joints 

(PP1 and PP2) are fixed here at the interface to the base, enabling 
the compensation of the lateral and the posterior/anterior 
translations of the shoulder girdle. Three RA joints (RA3, RA4 and 
RA5) enable, in turn, the shoulder protraction/retraction, 
abduction/adduction and flexion/extension motions. Joint PP6 
compensates the linear misalignments that may occur between 
the upper arm interface and the arm itself. Joint RA7 allows the 
internal/external rotation of the shoulder, while joint RA8 
enables the flexion/extension of the elbow. Joint PP9 is used to 
compensate the misalignments between the elbow and the 
wrist axes, while the revolute joints RA10, RA11 and RA12 allow 
the forearm pronation/supination, the flexion/extension of the 
wrist and the radial/ulnar deviation. The compliant RP13 joint is 
the only used revolute passive joint, and is used, together with 
PP14, to compensate the misalignments between the joint RA12, 
assisting in the radial/ulnar deviation, and the hand interface. 

To define the ROMs of the device and compare them to the 
factual arm’s ROMs, the neutral position (i.e., baseline) needs to 
be defined first. The neutral position of the arm, illustrated in 
Fig. 1, is set when the humerus is parallel to the thorax vertical 
axis, the elbow is fully extended, the forearm and the hand lie in 
the sagittal plane, while the third metacarpal of the wrist is 
aligned with the longest axis of the forearm [4]. The limits of the 
angular and linear ROMs of the devised rehabilitation device 
(listed in table 1 in the 4th and 5th column), and of the arm (6th 
and 7th column in table 1), are then calculated relative to this 
baseline. It can hence be deduced that the designed device 
allows attaining a suitable assistance for most of the upper arm 
motions, as well as compensating unintentional translations and 
interface misalignments. The design of the device induces, 
however, some motion constraints in the shoulder overhead 
motions, i.e., in the abduction/adduction and the flexion/ 
extension ROMs, where ~ 60° would additionally be needed, 
providing hence room for future improvements. Given the 
foreseen position of the RA12 actuator, a motion “deficit” of 
about 15° appears also in the flexion/extension of the wrist. 
Employing a different motion transmission element between 
this actuator and the link, could enable to position it differently, 
thus permitting the utilization of the whole ROM of the wrist. 

As for the mentioned three arm-device interfaces, the first one 
is fixed to the upper arm for the shoulder interactions, the 
second is used for the forearm interactions, while the third is 
aimed at the hand interactions (cf. Fig. 1). The upper arm and 
forearm interfaces are then designed as straps for fastening the 
device to the arm, concurrently serving as the ideal place for the 
placement of the force and torque sensors supporting the 
foreseen flexibility of the control. Using an ergonomic approach, 
and taking into account the often-occurring hand spasticity [7], 
the hand interface is, in turn, designed as a 5 DOFs spring device 
that can be easily grasped. This tree-part component 
encompasses a base, a rear part designed for thumb placement, 
which is connected to the base via three springs, and a front part 
with segments used for the placement and the rehabilitation of 
each of the remaining fingers. The tension of each of the used 
springs can be adjusted here to accommodate different grasping 
strengths. Such a configuration can be used to rehabilitate the 
ADLs such as pinching and grasping. 
 

2.2. Control, adaptability and safety requirements 

Following and intertwining with the mechanical design, the 
control sub-system of the rehabilitation device must also be 
addressed. As the respective design criterion, the challenging 
adaptive assistance, where the patient is encouraged to 
contribute to the performed movement as much as possible, 
while the rehabilitation device provides minimal assistance, is 
thus selected. The device should also allow memorising the 
session-to-session recovery model and adapt it to the recovery 
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dynamics of each patient. To meet such requirements, an 
adaptive control approach, relying on decision making based on 
numerous sensors’ measurements, must be incorporated in the 
design. To enable the sensing of patient’s muscle activity, and 
acting upon it, two wireless surface electromyography (EMG) 
sensors will hence be used, one on patient’s upper arm and the 
other on his forearm. To allow an accurate determination of 
arm’s position and orientation, the EMG sensors will additionally 

be integrated with an altimeter and a multi-DOFs inertial 
measurement units (IMU) comprising an accelerometer, a 
gyroscope and a magnetometer. Initial tests with an EMG/IMU 
Shimmer3 integrated device, coupled to the Consensys 
interfacing software [8], prove that such a configuration is fully 
compatible to the foreseen application. The thus envisioned 
mounting positions of such sensing units is depicted in Fig. 1. 

Table 1. Definition of the used joints, of the rehabilitation device and upper extremity ROMs, and of the DH kinematic parameters of the device. 

Joint 
i 

Type Enabled UE motion or compensation 
Device ROMs UE ROMs [4, 9] DH kinematic parameters 

Min. Max. Min. Max. �i/° �i/° ri/cm di/cm 
0 Fixed Base - - - - - - - - 
1 PP Compensates SH girdle lateral translations - 5 cm 5 cm - - 0 90 36.68 31.40 
2 PP Compensates SH girdle anterior/posterior translations - 5 cm 5 cm - 0.29 cm 0.62 cm - 90 - 90 5.69 d2 
3 RA SH girdle protraction/retraction - 120° 120° - 15° 20° - 90 90 0 d3 
4 RA SH abduction/adduction - 90° 120° 0° 180° �4 90 14.72 3.83 

5 RA SH flexion/extension - 90° 120° - 60° 180° �5 - 90 - 90 15.09 0 

6 PP Compensates SH interface misalignments - 5 cm 5 cm - - �6 - 90 - 90 0 - 3.67 

7 RA SH internal/external rotation - 120° 120° - 20° 90° 90 0 9.14 
d7 + 

17.18 
8 RA EL flexion/extension - 10° 150° 0° 130° �8 + 90 - 90 0 12.22 

9 PP Compensates EL-WR misalignments - 2.5 cm 2.5 cm - - �9 - 90 6.4 - 4.31 

10 RA FA pronation/supination - 110° 110° - 90° 90° 180 0 9.46 d10 
11 RA WR flexion/extension - 55° 120° - 70° 70° �11 + 90 90 7.63 10.31 

12 RA Radial/ulnar deviation - 30° 60° - 25° 10° �12 - 90 - 90 0 6.24 

13 RP Compensates WR-HD misalignments - 5° 5° - - �13 + 180 0 3.73 0 

14 PP Compensates WR-HD misalignments - 2.5 cm 2.5 cm - - �14 + 90 90 0 0 

15 Fixed HD interaction - - - - 0 0 10.49 d15 

PP: prismatic passive, RA: revolute active, RP: revolute passive, UE: upper extremity, SH: shoulder, EL: elbow, FA: forearm, HD: hand, WR: wrist. 
 

In order to enable the rehabilitation of the majority of stroke 
patients, it is necessary to equip the conceived device with 
several variable length links. The respective girders are hence 
configured to be adjustable to each patient. The most important 
factor in dimensioning the variations in the respective lengths is 
the age related to the incidence of stroke. In fact, despite 
occurring among children, the yearly incidence of stroke is 
limited in this case to 1 to 2.5 cases in 100 000 children, which is 
substantially lower than the 30 to 120 cases per 100 000 adults 
aged 35 to 44. After the age of 55, each decade results in a 
rapidly increasing stroke probability, giving rise to an extremely 
high yearly incidence of 670 to 970 cases per 100 000 adults 
aged 65 to 74 [10]. The conceived device is, thus, ideated so as 
to be suited for the usage by the working-age and elderly 
population. In the device design depicted in Fig. 1, three girders 
are therefore made adjustable in length: the first one positioned 
close to the base for aligning the RA3 joint (shoulder girdle), 
while the remaining two are intended for the coarse adjustment 
to differently sized patient’s upper arms and forearms. The 
mentioned passive prismatic joints PP6 and PP9 are, in turn, 
employed for the respective fine adjustments. 

Several safety layers are, finally, to be incorporated in the 
designed device, including software limits based on human 
ROMs, electrical limit switches and mechanical hard stops. 
 

2.3. Kinematic analysis of the proposed rehabilitation device 

The kinematics of the conceived rehabilitation device, neces-
sary to describe the relative positions of the bodies in motion 
and aimed at being used in motion planning algorithms and 
control, is described using two methods. Both methods are 
based on kinematic chains consisting of links connected in a 
parent-child relationship, where predefined types of joints are 
used to enable relative movements. Each link has then an 
assigned coordinate system (i.e., local frame), whose position is 
defined relative to its parent’s frame. The joints constrain, in 
turn, the motion of the respective links to a translation along one 
axis (prismatic joints) or a rotation around one axis (revolute 
joints). The first employed method, the Unified Robot 

Description Format (URDF), stores the kinematic chain in a tree 
structure, together with the 3D models of the corresponding 
robotic links. This method allows also the addition of sensors to 
be used in robotic simulators, primarily for implementation in 
the mentioned ROS framework – a collection of tools and librar-
ies used in creating the complex robotic NRP platform employed 
to develop simulations, while integrating and interlacing the 
human muscosceletal and the rehabilitation device models. The 
URDF format is quite versatile and widely used in many robotic 
applications, but at an expense of a rather intricate kinematic 
characterization. To succinctly describe the kinematics of the 
ideated rehabilitation device, an approach using the Denavit-
Hartenberg (DH) convention [11] can thus be used. The number-
ing of the joints with a running variable i, as outlined in table 1 
and in Fig. 1, where 0 indicates the base-frame of the device, 
while 15 is associated with the hand interface frame treated as 
the end effector, is hence used. The convention then dictates 
that the ith joint connects with the (i-1)th and the ith link, while 
the reference frames are assigned to the joints according to the 
following convention: (1) if joint i is prismatic, the zi axis is 
assigned to its translation axis, while, if i is a revolute joint, the 
zi axis is assigned to its axis of revolution; (2) the xi axis is 
assigned to the common normal of the zi and zi-1 axes, with its 
direction pointing from the zi-1 towards the zi axis; (3) the yi axis 
is selected so as to create the right-handed coordinate system. 

Since the device base is fixed, all three axes (x0, y0 and z0) are 
positioned here arbitrarily. The option presented in Fig. 2, with 
z0 pointing upwards, is hence chosen. Assigning then the local 
frames to all joints, four DH parameters (�i, αi, ri and di), 
necessary for the basic definition of the kinematic chain, have to 
be measured. The parameter �i represents in this frame the 
angle between the axes xi and xi-1 measured around the zi-1 axis 
and, since for the revolute joints zi-1 is the axis of revolution, �i 
characterizes the rotation of the joints. Parameter αi indicates, 
in turn, the angle between the zi-1 and zi axes around the 
common normal axis xi. The remaining two parameters describe 
linear distances, with ri indicating the distance between the zi-1 
and zi axes along the common normal xi (for revolute joints, ri is 
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thus equivalent to the radius of rotation), while di is the linear 
displacements between the xi-1 and xi axes along zi-1 (in the case 
of prismatic joints, di characterizes, hence, their linear motion). 
Following these conventions, the DH parameters of the device 
are shown in Fig. 2, while their values are presented in a concise 
form in last four columns of table 1. It is important to note here 
that in table 1 the variable angular position of the revolute joint 
�i, as well as the variable linear position of the prismatic joint di, 
actually describe the (i-1)th joint and can be associated with the 
respective ROMs. For example, �4 can thus vary between the 
RA3 minimal and maximal values of +/- 120°. 

Since the number of the DH parameters is quite big, the 
following simplifications are then adopted to provide in Fig. 2 a 
visualization that is as clear as possible: (a) the origins of the 
frames are omitted to avoid cluttering the used schematics; (b) 
two or more bodies that are connected using fixed links are 
considered as a whole with one corresponding frame (although 
the respective URDF simulation file contains a more detailed 
kinematic description); (c) the zero length DH parameters are 
omitted from the schematic representation. 
 

 

Figure 2. DH kinematic chain with the associated parameters. 
 

Using the thus acquired DH parameters, homogenous 
transformation matrices and the corresponding kinematic 
equations can be setup to represent the relative positions of the 
links and the overall position of the conceived rehabilitation 
device. Since the DH parameters correspond to the physical 
lengths of the links of the device, they also serve as an outline 
for detailing iteratively further the device itself. The resulting 
rehabilitation system actually comprises therefore two mutually 
interacting systems: the human kinematic chain, previously 
described and developed in [4], and the kinematic chain of the 

ideated rehabilitation device, presented in this section. 

3. Conclusions and outlook 

An original design framework of a self-aligning rehabilitation 
device is detailed in this work. The main design goal, apart from 
multi-layered safety, is the usability of the device in the smooth 
and purposeful patient-device interaction, planned to instil a 
proper rehabilitation mechanisms resulting in the positive 
rehabilitation outcomes. What is more, the rehabilitation 
outcomes being aimed at, should be measurable and should 
results in a significant progress in terms of patient sensory and 
motion capabilities. The biomechatronic design approach is 
hence followed, based on the full functional representative 
model of the human agent used as basis for the iterative design 
process, as well as for the respective validation phases. The 
distribution of the DOFs across the shoulder-elbow-wrist-hand 
interaction chain is thus optimized, allowing to reduce the 
number of DOFs from 16 DOFs used in the initial concept [3], to 
14 DOFs of the herein proposed set-up, providing considerable 
functional and implementation advantages. The size and 
position of the critical components is then determined, the 
device kinematics is detailly examined in the ROS framework, 
the functionality of the conceived device is validated, as are the 
rehabilitation ROMs. The dimensional adaptability of the device 
to a prospective diverse patient population is also taken into 
account, allowing to finalize the functional model of the device. 
Force and torque, as well as surface EMG/IMU sensors, and their 
indicative positioning, are also considered, providing the basis 
for their integration in an adaptive control approach, thus 
enabling to fully embrace patients’ active participation. 

The final rehabilitation device design configuration, although 
covering the overall ROMs in most of the human arm motions, 
imposes some remaining constraints in shoulder overhead and 
wrist motions, providing room for further improvements via the 
detailing of the device parts, coupled to structural optimization 
routines. The complete human muscosceletal and robotic sub-
systems, as well as the corresponding interactions and 
dynamics, will hence be studied iteratively further using the 
developed NRP platform, enabling also the selection of the 
optimal actuators with the respective motion transmission 
elements. To facilitate the attainment of the low weight and low 
cost of the device, most of the resulting passive parts will, in 
turn, be 3D printed and prototyped using diverse materials, with 
special care devoted to the dimensioning of the passive 
compliant joint RP13. Future work will also include the 
integration of the sensors in the control loops, the 
corresponding filtration of the output signals and the 
conforming data extraction, as well as special emphasis on the 
resulting data-based decision making procedures. 
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Abstract 

In this paper we investigate the multivariable stability analysis of feedback control systems. First, stability for feedback control 
systems is defined and the Nyquist criterion with its extension to MIMO systems is presented. This is extended by introducing the 
concept of equivalent plants and deriving Nyquist based stability methods, allowing to obtain structural stability system information 
in addition to pure stability information. The methods are evaluated comparatively using a modelled example system. 
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1. Introduction 

Stability is one of the most important system parameter in the 
analysis of feedback control systems and must be guaranteed 
before other system parameters such as performance or 
robustness are considered.  For the stability analysis of Single-
Input Single-Output (SISO) systems, a variety of methods are 
available to the control engineer [1]. An important method is the 
Nyquist Criterion, which provides information about the 
robustness of the system in addition to the pure binary stability 
information, stable or unstable. Therefore, it can be determined 
directly how, for example, the gain of the control loop has to be 
adjusted in order to achieve a stable controller behavior.  

An extension to Multiple-Input Multiple-Output (MIMO) 
systems exists for the Nyquist criterion. However, when 
switching from SISO to MIMO systems, the additional 
information about the robustness of the system is lost, or can no 
longer be assigned to individual physical axes. Thus, the MIMO 
Nyquist Criterion provides binary stability information and no 
conclusions can be drawn about individual axes of the system. 
Therefore, in this paper, the MIMO Nyquist Criterion is extended 
in order to derive advanced stability analysis methods. This 
allows the investigation of individual transmission paths 
considering cross-couplings in the MIMO system. For this 
purpose, stability of feedback control systems is defined. 
Subsequently, the Nyquist Criterion is first derived for SISO and 
MIMO systems and then extended in different ways.  To 
compare the methods, a representative system of a position-
controlled payload with flexible eigenmodes is modelled. 

A widely used approach in high-performance position control 
of mechanical and optical payloads in up to six Degrees of 
Freedom (DoFs) is the use of static decoupling by scheduling 
matrices [2]. By using lightweight design and maximizing 
controller bandwidths to optimize performance, static 
decoupling decreases in effective range and decoupling is not 
trivial. It is assumed that the results from static decoupling will 
not be able to fulfill ever increasing requirements in high-
performance position control. Consequently, MIMO modelling, 
control and analysis techniques need to be considered to ensure 
a more accurate and advanced mechatronic system design. 

This paper extends and adapts the performance analysis 
discussed in [3]. For a more detailed description of MIMO 
system analysis, see e.g. [4]. 

2. Multivariable stability analysis 

  Several methods are available to the control engineer for 
stability analysis of feedback multivariable systems [5].  Most of 
these methods provide a binary statement about stability, stable 
or unstable. If more structural stability system information is to 
be obtained, more advanced methods must be used. For 
example, it is often not possible to make a statement about 
which of the individual Transfer Functions (TFs) contributes to 
instability. In the following, we present classical and commonly 
known methods for MIMO stability analysis and then extend 
them to provide methods for obtaining structural system 
stability information besides the binary stability information. 

2.1. Definition of stability for feedback control systems 
In this section we define the stability of feedback systems and 

prepare the basis for the stability analysis, which is discussed in 
the following sections. In this paper scalar quantities are 
indicated by thin formula symbols, vector quantities by vector 
arrows and matrices by capital bold formula symbols. 

Consider the standard feedback control loop depicted in 
Figure 1. The open-loop Transfer Function Matrix (TFM) of the 
𝑚 ×  𝑚 MIMO system is defined as 𝑳 =  𝑮𝑪 with the input 
controller 𝑪 and the plant 𝑮. By this definition, the sensitivity 
matrix 𝑺 = (𝑰 + 𝑳)−1, the complementary sensitivity matrix  
𝑻 = (𝑰 + 𝑳)−1𝑳  and 𝑰 as the identity matrix of appropriate 
dimension are defined. To define stability, we apply the general 
valid MIMO definitions to the SISO case (𝑺 →  𝑆 and 𝑻 →  𝑇). 
Thereby it is important to notice, that the poles of 𝑆 and the 
poles of 𝑇 in ℂ ∪ {∞} are exactly given by the zeros of 1 +  𝐿 in 
ℂ ∪ {∞}, assuming no unstable pole-zero cancellation occurs in 
𝐿 [6]. With this, (1 + 𝐿)−1 is stable if 

• it is proper and 

• has only poles in the open left-half plane (real part < 0). 
Instead of analyzing the poles of (1 + 𝐿)−1, the zeros of          

1 +  𝐿 can be evaluated since they correspond to each other. 
Therefore, (1 + 𝐿)−1 is stable if no zeros of 1 +  𝐿 lie in the 
closed Right Half Plane (RHP) (i.e. real part ≥ 0). 

This results in the conclusion, that for analyzing the stability of 
the feedback control system, we simply need to find zeros the 
TF and evaluate if any of them lies in the closed RHP. 

 

 
Figure 1. Standard feedback control loop 
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2.2. The Nyquist Criterion and extension to MIMO systems 
In this section we derive the Nyquist criterion as a classical 

graphical test for checking the stability of the closed-loop system 
using the open-loop TF [7]. This method has the advantage that 
robustness information can be obtained additionally to the pure 
stability information. 

As described in Section 2.1, the stability is evaluated by 
checking wether any zeros of 1 +  𝐿 lie in the closed RHP. In 
order to evaluate all unstable poles of (1 + 𝐿)−1 a contour that 
encircles all of them is needed. This contour is called Nyquist 
Contour 𝒩, shown in Figure 2. It passes along the 𝑗ω axis from 
−𝑗∞ to 𝑗∞ and closes by a significantly large semicircle 𝑅 → ∞ 
to encircle all poles of 𝐿. To enclose poles on the 𝑗ω axis, small 
semicircles 𝑟 are inserted in the Left Half Plane (LHP) [6]. The 
plot defined as 𝑠 ∈ ℂ travesers 𝒩 is called Nyquist plot Γ𝒩 . 

 
Figure 2. Definition of the Nyquist Contour 𝒩 

The mathematical background for the following theorems is 
given by the Argument Principle combined with Cauchy’s 
Theorem and can be read in [8]. Here we use the definition of 
the Nyquist criterion and the Nyquist Contour 𝒩 from [6]. 

Theorem 1 (Generalized Nyquist Criterion) Let P denote the 
number of unstable poles in 𝐿. The closed-loop system with open-
loop TF 𝐿 and negative feedback is stable if and only if the 
Nyquist plot Γ𝒩  of 𝐿(𝑠) does not pass through the critical point 
(-1,0) ∈ ℂ and makes P counter-clockwise encirclements of (-1,0) 
∈ ℂ as s traverses 𝒩 in clockwise direction, assuming no 
unstable zero pole cancellation takes place. 

The proof follows from the derivation of the Nyquist Criterion 
[6]. Theorem 1 is extended to MIMO-systems (1 + 𝐿 →  𝑰 + 𝑳) . 
Therefore, the closed-loop poles are now solutions to the 
Equation 

det(𝑰 + 𝑳(𝑠)) = 0  ∀𝑠 ∈ ℂ. (1) 

Note that in the SISO case, det(𝑰 + 𝑳(𝑠)) equals 1 + 𝐿(𝑠). As 

a consequence of (1) the critical point shifts to (0,0). This leads 
to the Generalized MIMO Nyquist Criterion according to [5]. 

Theorem 2 (Generalized Nyquist Criterion for MIMO systems) 
Let P denote the number of unstable poles in 𝑳. The closed-loop 
MIMO system with open-loop TFM 𝑳 and negative feedback is 

stable if and only if the Nyquist plot Γ𝒩  of det(𝑰 + 𝑳(𝑠)) does 

not pass through (0,0) and makes P counter-clockwise 
encirclements of (0,0) as s traverses 𝒩 in clockwise direction, 
assuming no unstable zero pole cancellation takes place. 

2.3 Characteristic Loci 
The stability analysis using Characteristic Loci is an extension 

of Theorem 2 and provides an if and only if statement on the 
stability of the 𝑚 ×  𝑚 MIMO system using the eigenvalues of 
the open-loop TFM [9]. The main idea behind this technique is, 
that the determinant of a matrix is equal to the product of all its 

eigenvalues: det(𝑰 + 𝑳(𝑠))  = ∏ (1 + λ𝐿𝑖
(𝑠))𝑚

𝑖=1 . Therefore, 

rather than checking det(𝑰 + 𝑳(𝑠)) with the MIMO Nyquist 

Criterion, it is also valid to check each of the eigenvalues λ𝐿𝑖
(𝑠) 

with the SISO Nyquist Criterion as defined in Theorem 1. This 
poses already the following Theorem. 

Theorem 3 (Nyquist Criterion with Characteristic Loci) Let P 
denote the number of unstable poles in 𝑳. The closed-loop MIMO 
system with open-loop TFM 𝑳 and negative feedback is stable if 
and only if the Nyquist plots Γ𝒩𝑖

 of the Characteristic Loci λ𝐿𝑖
 do 

not pass through (-1,0) and drawn together make P counter-
clockwise encirclements of (-1,0) as s traverses 𝒩 clockwise, 
assuming no unstable zero pole cancellation takes place. 

2.4. Concept of equivalent plants 
The Individual Channel Analysis and Design (ICAD) is an 

approach to handle multivariable control problems with SISO 
techniques by forming new equivalent SISO channels under 
consideration of the multivariable system behaviour, the so 
called equivalent plants (EPs). O'Reilly and Leithead presented 
the ICAD as a general analysis and design framework for 
multivariable control problems and especially considered 2 x 2 
systems in [10]. In this paper we link the concept of equivalent 
plants and ICAD to the classical Nyquist stability analysis and 
thus define further Nyquist-like stability theorems. 

Consider an open-loop TFM 𝑳 for a 2 × 2 MIMO system with a 
diagonal control scheme. The closed control loop with negative 
feedback is represented in terms of a block diagram in Fig. 3. 

 

 
 
Figure 3. 2x2 feedback control structure  
With the ICAD method, SISO TFs are derived for the two 

defined inputs In1, In2 and the two defined outputs Out1, Out2: 

𝐿11
𝐸𝑃 =

Out1
In1

= 𝐶11 ⋅ EP11
 

2
 = 𝐶11 ⋅ 𝐺11(1 − ξ ⋅ ℎ2) (2) 

𝐿22
𝐸𝑃 =

Out2
In2

= 𝐶22 ⋅ EP22
 

2
  = 𝐶22 ⋅ 𝐺22(1 − ξ ⋅  ℎ1) (3) 

In (2, 3), the EPs for the 2 × 2 system are obtained as 

𝐸𝑃11
 

2
 = 𝐺11 − 𝐺12 ⋅

𝐶22

1 + 𝐺22𝐶22
⋅ 𝐺21 (4) 

𝐸𝑃22
 

2
 = 𝐺22 − 𝐺21 ⋅

𝐶11

1 + 𝐺11𝐶11
⋅ 𝐺12 (5) 

and by rearranging (2, 3), the right hand side is defined 

ℎ𝑘 =
𝐶𝑘𝑘 ⋅ 𝐺𝑘𝑘

1 + 𝐶𝑘𝑘 ⋅ 𝐺𝑘𝑘
, ξ =  

𝐺12 ⋅ 𝐺21

𝐺11 ⋅ 𝐺22
 (6a, 6b) 

with 𝑘 = {1,2}. The TFs ℎ1 and ℎ2 form the closed-loop TF of 
channel 1 and 2 respectively. ξ is called the Multivariable 
Structure Function (MSF) and describes the multivariable nature 

of 𝐿11
𝐸𝑃 and 𝐿22

𝐸𝑃 and of the underlying system [10]. The product 
of ξ and ℎ𝑘 is a weighted product with diagonal and off-diagonal 
elements and therefore describes a measure of cross-coupling. 
If ξ(𝑠) is small in magnitude, loop signal interaction is low and 
the two loops act almost independently for that 𝑠 ∈ ℂ . Vice 
versa, loop interaction is high if ξ(𝑠) is large in magnitude. 
Consequently, ξ can be used to define a frequency dependend 
measure of the coupling ratio of MIMO systems. Furthermore, 
max

ω∈[0,∞]
|ξ(𝑗ω)| can be evaluated to assess the maximum cross-

coupling and the underlying frequency. 
2.5. Stability analysis based on individual channel analysis 

and determinant decomposition 
The SISO TFs defined in (2,3) can be used to evaluate the 

stability of the closed-loop system with open-loop TFM . For this 
investigation it is important to notice, that det(𝑰 + 𝑳) can be 
rearranged in such a way, that the TFs ℎ1 and ℎ2 and the MSF ξ 
occur: 

det(𝑰 + 𝑳) = (1 + 𝐺11𝐶11)(1 + 𝐺22𝐶22)(1 − ξℎ1ℎ2) (7) 
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Therefore, stability of the multivariable system depends on 
the stability of each SISO loop (1 + 𝐶11𝐺11) and (1 + 𝐶22𝐺22)  
and of the multivariable coupling described by (1 − ξℎ1ℎ2). This 
can be rewritten to a generally valid case requiring 

det(𝑰 + 𝑳) = ∏ (1 + 𝑙𝑖)
𝑚

𝑖=1
⋅ (1 − ξ∏ ℎ𝑖

𝑚

𝑖=1
) (8) 

not having zeros in the RHP for asymptotic stability of a 𝑚 × 𝑚 
feedback control system, assuming no unstable pole zero 
cancellation takes place. In Eq. (8), 𝑙𝑖 = 𝐶𝑖𝑖𝐺𝑖𝑖 are the diagonal 
elements of 𝑳. Consequently, we derive an alternative version of 
Theorem 2 with the advantage that instabilities can be 
attributed to one of the diagonal or off-diagonal elements. 

Theorem 4 (Nyquist Criterion of determinant decomposition) 
Let P denote the number of unstable poles in 𝑳. The closed-loop 

𝑚 × 𝑚 MIMO system with loop TFM 𝑳 and negative feedback is 
stable if and only if the 𝑚 Nyquist plots Γ𝒩(𝑙𝑖(𝑠)), 𝑖 = {1, . . . , 𝑚} 
and the Nyquist plot of −ξ(𝑠) ⋅ ∏ ℎ𝑖

𝑚
𝑖=1 (𝑠) do not pass through 

(-1,0) and the net sum of counter-clockwise encirclements of          
(-1,0) equals P as s traverses 𝒩 in clockwise direction, assuming 
no unstable zero pole cancellation takes place. 

The proof is straightforward and can be done by calculating 
the determinant of a 𝑚 × 𝑚 matrix and applying the Nyquist 
criterion on each of the factors [4]. 

Despite the fact that similar functions occur in Eq. (8), no clear 
connection between the ICAD functions (2,3) can be determined 

as the individual channels 𝐿𝑖𝑖
𝐸𝑃are not used. It can be shown, that 

det(𝑰 + 𝑳)  ≠ ∏ (1 + 𝐿𝑖𝑖
𝐸𝑃)𝑚

𝑖=1  and therefore no if and only if 

statement on stability is possible by considering all 𝐿𝑖𝑖
𝐸𝑃. 

However, a sufficient condition for stability of a multivariable 

system is that each of the functions 𝐿𝑖𝑖
𝐸𝑃 are stable. Nevertheless, 

there is an distinct connection between the individual channels 
and the determinant, which is derived in the following and 
extends the concept of EPs in [10] to 𝑚 × 𝑚 systems. 

Let 𝑳 be the open-loop TFM of a 𝑚 × 𝑚 MIMO system with a 
diagonal controller 𝑪 ≔ diag(𝐶11, … , 𝐶𝑚𝑚) and a fully 

populated plant matrix 𝑮:= (𝐺𝑖𝑗)𝑖𝑗
. 

Consider the square submatrix 𝑮(1:𝑛;1:𝑛) defined by deleting 

each row and column of 𝑮 greater than 𝑛 with 𝑛 ∈ {1,2, … ,𝑚}. 
Let 𝐸𝑃𝑛𝑛𝑛

  be the EP TF of the submatrix 𝑮(1:𝑛;1:𝑛) defined in a 

similar way as in (4) and (5) and suppose that no pole zero 
cancellations take place within the multiplications. With that, 
the equivalent open-loop TFs 𝐿𝑛 are defined for each EP of the 
submatrices with the corresponding controller according to [11]: 

𝐿𝑛 = 𝐶𝑛𝑛 ⋅ 𝐸𝑃𝑛𝑛𝑛
      ∀ 𝑛 ∈ {1,2, … ,𝑚}. (9) 

Theorem 5 (Stability of MIMO Systems using ICAD) 
With the definition of 𝐿𝑛 in Equation (12), the following holds: 

det(𝐼 + 𝐿) = ∏ (1 + 𝐿𝑛).
𝑚

𝑛=1
 (10) 

Thus the stability of the MIMO system can be assessed by 
considering the open-loop TFs  𝐿𝑛 using SISO Nyquist criterion. 
An equivalent statement about the number of unstable poles can 
be made as in Theorem 2 by counting the net sum of 
encirclements of the critical point (-1,0). 

Proof: A lower-upper decomposition 𝓛𝓤 of the matrix 𝑨 ≔
𝑰 + 𝑮𝑪 is done [12]. The result of the 𝓛𝓤 decomposition are two 
matrices, 𝓛 as a lower triangular matrix with only ones on the 
diagonal elements and 𝓤 as an upper triangular matrix. Because 
det(𝓛) = 1 and 𝓤 is an upper triangular matrix, det(𝑨) is equal 
to the product of all diagonal elements of 𝓤. The diagonal 
elements of 𝓤 are given by 𝓊𝑖𝑖 and therefore 

det(𝑨) = det(𝓛𝓤) = det(𝓤) = ∏ 𝓊𝑖𝑖  .
𝑚

𝑖=1
 (11) 

  

By applying the 𝓛𝓤 decomposition on 𝑨, 𝓤 is given by 

𝓤 = [

1 + 𝐺11𝐶11 𝐺12𝐶221
 

0 1 + 𝐺22𝐶222
 

⋯
⋯

𝐺1𝑚𝐶𝑚𝑚1
 

𝐺2𝑚𝐶𝑚𝑚2
 

⋮ ⋮ ⋱ ⋮
0 0 ⋯ 1 + 𝐺𝑚𝑚𝐶𝑚𝑚𝑚

 

] (12) 

𝐺𝑛𝑗𝑛
 = 𝐺𝑛𝑗1

 − ∑
𝐺𝑖𝑗 𝑖
 𝐺𝑛𝑖𝑖

 𝐶𝑖𝑖

1 + 𝐺𝑖𝑖𝑖
 𝐶𝑖𝑖

𝑛−1

𝑖=1
 ∀𝑛, 𝑗 ∈ {1, … ,𝑚} (13) 

Interestingly, for 𝑗 = 𝑛 Equation (13) equals the EP of the 
submatrix 𝑮(1:𝑛;1:𝑛) and therefore 

𝐿𝑛 = 𝐶𝑛𝑛 ( 𝐺𝑛𝑛1
 − ∑

𝐺𝑖𝑛 𝑖
 𝐺𝑛𝑖𝑖

 𝐶𝑖𝑖

1 + 𝐺𝑖𝑖𝑖
 𝐶𝑖𝑖

𝑛−1

𝑖=1
) (14) 

As the 𝓛𝓤 decomposition is unique, Theorem 5 is proven for 
the general 𝑚 × 𝑚 case since 

det(𝑰 + 𝑳) = ∏ 𝓊𝑖𝑖  
𝑚

𝑖=1
= ∏ (1 + 𝐿𝑛).

𝑚

𝑛=1
 

(15) 
∎ 

Note that with Equation (13), a closed expression for the EPs 
of a ICAD system can be defined.  

3. Modelling of the controlled mechanical system 

After having discussed different methods for multivariable 
stability analysis let us now turn to the comparison of these 
methods. A model of a dynamically coupled MIMO system is 
required for a comparative analysis. For this purpose, the 
dynamic behavior of actuated and controlled payloads with 
flexible eigenmodes is analysed using existing simulations and 
literature. On this basis, the dynamic behavior is duplicated by 
mechanical elements with concentrated parameters, i.e. 
masses, dampers and springs. 

The example system, Figure 2, consists of two basic parts. 

• The payload mechanical element. 

• The actuators to manipulate the mechanical element. 
The payload mechanical element consists of four masses 𝑀1 −

𝑀4. The position of mass 𝑀1 is controlled in two DoFs, 𝑥 and 𝑦. 
In order to model the eigendynamics of the payload and thus 
flexible eigenmodes, a three mass osciallator with masses 𝑀2 −
𝑀4 is placed on mass 𝑀1. By adjusting the parameters of this 
masses and the interconnecting springs and dampers, the 
dynamic behavior of a payload with flexible eigenmodes is 
duplicated in two DoFs. The cross coupling between 𝑥 and 𝑦 
depends on the angles 𝜓 and 𝜑 and can thus be modified. 

Two actuators 𝑀𝐴1 and 𝑀𝐴2 modelled as masses at which the 
actuation forces 𝑓𝐴1 and 𝑓𝐴2 apply are connected to mass 𝑀1 
with a spring under the angles 𝛼 and 𝛽 to actuate mass 𝑀1 in 𝑥 
and 𝑦. To attenuate the resulting resonance, a Tuned Mass 
Damper (TMD) is attached to each of the actuator masses. 
Similar to the payload mechanical system, the cross coupling of 
𝑥 and 𝑦 depend on 𝛼 and 𝛽 and can therefore be adjusted. 

Based on this modelling architecture the system is determined 
by the second order Ordinary Differential Equation (ODE) system 

𝑴 ⋅ 𝑞𝑖⃗⃗  ̈⃗(𝑡) + 𝑪 ⋅ 𝑞𝑖⃗⃗  ̇⃗(𝑡) + 𝑲 ⋅ 𝑞𝑖⃗⃗  ⃗(𝑡) = 𝑓𝑖⃗⃗ (𝑡) (16) 

with the mass matrix 𝑴, the damping matrix 𝑪, the stiffness 

matrix 𝑲, the actuation force vector 𝑓𝑖⃗⃗ (𝑡) as input vector and the 
displacement vector 𝑞𝑖⃗⃗  ⃗(𝑡) as output vector. 

By applying the Laplace transform to (16) and tuning a variant 
of a classical PID controller with a diagonal control scheme as 
reported in [2], the open loop TFM of the example system is 
defined to  

𝑳 = 𝑮𝑪 = [
𝐺11𝐶11 𝐺12𝐶22

𝐺21𝐶11 𝐺22𝐶22
]. 

(17) 

As described, the cross-coupling of the system depends on the 
angles 𝛼, 𝛽, 𝜓, 𝜑. Therefore the MSF 𝜉 as introduced in Section 
2.4 of the example system is a function of these angles 𝜉 =
𝜉(𝛼, 𝛽, 𝜓, 𝜑) and the multivariable behaviour and cross coupling 
can be influenced and adapted by adjusting these angles. This 
makes it possible to create different system configurations by 
modifying 𝛼, 𝛽, 𝜓, 𝜑. Thereby, the methods presented in 
Chapter 2 can be investigated and comparatively evaluated with 
different system characteristics, for example strongly or weakly 
coupled systems. 
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Figure 2. An actuated payload with flexible eigenmodes 

4. Comparison results and recommendations 

In this Chapter we present the comparison results of the 
methods investigated in Chapter 2 with the example system 
introduced in Chapter 3. To compare the stability methods, 
different system configurations and thus different system 
behaviors are modeled. Thus, for example, instabilities can be 
forced into specific individual TFs of the system TFM and the 
advantages and disadvantages of the methods become obvious. 

The MIMO Nyquist as introduced in Theorem 2 provides a 
necessary and sufficient condition for stability through 
evaluating det(𝑰 + 𝑳) with the advantage that only one Nyquist 
plot needs to be evaluated to assess stability. However, this 
method cannot be used to draw conclusions about the individual 
physical axes and does therefore not deliver structural stability 
system information. Consequently, the use of this method is 
recommended, if only pure stability information of the system 
needs to be evaluated. 

The 𝑚 Characteristic Loci as described in Theorem 3 deliver 
valid stability information in all cases as the eigenvalues of 𝑰 + 𝑳 
are directly connected to the determinant of this matrix. Similar 
to the MIMO Nyquist, the Characteristic Loci do not provide 
information about the individual, original physical axes and no 
structural system information is obtained. The robustness 
margins of the Characteristic Locis correspond to SISO margings 
for a simultaneously change in all channels [9]. 

The Nyquist of determinant decomposition as introduced in 
Theorem 4 provides valid stability information in all cases as 
seen in Equation (9). The determinant of 𝑰 + 𝑳 is split into 𝑚 
SISO loops 1 + 𝑙𝑖 and one additional loop 1 − ξ(𝑠) ⋅ ∏ ℎ𝑖

𝑚
𝑖=1  

considering the cross coupling of the system with the MSF ξ. This 
enables to find out whether there are instabilities on one of the 
diagonal SISO loops or in the coupling of these loops. Therefore 
the use of this method is recommended if stability and structural 
stability information needs to be obtained. 

Similarly, the SISO Nyquist using ICAD functions as presented 
in Theorem 5 is an individual interpretation of the MIMO Nyquist 
and exactly matches the determinant of the matrix as shown in 
the proof of Theorem 5. Consequently, the stability information 
obtained with this method is valid in all cases. An advantage of 
this method is that information about the individual physical 
axes is obtained, e.g. occurrence of instabilities or robustness 
information. To gain full information about the individual axes, 
each permutation of the individual channel combination can be 
evaluated. The use of this method is recommended, if not only 
pure stability information needs to be obtained, but also 
structural information about the system behavior is of interest. 

Additionally, with Equation (13) a closed expression for the EP 
as introduced in the ICAD is defined. 

Table 1 summarizes the comparison results for the individual 
stability analysis methods. 

Table 1 Comparison results 

Method 
Stability 

statement 
Structural 

information 

Number of 
functions 
for 𝒎 𝐱 𝒎 

system 

MIMO Nyq. yes no 1 

Char. Loci yes no 𝑚 

Det. Deco. yes yes 𝑚 +  1 

ICAD Nyq. yes yes 𝑚 

5. Conclusions 

In this paper Nyquist based methods of multivariable stability 
analysis are evaluated comparatively. For this purpose stability 
is defined and the different methods are derived. By combining 
the concept of EPs and ICAD, individual interpretations of the 
Nyquist Criterion are derived and stated. Subsequently, an 
example system is modeled, representing a position controlled 
payload to enable a comparative analysis of the methods. 
Afterwards the stability analysis methods are applied to this 
system and the results of each method are compared. 

All the investigated methods allow valid stability assessments. 
However, they differ in terms of the information content. While 
with MIMO Nyquist a pure stability statement can be made, 
additional robustness information is obtained with 
characteristic loci. In order to obtain structural stability 
information for MIMO systems, we extend the concept of EPs 
from [10] and combine it with the Nyquist criterion to derive two 
alternative Nyquist-like stability theorems. These provide 
structural stability information for MIMO systems. 

With these alternative interpretations of the Nyquist criterion, 
multivariable stability analysis can be significantly improved and 
additional structural system information can be obtained. 

For future work, the robustness analysis of multivariable 
systems can be examined, for which a variety of sophisticated 
methods is available, see e.g. [13]. 
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Abstract 
The majority of nanopositioning and nanomeasuring machines (NPMMs) are based on three  independent  linear movements  in a 
Cartesian coordinate system. This in combination with the specific nature of sensors and tools limits the addressable part geometries. 
An enhancement of a NPMM is introduced by the implementation of rotational movements while keeping the precision untouched. 
For this purpose, a parameter based dynamic evaluation system with quantifiable technological parameters has been set up and 
employed to identify and assess general solution concepts and adequate substructures. Evaluations taken, show high potential for 
three linear movements of the object in combination with two angular movements of the tool. The influence of the additional rotation 
systems on the existing structure of NPMMs has been investigated further on. Test series on the repeatability of an NPMM enhanced 
by a chosen combination of a rotary stage and a goniometer setup are realized. As a result of these test series, the necessity of in situ 
position determination of the tool became very clear. The tool position is measured in situ in relation to a hemispherical reference 
mirror by three Fabry‐Pérot interferometers. FEA optimization has been used to enhance the overall system structure with regard to 
reproducibility and  long‐term stability. Residual deviations  to  the  ideal moving pathes have been experimentally  investigated by 
replacing the tool by a retroreflector and utelization of the various laser interferometers of the NPMM. The knowledge gained has 
been formed  into general rules for the verification and optimization of design solutions for multiaxial nanopositioning machines.
             
 
Keywords: ultra precision machine designs, 5‐axis operation, ultraprecision rotations, multiaxial nanopositioning and nanomanufacturing,   

 

1. Introduction 

As result of a comprehensive literature survey, the majority of 
nanopositioning  and  nanomeasuring  machines  (NPMMs)  are 
based  on  three  independent  linear  movements  of  up  to 
400 mm × 400 mm × 100 mm  (xyz)  in  a  Cartesian  coordinate 
system with  a  repeatability  in  the  nanometer  range.  This  in 
combination  with  the  specific  nature  of  sensors  and  tools 
(further  on  summarized  as  tool)  limits  the  addressable  part 
geometries.  Depending  on  the  tool  in  use,  spherical  and 
aspherical geometries as well as  free‐form surfaces cannot be 
measured or only  to a certain  limit. This article contributes  to 
the  enhancement  of  multiaxial  machine  structures  by  the 
implementation  of  rotational  movements  while  keeping  the 
precision in the nanometer range. Approaches are known, which 
allow the movement with a degree of freedom of four or five, 
which is required for addressing freeform surfaces orthogonal to 
the surface [1‐3]. In comparison to this, the aim of this work is 
the extension of NPMMs with additional degrees of rotational 
freedom for multitool concepts and freeform manufacturing [4]. 
Suitable  concepts  of  the  overall  machine  structure  were 
investigated. A parameter based evaluation system was created 
to  identify  solution  concepts  fulfilling  given  requirements  [5]. 
The  rotation  of  the  tool  in  use  showed  a  high  application 
potential.  This  article  contributes  to  the  systematic 
development of multiaxial machine structures based on existing 
NPMMs [4, 6] in the early design state. 

2. Overall structural concepts      
2.1. Evaluation of multiaxial NPMMs 
To  support  the  selection  of  machine  structures  for  the 

development  of  a  multiaxial  nanopositioning  machine,  an 
evaluation  system was  developed.  This  is  based  on modular 
arrangement  variants  of  basic  components,  a  dynamic 
evaluation  system and  indications of  the  characteristics  to be 
considered for the design process. The fundamental structures 
of Cartesian nanopositioning and nanomeasuring machines are 
based on three modes of movement, the Sample Scanning Mode 
(SSM), the Mixed Scanning Mode (MSM) and the Probe Scanning 
Mode  (PSM).  The  movement  of  the  object  or  the  tool  is 
measured on the base of a reference with highest thermal and 
geometric  stability  fulfilling  the  Abbe  Comparator  Principle. 
Suitable concepts of the extension of pure Cartesian structures 
with additional degrees of rotational freedom were investigated 
[7]. First evaluations for the overall structure show the highest 
degree of  fulfilment  for a SSM with  turns and  tilts of  the  tool 
(figure  1b).  Alternatively,  rotations  of  the  sample  or  of  the 
sample and the tool have been considered, as shown in figure 1. 
The integration of additional rotary positioning systems near the 
respective  end  effector  (object  or  tool) within  the  functional 
chain between the base and the end effector leads to:  

 reduced masses  to be moved and  thus  increased dynamic 
and reduced heat input 

 reduced  complexity  of  the  measuring  system  and  the 
corresponding  reference  for  comparatively  large 
translational  (≥ 10 mm) and  rotational  (≥ 10°) movements 
for the fulfillment of the Abbe Comparator Principle 
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Figure  1.  System  configurations  for  the  Sample  Scanning Mode with 
additional rotations of the object (a), the tool (b), or tool and object (c) 

2.2. Sample Scanning Mode with additional tool rotations       
A central part of  the  fundamental structure of a positioning 

system  is  the  underlying  kinematic,  which  has  an  decisive 
influence on the design of the drive system. In a first step, the 
rotation  of  a  representative  tool  with  a  maximum  mass  of 
mT ≤ 2 kg and an overall extension in the measuring direction of 
lT ≤ 60 mm is considered. For this purpose, a total of 21 suitable 
kinematic  variants  in  order  to  address  a  hemisphere 
orthogonally  to  its  surface  are  determined  by  means  of  a 
structural synthesis, by varying the position of the instantaneous 
center of rotation, the number of joints and orientation of the 
rotary  axes  to  the main  axes of  the NPMM.  In  the  following, 
kinematic  variants  are  selected  by  use  of  a  parameter‐based 
evaluation  system  [5].  The  evaluation  criteria  deployed  are 
mainly based on quantitative characteristics. To achieve this by 
means of commercially available positioning systems for ultra‐
precise rotations including multiaxial solutions such as hexapods 
[8],  characteristic  typical  values  of  positioning  systems  are 
derived  from  comprehensive  design  catalogs  [7].  Software‐
supported  [9]  parameter  studies  are  used  to  derive  typical 
dimensions and motion ranges. Figure 2 shows the kinematics 
with the highest degree of fulfilment. 
 

 
Figure 2. Suitable kinematics for tool rotations 
 
These variants K1a‐K4a describe rotations of the end effector 

(E) as a tool around the main axes of the Cartesian coordinate 
system with a common instantaneous center of rotation in the 
tool  center  point  (TCP).  From  the  investigation  it  could  be 
deduced that those kinematics are generally the most suitable. 
The tool rotation in form of a hemisphere is realized by rotation 
angles of 90° for ϕx,y and 360° ϕz. Linear corrective movements 

are not necessary since the tool center point coincides with the 
Abbe Point, thus avoiding first order positioning errors. 
 

2.3. Sample Scanning Mode with additional sample rotations      
In analogy to the rotation of the tool, possible kinematic variants 
are determined and evaluated for the rotation of the sample for 
addressing a hemisphere orthogonally to  its surface. Since the 
sample has an unknown structure, linear correction movements 
are necessary to address the whole sample surface. As a result, 
the addressable  sample points or  the angle of  rotation of  the 
positioning system used, are considerably restricted. The sample 
dimensions  are  limited  to  a  subset  of  the  Cartesian  volume. 
Depending  on  the  kinematic  variants,  characteristical 
addressable volumes are showing  the  limits  for given  rotation 
kinematics (figure 3). If the sample fits to the dimensions derived 
from  the  given Cartesian  volume,  any  hemisphere within  the 
characteristic volume can be addressed.  
 

 
Figure 3. Restrictions of object geometries due to the concept of object 
rotation 

The added mass and the necessary power supply of the rotary 
positioning systems must be taken into account for the design of 
the linear positioning systems. 
The deformation of the object when changing its orientation 

in the gravitational field remains as a undetermined influence. 
The  solution  variants  for  the  rotation  of  the  tool  show  in 

comparison the higher degree of fulfilment. 
 

2.4. Investigation of the positioning repeatability       
Best position  repeatability  is a  indispensable prerequisite  to 

secure  the measurement  uncertainty  of  the NPMM.  If  that’s 
given,  the  remaining  deviations  can  be  corrected  based  on 
calibration  data.  A  combination  of  a  rotary  stage  [10]  and  a 
goniometer [11] for two independent rotations of the tool of a 
SSM  based  NPMM  has  been  chosen  as  the  setup  in  specific 
(figure 4). This allows the tool to be tilted horizontally by up to 
90° and rotated 360° around the vertical axis of the NPMM. 
 Measurement  series  are  required  to  take  the  positioning 

repeatability  of  the  rotation  into  account.  The  overall 
positioning  repeatability    of  the  tool  can  be  derived  by  the 
combination of those of the individual axes or by measuring at 
the end effector (tool) directly. For this purpose, the positioning 
deviations of the rotation axes (figure 4) were measured with a 
universal  autocollimator  [13]  along  the  respective  axis  with 
regard  to  the  sensitivity  to  different  stage  setups  (standing, 
hanging, single or combined stages).  
No  significant  changes  of  the  repeatability  caused  by  the 

arrangement  were  found.  The  repeatability  depends  on  the 
angular position and the design of the positioning system. For 
the  rotary stage  in a setup equivalent  to  figure 4,  the highest 
repeatability is ≤ ± 14,42 μrad within the positioning range. For 
the  goniometer,  the  same  conditions  result  in  ≤ ± 17,95 μrad. 
For  the measurement  of  the  combined  rotational movement 
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around two axes, a glass sphere with a refractive  index of two 
was used as a retroreflector placed in the TCP (figure 4) [14]. 
 

 
Figure  4.  NPMM  [6]  inside  a  climatic  chamber  with  additional  tool 
rotations; 1 linear stage of the NPMM (x,y,z), 2 glass sphere (n=2) in the 
TCP, 3 tool adjuster (x,y,z) [12], 4 goniometer stage (ϕx,y) [11],  5 rotary 
stage (ϕz) [10], 6 metrological frame, (If) interferometer of the NPMM 

After removal of the linear stage, the three laser interferometers 
of the NPMM were used to determine the lateral deviations of 
the  TCP while  the  tool was  rotated  over  the  full  range.  The 
goniometer is used to set the angular positions of the ball shaft 
to the vertical in steps of Δϕx,y = 5°. In addition, the rotary stage 
rotates in steps of Δϕz = 30° resulting in 91 measuring positions. 
The individual position is held for 60 s to reduce the influence of 
vibration. Long‐term measurements of ten repetitions over ten 
hours  are  carried  out  for  the  entire  series  of  positioning 
repeatability measurements inside the closed climate chamber 
of the NPMM. The best measured position repeatability over the 
entire rotation range and all measurement series is ± 100 nm for 
the x‐ and y‐direction and ± 150 nm in the z‐direction [17]. 

3. Tool rotation with in situ deviation measurement 

The measurement and machining accuracy of  the multiaxial 
NPMM  depends  on  the  positioning  accuracy.  The  achievable 
accuracy  is  limited by  the  repeatability of  the positioners.  To 
overcome this, in situ measurement of the tool rotation based 
on a calibrated reference need to be implemented. A parameter 
based  dynamic  evaluation  system  with  quantifiable 
technological  parameters  has  been  performed  to  identify 
general  solution  concepts.  The  number,  arrangement  and 
operating principle of  the measuring system and  its  reference 
were systematically investigated. Structural variants with a high 
degree  of  fulfilment  consider  the  position  detection  at  the 
coupling point of the end effector (reference) in order to reduce 
the number of necessary measuring systems and thus the total 
measurement uncertainty (figure 5). 
Adapted from the design of Cartesian NPMM, the measuring 

beams  are  reflected  at  the  corresponding  reference,  and  
intersect  virtually at a point  that  coincides with  the TCP  thus 
fulfilling the Abbe Comparator Principle. Out of the evaluations 
a system of three laser interferometers attached to the tool in 
corespondance to a hemispherical concave mirror as reference, 
attached to the metrological frame of the NPMM (figure 5b) has 
been chosen. The developed design enables the strict separation 
of the force frame and the metrological frame. Further on the 
thermal  shielding  of  the  rotary  stage  being  the  largest  heat 
source (figure 6) can bee realized. The hemisphere stands on a 
support made of Invar36 and can be adjusted in the main axes 
of  the NPMM  as well  as  subsequently  fixed  in  position with 
minimized  thermally  induced  stress.  The  three  Fabry‐Pérot 
interferometers  are  connected  by  a  metrological  frame  and 
form a Cartesian coordinate system with their measuring axes, 
that are matching virtually  in  the TCP. This way  the rotational 
positioning systems can be included in the metrological loop via 

an  in  situ measurement  of  the  displacements  of  the  TCP.  In 
addition, the positioning systems are connected to the base via 
a separate force frame, which reduces the mechanically induced 
deformations  in  the  metrological  frame.  Alignment  and 
subsequent position assurance of the positioning systems, the 
Fabry‐Pérot interferometers and the tool are done in each case 
via elements allowing adjustment along  the main axes of  the 
NPMM.  

 
Figure  5.  System  configurations  for  the  SSM  with  additional  tool 
rotations  and  in  situ  deviation  measurement  with  rotations  of  the 
reference (a), or of the measuring system (b), (components see figure 1 
and figure 4, interferometer carrier IC (9)) 

Since  the hemisphere  is used as a  reference,  the  remaining 
unavoidable shape deviations must be determined. Due to the 
large  diameter  of  the  reference  surface  of  400 mm  and  the 
comparatively  strong  curvature,  the  shape  deviations  are 
determined in situ. Using a glass sphere with a refractive index 
of two in the TCP, an in situ calibration is done by means of the 
three laser interferometers of the NPMM (see chapter 2.4). The 
measured  values  of  the  Fabry‐Pérot  interferometers  are 
assigned  to  the  measured  values  of  the  NPMM  laser 
interferometers simultaneously during the rotation of the tool. 
A first prove of concept has been realised on the basis of a none 
perfect  but  affordable  reference  hemisphere  of  polished 
stainless steel (figure 6). 
 

 
Figure 6. SSM based NPMM with additional  tool  rotations and  in situ 
deviation  measurement  with  rotations  of  three  Fabry‐Pérot 
interferometers  [15]  and  a  reference  hemisphere  as  part  of  the 
metrological frame of the NPMM, (components see figure 5) 
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Figure  7  shows  an  example  of  the measured  values  for  the 
interferometers of the NPMM (figure 7 a) and the corresponding 
values  of  the  Fabry‐Pérot  interferometers  (figure  7  b) 
determined  simultaneously  during  the  rotation  around  the  z‐
axis of the NPMM. 
 

 
Figure  7. Measured  values of  the  six  interferometers  for  the  relative 
movements of the TCP with respect to the metrological frame 

The  values  are  shown  in  the  direction  of  the  respective 
measurement  axes  for  repeated  forward  and  backward 
rotations (fwd/bwd) . The comparatively large measured values 
of  the  Fabry‐Pérot  interferometers  are mainly  caused  by  the 
shape deviations in the range of ± 350 µm of the stainless steel 
hemisphere.  For  repeated measurements  between  individual 
positions of the rotary stage, the TCP could be determined with 
a deviation down to a maximum of 27 nm. That is already in the 
range  of  the  periodic  nonlinearities  of  the  Fabry‐Pérot 
interferometers  (±  13  nm)  which  have  been  determined 
experimentally  on  hemispherical  objects  of  different material 
and reflectivity of the surface [16]. Within the framework of a 
detailed  theoretical  measurement  uncertainty  analysis  for  a 
setup  with  a  hemisphere  made  of  SiO2  (fused  silica),  the 
determination  of  the  TCP  could  be  proven with  a maximum 
measurement uncertainty of ≤ 18 nm (p=68%) in each direction 
(x,y,z) [16]. The largest contributions to the uncertainty budget 
are given by the thermal stability of the reference hemisphere 
and,  after  the  material  change  to  fused  silica,  by  the 
orthogonality  deviations  and  the  nonlinearities  of  the  Fabry‐
Pérot interferometers.  

4. Conclusion      

A systematic parameter based dynamic evaluation approach 
was  developed  for  the  creation  and  selection  of  adequate 
machine  structures  for  multiaxial  nanopositioning  systems 
(DOF>3). Out of these investigations, a rotation of the tool is a 
favourable solution. Kinematics with a high degree of fulfilment 
consider a common instantaneous center of rotation in the tool 
center point (TCP). Compared to a fixed tool position, this leads 
to  shifting  deviations  of  the  TCP  due  to  deformations  of  the 
frame, positioning errors of the rotational axes, vibrations and 
thermal  influences.  However,  a  scientific  novelty  for 
nanofabrication  processes  is  given  by  the  possibility  of 
addressing  and  processing  three‐dimensional  bodies  with  a 
strong curvature normal to their surface. With the overall design 
developed, different tools (lT ≤ 60 mm; mT ≤ 2 kg) can be tilted 

horizontally by up to 90° and rotated 360° around the vertical 
axis of the NPMM. The strict separation of the force frame and 
the metrology  frame,  thermal  shielding  and direct measuring 
systems  for  the deviation of  the  TCP  can be  Implemented  to 
compensate  the  effects  that  are  dependent  on  the  selected 
overall structure and positioning system. The  in situ deviation 
measurement of the TCP around two axes simultaneously can be 
achieved  considering  a  hemispherical  concave  mirror  as 
reference in combination with compact laser interferometers. A 
developed new type of overall structure,  in which Fabry‐Pérot 
interferometers  are  used  for  the  combined measurement  of 
positioning deviations, ensures that the rotations are included in 
the closed control  loop, thus  increasing the measurement and 
machining  accuracy.  The  interferometers  measure  the 
positioning errors against a hemispherical concave mirror that is 
an inherent part of the metrological frame of the NPMM. Using 
a glass sphere as a retroreflector with a refractive index of two 
in  the TCP ensures  the  in  situ  calibration of  the TCP position. 
Long‐term  dimensional  stability  is  a  pre  requisite  for  the 
hemisphere  and  the  interferometer  carrier  as  part  of  the 
metrological frame.  
Future investigations are therefore focused on a modification 

of  the  developed  setup  by  a  reference  hemisphere made  of 
fused silica with reduced shape deviations and an increase of the 
orthogonality of  the measuring  axes  as  the major  influencing 
variables for the total measurement uncertainty. 
 
Acknowledgements 
The  authors  gratefully  acknowledge  the  support  by  the 

Deutsche  Forschungsgemeinschaft  (DFG)  in  the  framework  of 
Research  Training  Group  “Tip‐  and  laser‐based  3D‐
Nanofabrication  in  extended  macroscopic  working  areas” 
(GRK 2182) at the Technische Universität Ilmenau, Germany. 
References      
[1]  Henselmans  R  (2009)  Non‐contact  Measurement  Machine  for 
freeform optics. Dissertation, Technische Universiteit Eindhoven 
[2] AMETEK. Inc. Taylor Hobson (2020) LuphoScan 260‐420 HD 
[3] Schuler A, Weckenmann A and Hausotte T (2014) Setup and 
evaluation  of  a  sensor  tilting  system  for  dimensional  micro‐  and 
nanometrology. J. Meas. Sci.Tech. 25(6):064010 
[4] Manske  E,  Jäger G.  (2012) Multi‐sensor  approach  for multivalent 
applications  in  nanometrology.  Int.  J.  of  automation  and  smart 
technology: AUSMT. 2. 2012. p. 141‐145 
[5] Schienbein R and Theska R (2017) A contribution to the development 
of  multiaxial  nanopositioning  machines.  Proceedings  of  the  17th 
International Conference EUSPEN Hannover. 113‐114p 
[6] Jäger G, Manske E, Hausotte T, Büchner H.‐J. (2009) The metrological 
basis  and  operation  of  nanopositioning  and  nanomeasuring machine 
NMM‐1. tm ‐ Technisches Messen. 2009. 76(5):524 
[7]  Schienbein  R,  Theska  R, Weigert  F.  (2017)  A  contribution  to  the 
implementation  of  ultraprecision  rotations  for  multiaxial 
nanopositioning machines. Proceedings of  the 59th  Ilmenau Scientific 
Colloquium. Ilmenau, Germany; 1.1.03 
[8]  SmarAct  GmbH,  AEROTECH  Inc.,  Physik  Instrumente  (PI),  HUBER 
Diffraktionstechnik GmbH, Newport Corp., OWIS GmbH, MirconixUSA, 
Thorlabs Inc., Attocube Systems AG, 2019 
[9] ARTAS ‐ Engineering Software (2018): SAM 7.1. www.artas.nl 
[10] Physik Instrumente (2019) L‐611.9ASD Precision Rotation Stage  
[11] Physik Instrumente (2019) WT‐90 Motorized Precision Goniometer 
[12] Thorlabs GmbH (2019) CXYZ05/M – XYZ Translation Mount 
[13] Möller‐Wedel‐Optical (2019) Autokollimator Elcomat 3000 
[14] Fern F, Füßl R, Schienbein R, Theska R (2018) Ultra precise motion 
error  measurement  of  rotation  kinematics  for  the  integration  in 
nanomeasuring and nanofabrication machines. Proceedings 33rd ASPE 
Annual Meeting Las Vegas 122‐126p 
[15] Attocube (2019) IDS3010 Interferometric Displacement Sensor 
[16]  Fern  F  (2020)  Metrologie  in  fünfachsigen  Nanomess‐  und 
Nanopositioniermaschinen. Dissertation, TU Ilmenau 
[17]  Schienbein  R  (2020)  Grundlegende  Untersuchungen  zum 
konstruktiven  Aufbau  von  Fünfachs‐Nanopositionier‐  und 
Nanomessmaschinen. Dissertation, Technische Universität Ilmenau 

(b)

IC
 d
ev
ia
ti
on

 in
 µ
m

rotations of the rotary stage 

xF
yF
z
F

fwd bwd

(a)

rotations of the rotary stage 

TC
P
 d
ev
ia
ti
o
n
 in

 µ
m

xNPMM

yNPMM

zNPMM

fwd bwd

216



 

          
 

 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Load cell with adjustable stiffness based on a preloaded T-shaped flexure pivot 
  
Loïc Tissot-Daguette1, Michal Smreczak1, Charles Baur1 and Simon Henein1   

 
1Instant-Lab, EPFL, Switzerland    
 
loic.tissot-daguette@epfl.ch 
  
Abstract 
In this paper, we present a new flexure-based load cell with adjustable stiffness designed for force sensors with extended force range 
and respective measuring resolution. This novel monolithic mechanism consists of a T-shaped flexure pivot combined with an 
adjustable elastic preloading element. In particular, the compression preload can be adjusted to reach near-zero stiffness, i.e., very 
high sensor sensitivity, or to reach negative stiffness, i.e., a bistable behavior leading to a passive force-limiting device. The analytical 
model based on Euler-Bernoulli beam theory is derived in order to extract a non-linear formula of the pivot stiffness as a function of 
its preload. The results of finite element simulations carried out to verify the analytical model are presented. Based on these models, 
a mesoscale load cell has been dimensioned aiming for a force resolution of 50 nN when tuned to near-zero positive stiffness, 
approaching that of micro-force sensing nanoprobes. 
 
Force sensor, Load cell, Compliant mechanism, Zero stiffness, Bistable mechanism, Beam buckling  

 

1. Introduction 

Over the past decades, the number of applications requiring 
precise measurement of forces down to the nanonewton range 
has rapidly increased. At microscale, beyond human perception, 
force sensing is important for assessing interactions with objects 
[1]. Examples of micromanipulation in which the measurement 
of such forces is beneficial are: electrical nanoprobing [2], 
biology [3] and microassembly [4].  

Load cells are transducers converting forces into electrical 
signals. A common type of load cells is based on compliant 
mechanisms where a part of the mechanism deflects 
proportionally to the applied force, following Hooke’s law, which 
presents a number of advantages [5]. Nanonewton resolution 
load cells are found in microelectromechanical systems (MEMS) 
such as Atomic Force Microscope (AFM) cantilever-based probes 
dedicated to micromanipulation [6]. Various methods for 
adjusting the stiffness are known [7], which allow the precision 
of the force measurement to be adapted to specific applications. 
However, a probe integrated within the MEMS is an important 
disadvantage in case of multi-scaled applications (e.g., when 
switching from nano- to microprobe is required) or if the probe 
needle gets damaged or contaminated.  

Currently, there is no load cell on the market dedicated to 
micromanipulation that offers stiffness adjustment capabilities 
along with the possibility to replace the probe. The contributions 
of this paper are the following: (i) a novel mesoscale compliant 
load cell with adjustable sensitivity and exchangeable probe is 
described, analyzed and dimensioned (Sec. 2); (ii) the design 
approach is validated by FEM simulations (Sec. 3); and (iii) the 
mechanical behavior and fabrication limits are discussed (Sec. 4) 
in order to manufacture and test a load cell in forthcoming work.  

2. Design of a load cell with a tunable stiffness 

2.1. Mechanism description 
The new load cell mechanism proposed in this paper, called 

TIVOT, is a 1-DOF flexure rotative joint with tunable angular 

stiffness (patent pending). Its schematic is shown in Fig. 1. In this 
design, a flexure pivot is made of three identical blades arranged 
in a T-shaped structure, with two blades attached to the fixed 
frame and one blade linked to a preload mechanism. The 
preload mechanism exerts a compressive force to the two 
horizontal blades of the pivot in order to decrease their bending 
stiffness and thus the overall pivot angular stiffness 𝐾𝛼. This 
preload is achieved by the deformation of a linear spring with 
constant stiffness 𝐾0 and controlled by the displacement 𝑥0 of a 
linear stage (schematically actuated by a screw in Fig. 1). When 
the pivot is rotated, a displacement 𝑥𝑝 of the passive linear stage 

is induced due to the end-shortening of the horizontal blades.  
 

 
Figure 1. (a) TIVOT at rest (i.e., no energy is stored in the mechanism). 
(b) TIVOT preloaded and a force applied at the probe tip. 
 

Using a probe mounted on the flexure pivot, a force 𝐹 can be 
measured when applied at the probe tip creating a moment on 
the pivot. Based on the pivot stiffness 𝐾𝛼 (controlled by the 
preload displacement 𝑥0), the probe rotates by an angle 𝛼 which 
can be measured using a displacement sensor. The load cell can 
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be monolithic if the linear stages and the spring are realized with 
flexures. The center of mass of the probe must be coincident 
with the center of rotation of the pivot to reduce gravity effects 
on the mechanism behavior. The main benefit of the TIVOT is 
that tuning the stiffness of the pivot allows to adjust the load cell 
sensitivity thus permitting to adapt the force range and 
respective resolution. Nanonewton forces can be sensed if the 
flexure pivot is well-adjusted to near-zero positive stiffness. The 
results in Sec. 3 show that negative stiffness can also be achieved 
with high preloads, leading to a bistable mechanism. 

 
2.2. Analytical model      

This section introduces the theoretical model used to design 
the TIVOT mechanism. For the calculations, we assume that the 
three blades of the pivot are initially straight slender beams and 
the two horizontal blades have the same deflected shape. 
Thereby, we will consider the rotation stiffness of a single blade 
compressed by a preload 𝑃 and compute its horizontal 
displacement, to then evaluate the stiffness of the whole TIVOT 
mechanism and the pivot moment-angle relation. 

Figure 2 shows the deformation and the load case of one of 
the beams. The beam is clamped at one end and hinged with a 
rigid lever of length 𝑝 at the other extremity. The horizontal 
displacement ∆𝑥 of the pivot is considered and its vertical 
displacement is neglected for simplification purposes. A torque 
𝑀𝛼,1beam (created by the force at the probe tip in Fig. 1) is 

applied to the pivot which rotates by an angle 𝛼. The free-body 
diagram of the beam is derived in order to compute the pivot 
stiffness as a function of the compressive preload 𝑃. 

 

 
Figure 2. (a) As-fabricated, (b) deformed and (c) free-body diagram of 
one of the TIVOT beams.  
 

Considering small beam deformations, we compute the blade 
deflection using Euler-Bernoulli static beam equation: 

 
 𝑀(𝑥) =  𝐸𝐼𝑦’’(𝑥) (1) 

 
where 𝐸𝐼 is the beam flexural rigidity and 𝑀(𝑥) is the bending 
moment related to the beam reaction forces and moment: 
 

 𝑀(𝑥) = −𝑃𝑦(𝑥) + 𝑉𝑥 + 𝑀0     (2) 

Combining Eqs. (1) and (2) gives a second-order differential 
equation. After deriving the general solution and integrating the 
boundary conditions 𝑦(0) = 𝑦′(0) = 0, we obtain the beam 
deflection: 

 𝑦(𝑥) = 𝐴(sin(𝑘𝑥) − 𝑘𝑥) + 𝐵(cos(𝑘𝑥) − 1) (3) 

where: 

 𝑘 = √
𝑃

𝐸𝐼
 (4) 

The parameters 𝐴 and 𝐵 are found using the boundary 
conditions 𝑦(𝑙) ≅ −𝑝𝛼 and 𝑦′(𝑙) ≅ 𝛼:  
 

 𝐴 = −𝛼𝑙
cos(𝑘𝑙) − 1 − 𝑘𝑙 �̅� sin(𝑘𝑙)

𝑘𝑙(𝑘𝑙 sin(𝑘𝑙) + 2(cos(𝑘𝑙) − 1))
 (5) 

 

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

𝑘𝑙(𝑘𝑙 sin(𝑘𝑙) + 2(cos(𝑘𝑙) − 1))
 (6) 

where: 

 �̅� =
𝑝

𝑙
 (7) 

We define the rotation stiffness of a single beam as follows: 
 

 

𝐾𝛼,1beam =
𝑀𝛼,1beam

𝛼
≅

𝑀𝑙 + 𝑉𝑝 + 𝑃𝑦(𝑙)

𝑦’(𝑙)
= 

 
𝐸𝐼

𝑙
𝑘𝑙

𝑘𝑙 cos(𝑘𝑙) − sin(𝑘𝑙) (1 + (𝑘𝑙)2�̅� + (𝑘𝑙)2�̅�2)

𝑘𝑙 sin(𝑘𝑙) + 2(cos(𝑘𝑙) − 1)
 

(8) 

 
The horizontal displacement ∆𝑥 comes from the rotation of 

the lever and the end-shortening of the beam. In order to 
calculate this displacement, as in [8] we use the approximation: 
 

 ∆𝑥 = 𝐿 − 𝑙 + 𝑝(1 − cos(𝛼)) ≅ ∫
(𝑦′(𝑥))

2

2
𝑑𝑥

𝑙

0

+
𝑝𝛼2

2
= 𝐻(𝑘𝑙)𝛼2  

(9) 

where: 

 

𝐻(𝑘𝑙) =
𝑘𝑙

8𝑙
[(

𝐴

𝛼
)

2

(6𝑘𝑙 − 8 sin(𝑘𝑙) + sin(2𝑘𝑙)) 

                 +2 (
𝐴

𝛼
) (

𝐵

𝛼
) (cos(2𝑘𝑙) − 4 cos(𝑘𝑙) + 3) 

                 + (
𝐵

𝛼
)

2

(2𝑘𝑙 − sin(2𝑘𝑙))] +
𝑝

2
 

(10) 

 

The TIVOT flexure pivot stiffness 𝐾𝛼 is the sum of the three 
beam stiffnesses (see Fig. 1). Because the two horizontal blades 
are preloaded by the compressive force 𝑃, and the vertical blade 
is not preloaded (i.e., from Eq. (4), 𝑘𝑙 = 0), it leads to: 

 

 
𝐾𝛼 = 2𝐾𝛼,1beam + 𝐾𝛼,1beam(𝑘𝑙 = 0)  

          = 2𝐾𝛼,1beam +
4𝐸𝐼

𝑙
(1 + 3�̅� + 3�̅�2) 

(11) 

 
To obtain the TIVOT nonlinear moment-angle behavior (𝑀𝛼 as 

a function of 𝛼), we need to consider the variation of the load 𝑃 
due to the horizontal displacement 𝑥𝑝 (𝑥0 being fixed). First, the 

force 𝑃 is linked to the linear spring deformation with the 
following relation: 

 𝑃 = 𝐾0(𝑥0 − 𝑥𝑝) (12) 

   

where the displacement 𝑥𝑝 is assumed to be the sum of the two 

horizontal beam displacements ∆𝑥 derived in Eq. (9): 
 

 𝑥𝑝 = 2∆𝑥 = 2𝐻(𝑘𝑙)𝛼2 (13) 
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Using Eqs. (4), (12) and (13), we can obtain the pivot angle 𝛼:  
 

 
𝛼 = ±

√
𝑥0 −

𝐸𝐼
𝐾0𝑙2 (𝑘𝑙)2 

2𝐻(𝑘𝑙)
 

(14) 

 
Hence, from Eqs. (11) and (14), the applied moment can finally 
be calculated as:  

 𝑀𝛼 = 𝐾𝛼𝛼 (15) 
 
2.3. Proposed dimensions  

Using the analytical model in the previous section, a flexure-
based mesoscale embodiment of the TIVOT (see Fig. 3 and Table 
1) was designed to demonstrate that the stiffness tuning works 
as expected, to provide numerical results for comparison to the 
theoretical model and discuss possible manufacturing limits. 

  

 
Figure 3. Mesoscale load cell prototype (illustrated as-fabricated). Two 
holes are drilled in order to mount a probe on the flexure pivot. 

 
To make the mechanism structurally monolithic, the linear 

stages and the linear spring are replaced by two identical parallel 
spring stages. The stiffness of each parallel spring stage is given 
by 𝐾0 = 2𝐸𝑏0ℎ0

3/𝐿0
3 [5].  

 
Table 1. Design parameters of the load cell. 

 Parameter Value 

Material (Ti-Al6-V4) 𝐸 114 GPa  
𝜎𝑦 830 MPa 

Flexure pivot ℎ 80 µm 
𝑏 2 mm 
𝐿 4.5 mm 
𝑝 1.4 mm 

𝛼𝑚𝑎𝑥 5 deg 

Preload mechanism ℎ0 1.05 mm 

𝑏0 2 mm 

𝐿0 33 mm 

𝐾0 14.7 N/mm 

𝑥0,𝑚𝑎𝑥 1 mm 

 
The material of the load cell structure is chosen to be titanium 

(Ti-Al6-V4), well suited for its high yield strength on Young’s 
modulus ratio (𝜎𝑦/𝐸 ). The structure is designed to be 

manufactured with wire-cut electrical discharge machining 
(EDM) process, allowing cutting blades with thicknesses down to 
50 µm and machining tolerances of a few µm. In terms of load 
cell requirements, we aim for a maximum pivot stiffness (when 
non-preloaded) lower than 60 Nmm/rad. 

3. FEM results  

To validate our designed load cell, a finite element method 
(FEM) static study was carried out using Comsol Multiphysics 5.4 
considering geometric nonlinearities (for analyzing prestressed 
structures). A first study was conducted to validate that the 
material sustains the internal stress when the load cell structure 
is maximally deformed (𝛼 = 5 deg and 𝑥0 = 1 mm). Figure 4 
shows that the maximum von Mises stress in the structure is 696 
MPa which is below the material yield stress stated in Table 1. 

 

 
Figure 4. FEM simulation of the load cell structure. 

 

Figure 5 illustrates the simulated pivot stiffness-preload graph 
for small pivot angles (𝛼 ≅ 0). The simulation results of the pivot 
moment-angle relation for different preloading displacements 
are shown in Fig. 6. From Eqs. (11), (14) and (15) of Sec. 2.2, 
analytical curves are traced out in Figs. 5 and 6 as the parameter 
𝑘𝑙 ranges from 0 (no preload) to 2𝜋 (Euler’s critical load of a 
clamped-clamped beam [9]), with the design parameters stated 
in Table 1 and the approximation 𝑙 ≅ 𝐿. We avoid 𝑘𝑙 ≥ 2𝜋 
because the horizontal beams start to buckle even if the pivot 
angle 𝛼 is maintained to zero. This elastic instability leads to 
hysteresis in the moment-angle curve and the stress in the 
structure rises sharply due to the large beam deformations.  

Table 2 indicates the theoretical force sensitivity, resolution 
and range of the load cell that should be obtained on a test 
bench containing a probe needle mounted on the load cell with 
a length (distance from pivot center of rotation to probe tip) of 
25 mm and a laser proximity sensor with a resolution of 10 nm 
(for the conversion of the load cell deflection into an electrical 
signal) measuring the displacement at the probe tip. The force 
range is considered here to be the maximum theoretical 
measured force when the pivot angle stroke is mechanically 
stopped at 5 deg. 

 
Table 2. Theoretical force sensitivity, resolution and range of the load 
cell for: 1) non-preloaded pivot and 2) near-zero positive stiffness pivot. 

Pivot stiffness 
tuning 

𝑥0  
[mm] 

Sensitivity 
[m/N] 

Resolution 
[µN] 

Range 
[mN] 

1) Non-preloaded 0  0.01 1 200 

2) Near-zero 
positive stiffness 

0.6 0.2 0.05 20 

4. Discussion      

4.1. Stiffness tuning 
It is observed that the FEM predicts similar results as 

compared with the analytical model. In Fig. 5, both simulation 
and theoretical results show that the preload allows to tune the 
load cell stiffness. Three stiffness regions stand out: positive 
stiffness; negative stiffness; and hysteretic stiffness.  
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Positive stiffness corresponds to the primary use of the load 
cell for force sensing applications. As shown in Table 2, the force 
resolution can be adjusted from 1 µN down to 50 nN. If well-
tuned the resolution could decrease even more. However, the 
lower the resolution, the lower the measuring range. Hence, we 
should adjust the preloading according to the range of forces we 
need to measure. We can add that load cell stiffnesses could be 
higher than the non-preloaded pivot stiffness if the preload 
mechanism applies a tensile preload (instead of a compressive 
preload) to the pivot. Even if it is not presented in the results, 
the analytical model in Sec. 2.2 can consider tensile preloads if 
the parameter 𝑘 (defined in Eq. (4)) is a complex number. 

Negative stiffness is reached when exceeding the zero stiffness 
pivot preload (see Fig. 5). This bistable behavior could open a 
broader range of applications, such as, but not limited to, force 
threshold sensors, force limiting devices, non-volatile bistable 
mechanical memories or constant-force mechanisms if 
combined with a preloaded positive-stiffness mechanism in 
parallel. 

We call the region hysteretic stiffness when the preloading 
displacement is higher than 1.3 mm, because there exist 
multiple pivot stiffness solutions for the same pivot angle. 
Indeed, the moment-angle characteristics of the pivot depends 
on the current buckling direction of the horizontal beams. This 
hysteresis aspects of the TIVOT could be further investigated in 
future studies using the analytical model presented in this 
paper.   

 
Figure 5. Angular stiffness versus axial preload of the TIVOT for small 
pivot angles (𝛼 ≅ 0). Theoretical results are represented by a solid line 
and the FEM numerical results are represented by stars. 
 

4.2. Load cell nonlinearities 
In Fig. 6, both simulation and theoretical results show 

nonlinearity. We can also notice that the numerical moment-
angle characteristics is asymmetrical with respect to the angle 
direction compared to the theoretical curve. The discrepancy 
between the analytical and FEM results is considered to be 
primarily due to the neglection of the pivot vertical 
displacement in the analytical model. The stiffness 
nonlinearities of the TIVOT could be compensated using a 
dedicated circuit hardware to linearize the electrical output of 
the displacement sensor or using linearization algorithms in a 
controller/processor embedded or not in the force sensor. 

 
4.3. Manufacturing limits 

Gravity can affect the measured force if the center of mass of 
the probe is not coincident with the center of rotation of the 
pivot. To precisely compensate the imbalance of the probe, we 
can use e.g., an adjustable constant torque mechanism mounted 
in parallel on the load cell pivot. Depending on the load cell 

environment, the force sensitivity can fluctuate due to 
temperature variations. Instead of EDM fabricated metal 
structure, we could use materials with low thermal sensitivity 
such as glass (using femtolaser 3D printing technology) or 
oxidized silicon (using deep reactive ion etching process).  

 

 
Figure 6. Moment-angle characteristics of the TIVOT for different 
preload displacements. Theoretical results are represented by solid lines 
and the FEM numerical results are represented by stars. 

5. Conclusion      

A novel flexure-based load cell with tunable stiffness is 
presented in this paper. Analytical modeling is conducted based 
on Euler-Bernoulli beam theory and verified by carrying out FEM 
simulations. Based on these models, a monolithic mesoscale 
load cell is designed. The results show that the load cell force 
resolution can be adjusted from 1 µN down to 50 nN with a 
measuring force range of 200 mN and 20 mN respectively. 
Interestingly, the mechanism becomes bistable for certain 
adjustments, leading to a broader range of applications (force 
limiting devices, force threshold sensors, etc.). 

Future work includes a verification of the analytical and 
numerical solutions by experimental results from a load cell 
prototype fabricated in titanium using wire-cut EDM process.  
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Abstract 
Industrial robot systems offer a flexible, adaptable basis due to their kinematics and their mobility. An influencing variable, which is 
particularly relevant for processes with long process times tP, is the thermal heating and the associated thermal drift ΔAPt of the tool 
center point. The maximum deviation from the actual nominal position can reach up to ΔAPt = 1.5 mm. In the investigations, a 
simulation model for an industrial robot was created and the thermal behaviour was mapped. With this model, the thermal error ΔAPt 
within the working area can be determined as a function of the current position X and temperature ϑ. These data can be used for a 
targeted correction of the robot path. With the correction by the compensation model the amount of drift for real milling processes 
could be reduced to a value of ΔAPt = 0.042 mm. The results can help to reduce the influence of thermal heating and the associated 
thermal drift ΔAPt of the TCP without using cost-intensive measures with additional hardware and software on external computers 
for compensating the errors. 
 
Accuracy, Simulation, Robot, Thermal Error 

 

1. Introduction 

In the last decade, robotic machining has evolved from a basic 
research topic to a production technology for industrial use [1]. 
Various disturbances occur during robot-guided milling. These 
disturbances have a considerable influence on the accuracy AP. 
Thermal deformation Δl in continuous operation has the 
greatest influence on accuracy AP [2,3]. In this context, drifts 
from 0.10 mm ≤ ΔAPt ≤ 1.78 mm were measured [4, 5]. 

Currently, there are no established procedures and methods 
in practice that compensate for the effects of thermal drift ΔAPt 
without costly calibration measures with corresponding system 
downtime tS. In the field of university and institutional research, 
there are still a few approaches to compensatory and 
constructive measures, but there is no development with direct 
practical relevance [6, 7]. 

In this contribution a robot model was developed based on the 
simulation of the thermal behavior of the robot. With this 
model, the thermal error ΔAPt within the working area can be 
determined as a function of the current position X and 
temperature ϑ. With the correction by the compensation model 
the amount of drift for real milling processes could be reduced 
to a value of ΔAPt = 0.042 mm. 

Thereby the knowledge of the thermal behaviour of the robot 
could be extended. The simulation model makes it possible to 
determine and investigate thermal states within a very short 
time t. Furthermore, the model allows the compensation of 
thermal drift ΔAPt during machining without downtime tS and 
additional expensive equipment. 

2. Prelimenary investigations 

The thermal drift ΔAPt is time-variant and is constantly 
changing during the manufacturing process through different 
processing speeds cP, operating loads mO and process times tP 
[8]. On the given robot system, the KUKA KR 60 HA from 

KUKA ROBOTER GMBH, Augsburg, a maximum thermal drift of the 
tool center point of ΔAPt = 1.78 mm could be determined. The 
position of the tool center point is measured with the optical 
measuring system Leica Absolute Laser Tracker AT960-MR from 
HEXAGON METROLOGY GMBH,Wetzlar. The measurement accuracy 
of e = 0.04 mm is sufficient for the expected drift ΔAPt of several 
tenths of a millimeter and a position accuracy of the robot of 
AD = 0.05 mm. During a machining process, all axes are rarely in 
operation simultaneously and the axis speeds c are much lower. 
This results in a significantly lower structure heating and thus 
also in a low drift ΔAPt = 0.285 mm. The stationary state is 
reached for sample machining after a time of t = 600 min and 
thus after about twice the time t as for maximum heating. 

3. Robot Model 

In the simulation environment, the robot system can be 
simulated in any axis position and with different operating 
powers P. As a result, the simulation provides both the drift ΔAPt 
at the TCP of the robot system and the drift ΔAPt in all spatial 
directions of the individual axes. The model only considers the 
thermally induced change in length Δl of the system. Thermally 
induced bending is not considered. Thus the change in length Δl 
of each axis at any time t, in any point of the working area can 
be determined. To confirm the stability and reliability of the 
results of the simulation model, comparative measurements are 
performed at defined points in the working space.  

Figure 1 shows as an example the comparison between the 
calculated drifts ΔAPt of the simulation environment and the 
measured drifts ΔAPt at an operating performance of P = 100%. 
For this example, the value of the calculated drift is 
ΔAPt = 1.33 mm. In comparison, the measured drift is 
ΔAPt = 1.39 mm. This results in an error of eAbw = 0.06 mm for 
the absolute value. 

For a compensation during the machining process it is 
necessary that the calculation results are already available. The 
simulation cannot run simultaneously with the process and 
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output the results for the current axis position X in parallel. 
Therefore the simulation results have to be transferred into a 
mathematical robot model.  

 

 
Figure 1. Comparison of experimentally determined and calculated 

drift ΔAPt of the KUKA KR 60 HA at a power P = 100 % 

The best results were achieved with a rational polynomial, 
compare function 1. The coefficients of the formula were 
determined for all relevant operating powers P. A comparison of 
the experimentally determined drift ΔAPt and the calculated 
drift ΔAPt is shown in Figure 2. 

fR(tm) = 
∑ pitm

n+1-in+1
i=1

tm
m+ ∑ qitm

m-1m
i=1

 (1) 

  

 
Figure 2. Comparison of experimentally determined and calculated 

Drift ΔAPt at a power of P = 75 % 

4. Results      

The correction of the drift ΔAPt is done indirectly by an 
external compensation computer. Figure 3 shows the 
comparison of the value of the drift ΔAPt with and without 
correction. The operating power for this test series is P = 100 %. 
It can be seen that the compensation leads to a reduction of the 
thermally induced drift ΔAPt. The drift can be reduced by the 
compensation to a value of ΔAPt = 0.119 mm. Without the 
compensation, the drift is ΔAPt = 1.205 mm. The drift is kept in 
an almost constant range of 0.072 mm ≤ ΔAPt ≤ 0.119 mm over 
the entire measuring time of t = 360 min by the compensation. 

 
Figure 3. Comparison drift ΔAPt with and without correction of the 

KUKA KR 60 HA with a power P = 100 % 

In addition to static measurements, the performance of the 
model was tested during sample machining after t = 240 min 
and the spatial error in X, Y and Z-direction was considered. The 
comparison of the processing errors shows that the generated 
error with the correction is significantly lower than without 
correction. The component shows lower machining errors in 
most spatial directions. Due to compensation, the value for the 
Y-direction increases slightly but continues to show a very low 
value. The measurement results are shown in Table 1. With the 
correction by the robot model, the drift of ΔAPt = 0.174 mm can 
be reduced to a value of ΔAPt = 0.042 mm.  
Table 1. Axis drifts ΔAPt and absolute value during sample machining 
after t = 240 min with and without compensation 

 X Y Z Absolute 
Value 

ΔAPt [mm] 
without 
compensation 

0.115 0.011 -0.131 0.174 

ΔAPt [mm] with 
compensation 

-0.015 0.022 -0.032 0.042 

5. Conclusion      

The developed compensation model could prove that a 
correction during a machining process is possible. The great 
advantage of this compensation method is that the correction is 
carried out during the movement and the target point is 
adjusted exactly in relation to the thermal drift ΔAPt. This is 
suitable for use in the field of milling, which mainly involves high-
precision path operations. With the correction by the 
compensation model, the amount of drift for real milling 
processes can be reduced to a value of ΔAPt = 0.042 mm. This 
corresponds to a reduction of 75 % compared to the original 
drift ΔAPt. The compensation model does not cause the system 
to stop for correction by external measuring systems, which is a 
major advantage of the developed solution. 
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Abstract 
 
Since the invention of the pendulum clock by Christiaan Huygens in 1657, precision timekeepers have been regulated by oscillators. 
Although the pendulum is not an isochronous oscillator, its introduction as a time basis for clock regulation led to a significant increase 
in accuracy. Indeed, numerous clocks were subsequently retrofitted with pendulums to replace the foliot time base. Oscillators have 
defined revolutions in accuracy, as seen by the terms quartz watch and atomic clock. Observation of a rocking chair and its 
mathematical modelling shows that it provides oscillatory motion and can therefore theoretically be used as a clock time base. This 
led to the study, design, and fabrication of a rocker oscillator for the regulation of a table clock. The demonstrator consists of a rocker 
oscillator designed to replace the original pendulum of a commercial precision table clock. Two identical clocks were used to compare 
the operation of the modified clock with that of the original one. The rocker oscillator was dimensioned so that its natural frequency 
as well as its quality factor fit those of the original pendulum. The performance of both clocks was then the subject of an 
experimental study. This project serves as a demonstration of how new oscillators can be retrofitted to existing timekeepers. 
 
Rocking oscillator, clock oscillator, time bases, rocking motion   

 

1. Introduction 

The retrofitting of timekeepers with new oscillators is a 
procedure that has been widely used in the history of 
timekeeping. In previous work [1, 2], novel two degree of 
freedom oscillators were installed in a traditional table clock. 
The balance-spring of a mechanical watch has also been 
replaced by a quartz oscillator, the first time in [3]. These results 
concentrate on the oscillator and not on the replacement 
procedure. This paper gives simple outline of how to replace a 
traditional oscillator with a novel oscillator.  

The new time base is a rocker oscillator inspired by the 
observation that a rocking chair has oscillatory motion. By rocker 
oscillator, we mean a solid object subject to gravity, rolling 
without slipping on a surface and having a unique stable state 
about which it oscillates. The paper describes how the classical 
pendulum time base of a commercial clock was successfully 
replaced by this type of oscillator and compares the 
performance of the clock with each of these time bases.  

This paper summarizes the results of an EPFL semester project 
by the first author, in which the methodology allowed him to 
gain a deep understanding of the theoretical and practical 
aspects of mechanical timekeeping.  

2. Timekeeper theory 

Mechanical timekeepers measure time by means of an energy 
source, usually a spring or a weight, whose energy release is 
regulated by a time base, most commonly an oscillator. The 
interface between the driving torque and the oscillator is the 
escapement which has a dual purpose. The first is to transfer 
maintaining torque to the oscillator by replacing the energy lost 
due to friction. The second is to regulate the clock’s gear train so 
it can be connected to the hands so as to display civil time. 

To replace the oscillator of an existing timekeeper without 
modifying the movement and the escapement means that the 
new oscillator has to match the natural frequency of the old 
oscillator and that the frictional losses of each oscillator have to 
be matched so that amplitude remains similar in each case.  

 
2.1. Isochronism 

Isochronism is the property of an oscillator where its 
frequency is independent of its amplitude. This is the basis of 
precise timekeeping as the measure of time is liberated from the 
maintaining energy. This principle was discovered by Galileo ca. 
1600 and first applied to a timekeeper by Huygens in 1657, see 
[4]. The pendulum is not theoretically isochronous, but Huygens 
found an elegant theoretical modification, the cycloidal 
pendulum, which unfortunately does not work in practice [4].  
Pendulum clocks owe their accuracy to careful constructions and 
keeping amplitude small.  
 
2.2. Quality factor 

The standard theory of harmonic oscillators, see [5], shows 
that 𝐸𝐸𝑙𝑙 the energy lost to friction during one cycle, can be 
expressed as  

𝐸𝐸𝑙𝑙 = 2𝜋𝜋𝐸𝐸 𝑄𝑄⁄ ,             (2.2.1) 

where 𝐸𝐸 is the total mechanical energy of the oscillator and the 
dimensionless quantity 𝑄𝑄 its quality factor. The energy loss is 
thus fully determined by the quality factor and the total 
mechanical energy of the oscillator. 

3. New oscillator and base clock 

3.1. Rocker oscillator concept 
The rocker oscillator studied here is a homogeneous solid 

having the shape of a right circular cylinder cut by a plane 
parallel to its axis. Its curved face is placed on a horizontal plane 
surface. It is assumed that the cylinder rolls without slipping. 
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Figure 1. Shape and motion concept of the novel rocker oscillator. On 
the right with the discs to adjust the frequency.  
 

 
 

Figure 2. Base clock from Hermle (model Tischuhr 22734-000701). Its 
pendulum is to be replaced by the novel rocker oscillator while keeping 
its original movement and escapement. 
 
When the cut is nontrivial, there is a unique stable state around 
which it oscillates (for small amplitudes), see Fig. 1. 

In addition to this object, a system has to be designed to allow 
the coupling of the oscillator to the base clock’s escapement. In 
order to correct inevitable practical inaccuracies, the final device 
requires empirical adjustment of the natural frequency and 
energy, i.e, amplitude, of the oscillator.  

 
3.2. Base clock 

The chosen clock is a pendulum clock powered by barrel spring 
made by Hermle (model Tischuhr 22734-000701), see Fig. 2. Two 
copies were used, one to retrofit the new rocker oscillator while 
the other serves as a reference. 

4. Frequency matching 

The first issue is to match the new oscillator's frequency to 
match that of the original oscillator, since the movement is 
designed to display civil time according to this frequency.   

 
4.1. Base clock frequency 

The nominal frequency of the base clock can be directly 
determined by counting the number of teeth of the geartrain 
and computing the transmission-ratio from the minutes wheel 
to the escapement wheel. This process applied to the base clock 
gives a nominal frequency  𝑓𝑓𝑁𝑁 = 1.3975 Hz. 
 
4.2. Base clock setting resolution 

It is also useful to estimate the original clock's setting 
resolution. This setting is achieved by turning a nut which 
modifies the pendulum's length and therefore its natural 
frequency. The setting resolution can be estimated by 
measuring the change in the clock's daily rate produced by a 
single turn of the nut. The obtained result is that a single turn of 
the nuts leads to a variation of 270 s/day. Considering a 
minimum setting step of the nut of 20 degrees, the clock setting 
resolution is approximately 15 s/day. 

 
 

Figure 3. Parameters for the derivation of the equation of motion of the 
rocker oscillator. The point c indicates the center of mass. 
 

The methodology used to measure the actual pendulum 
frequency is to count, by means of a laser barrier, the number of 
periods performed by the pendulum over a certain time interval. 

 
4.3. New oscillator frequency 

The frequency of the rocker oscillator is derived from its 
equation of motion. The derivation of the equation of motion of 
such an object is similar to the known case of the rolling motion 
of non-axisymmetric cylinders, see [6]. After computing the 
position of the center of mass and the inertia of the 
homogeneous solid presented in Fig. 1, the equation of motion 
can be derived using Lagrangian mechanics. The final result is of 
the form: 

(𝑅𝑅2 − 2𝑅𝑅𝑅𝑅 cos 𝜃𝜃 + 𝑅𝑅2 + 𝐼𝐼/𝑚𝑚)�̈�𝜃 + 𝑅𝑅𝑅𝑅�̇�𝜃2 sin𝜃𝜃 + 𝑔𝑔𝑅𝑅 sin 𝜃𝜃 = 0, 

where the parameters are as in Fig. 3, 𝑚𝑚 is the mass of the 
cylinder and 𝐼𝐼 its moment of inertia along its axis at its center of 
mass. A first order approximation of this equation gives this 
result: 

�̈�𝜃 + 𝑔𝑔𝑔𝑔
(𝑅𝑅−𝑔𝑔)2+𝐼𝐼/𝑚𝑚

𝜃𝜃 = 0. 

This is the equation of a harmonic oscillator and the 
corresponding frequency is 

𝑓𝑓 = 1
2𝜋𝜋 �

𝑔𝑔𝑔𝑔
(𝑅𝑅−𝑔𝑔)2+𝐼𝐼/𝑚𝑚

. 

The eccentricity of the center of mass 𝑅𝑅 and the moment of 
inertia 𝐼𝐼 are parametrized only by the geometric angle 𝜑𝜑 and 
the cylinder radius 𝑅𝑅. Thus, the natural frequency of the rocker 
oscillator is fully determined by 𝑚𝑚, 𝑅𝑅 and 𝜑𝜑 according to the 
equation above. 

This result shows that the rocker oscillator as defined in this 
paper is isochronous with a second order error. This allows us to 
consider the frequency as independent of the amplitude and to 
separate the frequency matching from the energy matching. 

Note that this result is valid as long as the curve of the cylinder 
is circular. A computation of the curve yielding a theoretically 
perfect isochronous oscillator, in analogy with Huygens' 
cycloidal pendulum, was announced in [7]. 
 
4.4. New oscillator setting resolution 

To allow empirical adjustments of the oscillator natural 
frequency, two solid discs, one heavy and one light, were 
mounted on threaded rods on top of the cylinder as shown on 
the right of Fig. 1. The setting of the distance between the discs 
and the cylinder changes the inertia of the system as well as the 
position of the center of mass and thus modifies the natural 
frequency. The lightweight disc is designed to allow for fine 
adjustment of the frequency (about 5 s/day per revolution), and 
the heavier one for coarse adjustment (about 120 s/day per 
revolution). 
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5. Quality factor matching 

The second condition that the new oscillator must comply with 
in order to correctly replace the pendulum of the base clock is 
that its energy loss per cycle corresponds to the energy supplied 
by the escapement impulse. This is required as the amplitude of 
the oscillator at the escapement must be similar. If the base 
clock is properly constructed, this energy should be equal to the 
energy loss per cycle of the original pendulum. 

 
5.1. Base clock oscillator quality factor 

The quality factor of the pendulum can be evaluated by 
measuring the decrease in the amplitude of the oscillations of 
the free pendulum (decoupled from the clock) as a function of 
the number of periods completed. 

According to [5], the evolution of an oscillator damped by a 
friction force proportional to the speed of the movement 
(viscous friction) is given by: 

𝑥𝑥(𝑡𝑡) = 𝐴𝐴𝑒𝑒−𝜋𝜋𝜋𝜋𝜋𝜋/𝑄𝑄 cos(2𝜋𝜋𝑓𝑓𝑔𝑔𝑡𝑡 + 𝜙𝜙), with 𝑓𝑓𝑔𝑔 = 𝑓𝑓�1 − 1 (4𝑄𝑄2)⁄  . 

Therefore, starting with an amplitude 𝐴𝐴0, after 𝑘𝑘 periods the 
amplitude is 𝐴𝐴𝑘𝑘 = 𝑒𝑒−𝜋𝜋𝑘𝑘/𝑄𝑄𝐴𝐴0, yielding the linear relation 

log𝐴𝐴𝑘𝑘 = −
𝜋𝜋𝑘𝑘
𝑄𝑄 + log𝐴𝐴0. 

Using  this equation, it is straightforward to derive 𝑄𝑄 from a 
series of 𝑘𝑘 and 𝐴𝐴𝑘𝑘  measurements. Using a camera to record the 
evolution of the amplitude of the original pendulum, the quality 
factor is 𝑄𝑄 = 2700. 

 
5.2. Base clock impulse energy 

According to formula (2.2.1), the energy 𝐸𝐸𝑖𝑖 given by the 
escapement to the pendulum of the base clock at each cycle is  

𝐸𝐸𝑖𝑖 = 2𝜋𝜋𝑚𝑚𝑔𝑔𝑚𝑚(1 − cos𝜃𝜃0) 𝑄𝑄⁄ , 

where 𝑚𝑚 is the mass of the pendulum’s bob, 𝑚𝑚 the length of its 
rod and 𝜃𝜃0 the amplitude of oscillations. Measuring the 
amplitude of the pendulum of the base clock provides the 
estimate 𝐸𝐸𝑖𝑖 ≈ 1.24 × 10−6 J. 
 
5.3. New oscillator quality factor 

The theoretical derivation of the quality factor of the rocker 
oscillator is a difficult task as it requires a quantitative 
identification of the frictional losses inherent to the system. The 
chosen approach is therefore empirical and based on 
experiment. 

The frictional losses are rolling friction and air friction. The 
second is considered negligible as compared to the first. Rolling 
friction has two main causes: the deformation of the rolling 
object or the surface and the slippage between the rolling object 
and the surface. 

The rolling resistance caused by material deformation can be 
expressed as 

𝐹𝐹 = 𝑏𝑏𝑏𝑏/𝑅𝑅, 

where 𝑏𝑏 is the rolling resistance coefficient, 𝑏𝑏 is the normal 
force and 𝑅𝑅 the rolling object radius. This indicates that to 
maximize the quality factor of the rocker oscillator, the rolling 
resistance coefficient should be minimized which is typically the 
same as maximizing the hardness of the involved materials. 
According to this equation, the ratio of the oscillator mass to its 
radius should be minimized. 

Slippage between the rolling object and the surface occurs if 
𝐹𝐹𝜋𝜋 > 𝜇𝜇𝑠𝑠𝑏𝑏. Therefore, to avoid this and maximize the quality  

 
 

Figure 4. Test oscillators for quality factor estimation, on the left a 
homogeneous aluminium cylinder and on the right a test device to 
evaluate the influence of mass. 

 
Figure 5. Coupling system and geometry of the rocker oscillator and the 
escapement of the base clock. 
 
factor, the materials should be chosen to maximize the static 
friction coefficient 𝜇𝜇𝑠𝑠 between the cylinder and the rolling 
surface. The static friction coefficient is usually highest when the 
materials of the surfaces in contact are identical. 

Moreover, in theory, the quality factor is related to the 
oscillator mass: if 𝑚𝑚  is multiplied by a factor 𝜆𝜆, then 𝑄𝑄 is 
multiplied by a factor √𝜆𝜆, see [5]. To verify this statement, the 
test oscillator presented on the right of Fig. 4 was constructed. 
Its mass can be modified as for a dumbbell while keeping the 
position of its center of mass and the radius unchanged. This 
experiment confirmed the relation above. 

These theoretical results give qualitative insight but do not 
allow us to estimate the quality factor of the rocker oscillator. To 
this end, it is possible to build a prototype of the oscillator and 
measure its quality factor using the methods described above. 
The value obtained for the aluminium prototype shown on the 
left of Fig. 4 is 𝑄𝑄 = 172. 

Subsequent experiments compared different types of rolling 
surfaces. The tests were carried out by counting the number of 
oscillations before stopping of the aluminium cylinder of Fig. 4 
for different types of supports. As predicted by theory, the 
results are best when the materials of the cylinder and the 
rolling surface are identical. These experiments also show that 
reducing the contact patch increases quality factor. 

 
5.4. New oscillator operating amplitude 

By introducing the total mechanical energy of the rocker 
oscillator in the formula (2.2.1), it is possible to express its 
energy loss per cycle 𝐸𝐸𝑙𝑙 as a function of its amplitude 𝜃𝜃0: 
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Figure 6. On the left, the constructed cylinder and support rods. On the 
right, the complete demonstrator with the base clock. 
 

𝐸𝐸𝑙𝑙 = 2𝜋𝜋𝑚𝑚𝑔𝑔𝑅𝑅(1 − cos 𝜃𝜃0) 𝑄𝑄⁄ , 

where 𝑚𝑚 is the mass of the oscillator, 𝑅𝑅 the eccentricity of its 
center of mass and 𝑄𝑄 its quality factor. This equation can be used 
to find what oscillation amplitude will make the oscillator quality 
factor match the impulse energy of the escapement.  

Fig. 5 shows a drawing of the coupling system between the 
rocker oscillator and the escapement of the base clock. Some 
geometrical considerations along with a first order 
approximation allowed us to derive formula 

ℎ = 𝑑𝑑(𝜃𝜃 + 𝛼𝛼) 𝜃𝜃⁄ ⇒ 𝜃𝜃 = 𝑑𝑑𝛼𝛼 (ℎ − 𝑑𝑑)⁄  , 

where ℎ is the distance between the rolling surface and the 
rotation axis of the clock’s escapement, 𝑑𝑑 the length of the 
escapement arm, 𝛼𝛼 the amplitude of motion of the escapement 
and 𝜃𝜃  the amplitude of the rocker oscillator. The required value 
of ℎ was computed using these equations.  

6. Demonstrator design and fabrication 

The final determination of the parameters of the 
demonstrator was done using the above methods. In particular, 
the material of the cylinder was chosen to be steel so as to 
increase mass (as opposed to using aluminium or titanium). The 
radius of the cylinder is 𝑅𝑅 = 50 mm and the horizontal cut is 
realized at a distance of 7.19 mm from the cylinder centre (𝜑𝜑 =
196.53 degree). The rolling support is made of two steel rods to 
maximize friction and minimize the contact patch. Their radius is 
8 mm. The cylinder and the support rods were machined in EN 
1.4305 stainless steel using standard processes. A picture of the 
fabricated cylinder and rolling support is presented in Fig. 6 on 
the left. 

The results of the section 5.3 predict a quality factor of the 
rocker oscillator of order 𝑄𝑄 = 400. A stand was designed to 
support both the rocker oscillator and the clock and allow 
adjustment of the vertical distance between them, ℎ in Fig. 5. 
The amplitude of the oscillator will then be adjusted in order for 
the energy of the oscillator to fit the impulse energy of the 
clock’s escapement. The complete constructed demonstrator is 
pictured in Fig. 6 on the right. 

7. Results 

The quality factor of the oscillator was  measured at 𝑄𝑄 ≈ 430, 
validating the analysis of section 5.3. Fig. 7 shows the periods of 
the free rocker oscillator. After the sixtieth period, the 
amplitude is too small to observe pure rolling and oscillatory 
motion is altered. Averaging on the stable part, the natural 
frequency of the oscillator can be derived and is 𝑓𝑓0 =
1.3935 Hz. 

 
Figure 7. Evolution of the period of the free rocker oscillator. 

 
Figure 8. Comparison between the evolution of the period of the clock 
regulated by the rocker oscillator (in red) and the one of the unmodified 
pendulum clock (in blue). 
 
This corresponds to an error of 0.29% with respect to the 
expected frequency. The effects of the frequency setting disks 
on the natural frequency were evaluated and the results 
validates the predicted theoretical values. 

The oscillator was then installed in the clock and its operation 
recorded for several values of the parameter ℎ. The resulting 
frequency was always superior to the natural frequency. 
Moreover, for small ℎ, the oscillator stops after a number of 
periods since the maintaining torque does not compensate for 
oscillator losses. For large ℎ, the periods exhibits significant 
instability. This seems to be due to the fact that for small 
amplitudes, the rolling distance is too short to allow pure 
rolling and the rocker no longer oscillates smoothly. Fig. 8 
compares the periods of the rocker oscillator (in red) and the 
pendulum of the unmodified clock (in blue). Measurements 
were done over 4000 cycles corresponding to approximately 46 
minutes. In this experiment the period of the free rocker 
oscillator was about: 𝑇𝑇 = 0.718 𝑠𝑠. The rocker oscillator rate  
fluctuates significantly more than the original pendulum. 

8. Conclusion and perspectives 

We described the successful retrofit of a new oscillator to a 
standard commercial clock. Our current research is to identify 
the causes of the rocker frequency instability when coupled to 
a clock and to design and build a prototype clock whose 
accuracy is comparable to a standard pendulum clock. 

 
References 

[1] S. Henein and I. Vardi 2018 Horloge neuchâteloise du XXIe siècle 
équipée de l’oscillateur IsoSpring Chronométrophilia 82 107-113 

[2] I. Vardi, L. Rubbert, R. Bitterli, N. Ferrier, M. Kahrobaiyan, B. 
Nussbaumer and S. Henein 2018 Theory and design of spherical 
oscillator mechanisms Precision Engineering 51 499-513 

[3] J.-J. Born, R. Dinger and P.-A. Farine 1997 Salto – Un mouvement 
mécanique à remontage automatique ayant la précision d'un 
mouvement à quartz Journée d’Etude 1997 de la Société Suisse de 
Chronométrie SSC 

[4] I. Vardi, S. Henein 2019 A la recherche du temps précis : la 
découverte de l’oscillateur, Actes du Congrès International de 
Chronométrie 2019, Montreux, CH, 1-8  

[5] I. Vardi 2014 Le facteur de qualité en horlogerie mécanique 
Bulletin SSC 75 57-65 

[6] A. Carnevali and R. May 2005 Rolling motion of non-axisymmetric 
cylinders American Journal of Physics 73 909-913 

[7] P. Glaschke 2016 Tautochrone and Brachistochrone Shape 
Solutions for Rocking Rigid, Preprint 
https://arxiv.org/abs/1604.03021 

0.7

0.71

0.72

0.73

0 20 40 60 80 100 120 140

Pe
rio

d 
[s

]

Cycle count

0.66

0.67

0.68

0.69

0.7

0.71

0.72

0.73

0 500 1000 1500 2000 2500 3000 3500 4000

Pe
rio

d 
[s

]

Cycle count

226

https://arxiv.org/abs/1604.03021


 

          
 
 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

The evaluation of a miniature robot using electromagnetic force 
 
Akihiro Torii1, Hiroaki Miyake1, Suguru Mototani1, Kae Doki1   

 
1Aichi Institute of Technology, Japan      
 
torii@aitech.ac.jp 

  
Abstract 
The performance of an inchworm type miniature robot is evaluated in this paper. The robot, which is operated on an iron surface, 
consists of delta-connected multi-layered piezoelectric materials (piezos) and electromagnets attached at the vertices. One non-
excited electromagnet moves by the deformation of the piezos while two excited electromagnets hold positions. Three 
electromagnets move sequentially, and the linear and rotational displacements are realized by the principle of an inchworm. The 
piezos extend and contract horizontally, and the robot moves in a horizontal xy plane. The attractive force of the electromagnets 
works vertically in the z direction. Therefore, the electromagnetic force affects the performance of the robot. While a piezo extend 
about 17 µm horizontally, a non-excited electromagnet moves about 15 µm and an excited electromagnet moves several microns in 
the reverse direction. The non-excited electromagnet also moves several microns in the vertical displacement, which is not suitable 
for the precise displacement of the robot.   
 
miniature robot, electromagnet, piezoelectric element, precision positioning  

1. Introduction   

Small production systems which consist of miniature sensors 
and actuators are developed. A multi-axis positioning system is 
essential to ensure desktop manufacturing which enables 
savings in energy and space. Positioning stages play important 
roles in the production systems. Piezoelectric actuators (piezos) 
are used in small-scale precision positioning stages. A three 
degree-of-freedom (3-DOF) inchworm which obtains submicron 
accuracy along unlimited working range is developed [1]. The 
inchworm consists of piezos and electromagnets. The non-
excited electromagnets sequentially move by the deformation 
of the piezos, and the inchworm realizes linear and rotational 
displacement on a plain surface.  

The motion of the inchworm is affected by friction, since the 
electromagnets slide on the surface [2]. The attractive force of 
the electromagnet works vertically in the z direction. The 
electromagnetic force, therefore, affects the performance of the 
robot. In principle, an excited electromagnet keeps position and 
a non-excited electromagnet moves. There is a possibility that 
the strong electromagnetic force changes the vertical position of 
the electromagnet. The large electromagnetic force may cause 
the variation of the displacement of the non-excited 
electromagnet.  

In this paper, the performance of an inchworm type miniature 
robot is evaluated. The vertical and horizontal displacements of 
the electromagnets are measured. After the structure of the 
miniature robot is described, the simplified structure is 
introduced. Next, experimental methods are explained. Then, 
some experimental results are shown. Finally, the performance 
of the inchworm type miniature robot is evaluated and future 
works are described.  

2. Miniature robot      

A 3-DOF inchworm motor using piezos and electromagnets 
was developed [1]. Figure 1 shows the inchworm consists of 

three stacked piezos (NEC-Tokin, AD050516) and three 
electromagnets. An equilateral triangle is formed with three 
piezos which extend and contract horizontally. The piezos are 20 
mm long, and the cross section is 5 mm x 5 mm. They extend 
17.4 µm by the applied voltage of 150 VDC. Electromagnets are 
attached to the vertices of the triangle. They are fixed with 
adhesives. The electromagnetic force generated by the 
electromagnet is about 5 N at 10 VDC. One electromagnet is not 
excited, and the others are excited. The non-excited 
electromagnet moves by the deformation of two connected 
piezos. After one electromagnet moves, another electromagnet 
is free and moves. Two excited electromagnets keep their 
positions by the electromagnetic forces and piezos push the 
non-excited electromagnet. The control signals are generated by 
a computer and applied to the piezos and electromagnets 
through amplifiers. One control cycle is 1 s.  

 
Figure 1. A 3-DOF inchworm using piezos and electromagnets. 

3. Experiment      

A simplified experimental model is introduced. Figure 2 shows 
the schematic diagram of the model. Two electromagnets are 
attached at the ends of the piezo. The vertical (z-) and horizontal 
(x-) position of the electromagnet are measured with 
displacement sensors (KEYENCE, LK-G5000 series).  

electromagnets

piezo

piezo
piezo

electromagnet

20 mm
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First, the z-position of the excited electromagnet is measured. 

While the piezo is not operated and it keeps its original length, 
one electromagnet is excited.  The vertical position change of 
the excited electromagnet is measured. Next, the horizontal 
piezo is driven by rectangle and sinusoidal signal, while one 
electromagnet is excited by 10 VDC. The amplitude applied to the 
piezo is 150 V, and the drive frequency is 1 Hz in order to prevent 
an inertial force. The x- and z-positions of the excited 
electromagnet are measured. The positions of the non-excited 
electromagnets are also measured.    

 
Figure 2. A simplified experimental model.    

4. Results      

Figure 3 shows the experimental result in z-displacement. Due 
to the limitation of the system, it contains a lot of noise. When 
the voltage was applied to the electromagnet at about 0.5 s, it 
moved -0.25 µm in the vertical direction.  

 

 
 Figure 3. Vertical displacement of electromagnet.   
 

Figure 4 shows the displacement obtained by a rectangular 
voltage applied to the piezo, while one electromagnet is excited 
by 10 VDC. In Figure 4(a), the excited electromagnet moved about 
1 µm in x-direction, and the spike was shown. The z-
displacement cannot be observed. In Figure 4(b), the amplitude 
of the x-displacement of non-excited electromagnet is about 15 
µm.  

 

 
(a) excited electromagnet                    (b) non-excited electromagnet 

Figure 4. z- and x-displacement with rectangular waveform. 
 
Figure 5 shows the displacement obtained by a sinusoidal 

voltage applied to the piezo, while one electromagnet is excited 

by 10 VDC. In Figure 5(a), the excited electromagnet moved about 
3 µm in x-direction. The vertical displacement cannot be 
observed. In Figure 5(b), the non-excited electromagnet moves 
both in x- and z-direction. The amplitude of the x-displacement 
is about 13 µm.   

 
(a)  excited electromagnet                     (b) non-excited electromagnet 

Figure 5. z- and x-displacement with sinusoidal waveform.    

5. Discussion      

The large noise is observed in Figure 3. The cause of the noise 
is the use of wires for the drive of the electromagnets and piezos. 
The wires will be replaced with thinner ones in order to 
eliminate the disturbance noise in the future. 

In Figures 4 and 5, the sum of the horizontal displacement of 
the excited electromagnet and that of the non-excited 
electromagnet roughly agreed with the extension of the piezo. 
The problem is the z-displacement, about - 2 µm, of the non-
excited electromagnet. The vertical displacement of the non-
excited piezo is synchronized with the horizontal extension of 
the piezo, and is much larger than that of the excited 
electromagnet. The root cause of the z-displacement is a convex 
shape of the contact point of the electromagnets. The convex 
shape of the excited electromagnet causes the tilt motion of the 
inchworm and enlarges the z-displacement of the non-excited 
electromagnet by the leverage principle. Although the z- 
displacement of the non-excited electromagnet is parasitic 
displacement, it should be reduced to improve the performance 
of the inchworm. The flatness of the contact point of the 
electromagnet according to the z-displacement will be 
investigated in the future.  

6. Summary      

This paper described the displacement of the electromagnet 
of the inchworm. The horizontal displacement of the 
electromagnets of the simplified model was measured. The 
vertical displacement of the excited electromagnet was smaller 
than 0.3 µm. The horizontal displacement of the non-excited 
electromagnet depended on the extension of the horizontal 
piezo displacement. The vertical displacement of the non-
excited electromagnet was much larger than that of the excited 
electromagnet. Although the direction of the electromagnetic 
force was orthogonal to the extension direction of the piezo, the 
horizontal extension of the piezo caused parasitic vertical 
displacement of the non-excited electromagnet. In future works, 
the shape of the contact point is investigated. The horizontal 
linear and rotational displacement relative to the vertical 
electromagnetic force is taken into consideration. 
 
References       

[1] Torii A, Mitsuyoshi Y, Mototani S, Doki K, 2016, the 16th euspen int. 
conf., Nottingham, UK, P2.18  

 [2] Torii A, Takaki Y, Mototani S, Doki K, 2018, the 18th euspen int. 
conf., Venice, Itary, P3.05, 203-204  

 

ze 

xe xn 

zn 

xn 

zn ze 

xe 

228



 

          
 
 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Guaranteeing nanometer positioning under manufacturing and modeling 
uncertainty     
 
Matthias Fetzer1   
  

  1Carl Zeiss SMT GmbH, Oberkochen, Germany  

matthias.fetzer@zeiss.com 

  
Abstract 
In this paper, we discuss the application of the µ-analysis or structured singular value framework to the problem of high precision 
motion control under manufacturing and material tolerances as well as modeling uncertainties. After clarifying the problem at hand, 
we first introduce the µ-analysis framework and set the stage by discussing the so-called generalized plant setting. In the following, 
we apply this framework to a control loop including an optical or mechanical payload controlled in six degrees of freedom, idealized 
actuator models as well as several dampers. Finally, we discuss the achieved results and compare them to other approaches.  
 
 
Robust control, robustness analysis, structured singular value, uncertainty        

 

1. Introduction  

High precision motion control of mechanical structures such as 
optical payloads and stages is a key enabler for lithography 
systems. The increasing requirements on overlay and achievable 
critical dimension impose highly challenging specifications on 
the optically relevant structures themselves as well as on other 
subcomponents, here in particular the actuators. In addition, it 
also necessitates the introduction of various dedicated parts, 
such as tuned mass dampers (TMDs), that crucially affect the 
overall performance.  

In this paper we focus on the problem of keeping an optical or 
mechanical element stable at a defined position in six degrees of 
freedom (DoF). The current position is measured and varied with 
respect to a certain reference frame using a set of sensors and 
actuators. The plant, consisting of a payload, actuators and 
dampers, is modelled using Finite Elements (FE) and 
subsequently integrated as a state space system into the control 
loop simulation. 

In this process we accumulate several errors that have to be 
taken into account if we aim at the same time for pushing the 
overall performance to the limit and providing a robust design 
to our customer: On a fundamental level, we always have a 
mismatch between model and reality. This can be due to 
changing or uncertain material data, manufacturing tolerances 
or environmental conditions. Second, the final FE model will 
always be an approximation as we, for example, reduce 
complexity to reduce computational time or, intrinsically, 
assume a linear behavior. 

Thus, the nature of the uncertainties in our model can be time-
independent, e.g., stemming from modeling inaccuracies or 
manufacturing tolerances, but can also be time-varying, e.g., 
changing due to environmental properties like temperature and 
humidity or simply aging.  

Consequently, robustly guaranteeing a desired performance 
under manufacturing and modeling uncertainties is the major 
challenge in position control with extremely high accuracy 
requirements. However, even if only considering key 

contributors, the number of varying parameters quickly ranges 
between 50 to 100, often even surpassing that. This sheer 
quantity of uncertainties already renders grid-based approaches 
such as Monte Carlo or its derivatives futile, as they rely on a 
sufficiently dense grid – a feat impossible to achieve: with just 
ten grid points per dimension and 100 parameters, we end up 
with 10100 points, a quantity larger than the number of atoms in 
the known universe. 

2. Problem statement 

Current lithography systems have overlay requirements in the 
order of nanometers which leads to error budget breakdowns of 
only picometers for individual components. In contrast to the 
extremely high accuracy requirements, manufacturing 
tolerances range in the order of micrometers. Therefore, 
dynamically relevant parameters such as stiffness, damping and 
moving masses may deviate significantly from the data in our 
perfect FE simulation. 
In this complex interplay, small deviations from the nominal 
behavior lead to critical performance degradation or even loss 
of control stability. However, robustness analysis of a given 
design is always a trade-off between too much conservatism, 
i.e., performance degradation, and too optimistic forecasts, 
leading to failures. Lithography specific requirements such as 
cost of goods ranging in the order of several millions, in 
combination with low production numbers further add to the 
complexity of this problem. 
In conclusion, what we need is an analysis tool that allows us to 
compute the worst-case performance of a given linear time-
invariant (LTI) system representation under a range of pre-
defined tolerances for dozens of parameters in a short amount 
of time. Additionally, we also want to learn from these worst-
case scenarios, e.g., by improving the robustness of our system 
already in the design phase or reducing the tolerances by 
changing materials or adapting manufacturing processes. 
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3. The µ-Analysis framework 

As robust control is still a very highly researched field, many 
techniques are available to investigate the robustness of an 
uncertain LTI system. However, the number of relevant states in 
a state space model compiled from a complex FE model can 
easily range between 100 and 1000. Thus, many classical 
Lyapunov approaches based on linear matrix inequalities (LMIs) 
are rendered useless simply due to the number of unknowns in 
the Lyapunov certificate (see, e.g., [1, 2]). For this reason, we 
apply frequency domain techniques that have the advantage to 
not scale with the number of states (see, e.g., [9, 10, 11] and [6, 
7] for some background). A readily available (i.e., implemented 
in the MATLAB Robust Control Toolbox [3]) approach is the so-
called Structured Singular Value (SSV) or µ-Analysis 
framework [9].  As discussed subsequently, this framework 
perfectly addresses the requirements stated at the end of 
Section 2.  

3.1 Some background  
It is well-known that the problem of determining the worst-

case performance of an LTI system with real uncertainty is NP 
complete and thus impossible to solve efficiently [11]. This 
inspired a different approach, namely the µ-Analysis that tackles 
this challenge by solving two substitute problems, thus giving 
upper and lower bounds on the original one. The key advantage 
is that both problems are convex, hence, efficient computation 
as well as global optimality are guaranteed.  

3.2 Prerequisites 
In order to apply the µ-framework to our problem, we need to 

transform the system under investigation into a standard form, 
the so-called generalized plant framework [1]. As this is an 
important step to apply the whole framework, we dedicate this 
section to discuss it in some detail. For further background we 
recommend the comprehensive and insightful lecture notes [1]. 

Let us explain the process using a standard tracking 
interconnection depicted in Figure 1.   

 

 
Figure 1. Standard tracking interconnection 

In the first step, we disconnect the controller K and note all 
external inputs (d,n,r,u) and outputs (e,u,y) to the remaining 
interconnection (see Fig. 2). Then, we combine the external 
inputs that cannot be influenced by the controller in the so-
called generalized disturbance w ≔ col(d; n; r) ≔ (dT, nT, rT)T 
and the signals that allow us to measure whether the controller 
shows a desired characteristic using the controlled variable  z: =
col(e; u). 

 

 
Figure 2: Tracking interconnection with decoupled controller 

Subsequently, we stack these with the control input u and the 
measurement output y, respectively, in order to arrive at the 
following two system equations: 
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With P as above, we can equivalently depict the two 
interconnections in Figure 1 and 2, respectively, as follows. 
 

 
Figure 3: Generalized open and close loop interconnection 

 This very flexible framework allows us to merge rather different 
settings and develop as well as apply algorithms to this standard 
form. Furthermore, it is important to note that the algorithms 
implemented in MATLAB also require this specific structure. 

In a next step, we now introduce uncertain systems, and 
demonstrate how the generalized plant setting may be easily 
extended to incorporate uncertain dynamics. The µ-framework 
allows for three different types of uncertainties: real or complex 
(repeated) and complex full-block uncertainties. Using the first 
option, we may take real parameter variations into account, 
typically physical parameters as stiffness, damping or mass. The 
latter ones may be used to introduce dynamic uncertainties that 
often stem from modeling inaccuracies or flawed identification 
(see, e.g., [10]). For all uncertainties, we are required to define 
bounds, i.e., for the real case we can simply attribute a certain 
percentage of variation often derived from manufacturing 
tolerances.  

The key idea in applying this framework is to pull out the 
uncertainties as independent dynamical systems by defining 
additional inputs and outputs to the original system, and thus 
incorporating them into a feedback loop (see Fig. 4). As this 
process is rather standard, we refer the reader to the literature 
([3], [1] and [8]).  

Now let us assume that we have identified the uncertainties, 
defined the associated tolerances and, thus, specified our 
uncertain system (see left hand side in Fig. 4). Note that the 
resulting uncertainty Δ will always be block-diagonal. Then, we 
can exploit the flexibility of the generalized plant framework 
that allows us to easily incorporate this additional feedback 
loop: we only have to exchange the system G with the uncertain 
system representation on the left in Figure 4 and reproduce the 
steps outlined above in order to arrive at the interconnection 
depicted on the right in Figure 4.  

 
Figure 4: Uncertain system and uncertain general interconnection 

Finally, as we will keep the controller fixed in our further 
analysis, we close the lower feedback loop containing the 
controller to arrive at the uncertain interconnection depicted in 
Figure 5, where we defined 𝑁𝑁: =  𝑙𝑙𝑙𝑙𝑙𝑙(𝑃𝑃,𝐾𝐾); with lft denoting 
the (lower) linear fractional transformation. Note that this 
command is actually readily implemented in Matlab. 
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Figure 5: General robust performance interconnection 

 The uncertain feedback interconnection depicted in Figure 5 
allows us to verify a certain performance under all possible 
uncertainties specified by Δ together with the corresponding 
tolerances. The last remaining step is to define the performance 
limit that we are interested in to verify. A common 
performances measure is the comparison of a system transfer 
function, for the tracking interconnection typically the 
sensitivity, with a specified bound. As the µ-analysis problem is 
evaluated frequency by frequency, also the performance bound 
may be frequency dependent. We will give a specific example in 
Section 4. 

3.3 Application of the µ- framework 
Now, we have everything in place to discuss robust stability 

and performance analysis based on the SSV. As already 
mentioned, the problem of assessing the worst-case 
performance of the uncertain interconnection depicted in 
Figure 5 is impossible to solve efficiently. The µ-framework, 
however, calculates upper and lower bounds on the original 
problem, where both are derived from convex problems, which 
are computationally relatively cheap. 

As a control engineer, we are usually interested in two things: 
first a bound on the worst-case performance that allows us to 
deduce robust performance guarantees. In the µ-analysis this is 
given by the upper bound. Second, we want to understand what 
uncertainties lead to this performance deterioration in order to 
optimize our system – or, at least, understand its weaknesses 
better. This is provided by the lower bound. The underlying 
reasoning here is that the actual worst-case performance of the 
system cannot be worse than what the upper bound predicts; at 
the same time, it cannot be better than the performance 
achieved with the parameter combination derived from the 
lower bound. If both bounds are close to each other, we know 
very precisely what can happen in our system, as the original 
problems lies between both bounds. Furthermore, it is 
important to note, that the upper bound can in principle be 
calculated with arbitrary accuracy [4, 14]. Let us discuss this at 
the example of an optical or mechanical payload with about 60 
uncertain parameters in Section 4. 

4. Application to a concrete example 

4.1. Control loop 
In our example, we consider a payload that is position-

controlled in six DoFs. The control scheme measures the position 
of the payload at six points and estimates the point to be 
controlled (e.g. the center of gravity) assuming rigid body 
behavior. The payload is actuated by six actuators with given 
internal dynamics, here approximated by a mass spring damper 
model. Furthermore, as flexible modes of the payload can have 
a negative impact on the achievable maximal bandwidth, TMDs 
are added to attenuate the impacts of these flexibilities on the 
control performance. A sketch of the control loop with only two 
actuators and one TMD is shown in Figure 6. 

  

 
Figure 6: Sketch of the plant 

From experience, we know that internal actuator dynamics as 
well as the flexibility of the payload have a significant impact on 
the control loop performance, in this case a bound on the 
transfer function from reference to error (see red dotted line in 
Fig. 8). This rather standard measure for tracking control 
performance allows us to balance the desired (low frequent) 
tracking behavior against the undesired (high frequent) control 
degradation due to the water-bed effect [12].  

In order to ensure robust performance of our control loop 
under manufacturing tolerances as well as modeling 
inaccuracies we introduce uncertainties for these parameters.  
Since the actuator mechanism as well as the TMD are modelled 
ideally as mass-spring-damper systems, this is easily done using 
position and velocity feedback at the respective nodes in the FE 
model. The manipulation of the flexible eigenmodes of the 
payload is similarly straightforward and discussed in some detail 
in [8]. In our example, this leads to about 50-60 uncertain 
parameters that have a key impact on the overall system 
performance. For each of these parameters we estimate the 
required tolerances in order to guarantee robustness against 
these variations. 

4.2. Worst case analysis 
In Figure 7, we show a plot of the resulting upper and lower 

bound of the µ-problem over the critical frequency range. For 
simplicity, we focus here on just one DoF. Both bounds are 
normalized to one (the horizontal blue line), i.e., 
 If the upper bound is below one, the system achieves the 

desired performance specification under all considered 
uncertainties; robust performance is guaranteed. 

 If the lower bound is above one, there exists a parameter 
combination that violates the robust performance 
specification. 

 If the upper bound is above one and the lower bound 
below, robust performance cannot be guaranteed, yet, 
the algorithm was unable to find a parameter 
combination that actually leads to a violation. 

 
Figure 7: Upper and lower bound obtained from µ-analysis 

As can be seen, upper and lower bound are in general very 
close to each other, thus the results can easily be interpreted: 
first, the upper bound is always below the blue line, hence, 

Frequency [Hz]

µ 
bo

un
ds

upper bound
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robust performance is guaranteed. Second, the lower bound is 
for the critical frequencies close to the blue line. Hence, there 
exist parameter combinations that lead to a performance close 
to the specification. 

Let us now discuss how we can use the lower bound to analyze 
the system in its worst-case state. In Figure 8, we plotted the 
nominal transfer function in blue. As can be seen, especially in 
the high frequent area there is significant margin to the 
specification plotted as a dashed red line. Using the lower bound 
we can immediately recover the worst-case parameters that 
lead to the most critical performance. If we plug them back into 
our model, we obtain the sensitivity transfer function plotted in 
red in Figure 8. In the critical frequency range, the sensitivity 
changes dramatically, nearly touching the specification, as was 
to be expected from the lower bound in Figure 7.  

Note that worst case parameters of the µ-analysis do not 
necessarily correspond to the worst-case performance of the 
system. This is indicated by the gap between upper and lower 
bound. The µ-analysis tells us that the performance can even be 
worse than the one depicted in red in Figure 8. However, we 
know that it will never be violating the specification, as the 
upper bound in Figure 7 is below one. 

 

 
Figure 8: Sensitivity transfer functions 

4.3. Discussion of results 
In this section, we want to point out that the µ-analysis can 

actually be used in different ways. First, and more obviously, one 
can verify that, given a certain set of uncertain parameters with 
associated tolerances, a system robustly achieves a desired 
performance. Second, and this might even be a more important 
aspect, it can be used to assess the impact of certain tolerances 
and to specify their range. This allows the engineer on the one 
hand to robustly optimize the control system already in the 
design phase. While, on the other hand, it enables specification 
of sub-components not only regarding their nominal 
performance but also concerning the allowed tolerances. 

4.4. Comparison to grid-based algorithms 
In this section, we want to briefly compare the µ-framework 

applied in this paper to the typically used grid-based 
approaches. The most important problem in applying grid-based 
algorithms is the so-called curse of dimensionality: with 60 
parameters and only two grid points per dimension, i.e., just the 
extreme points, we end up with more than 1018 grid points that 
need to be checked. Using a reasonably fine grid renders even 
medium sized problems impossible to solve efficiently. In 
contrast, the µ-analysis problem takes two to ten minutes to 
compute, depending on the choice of the underlying algorithm. 

In Figure 8, we indicate what can happen if the sample size is 
too small. Here we randomly picked ten parameter 
configurations and plotted the resulting transfer functions in 

grey. While this already gives us an indication where we can 
expect a certain amount of deviation from the nominal transfer 
function, it is certainly useless for a quantification of the worst 
possible performance, as indicated by the large gap between all 
grey plots and the worst case plot derived using µ-analysis. 
However, even if we drastically increase the sample size, grid-
based algorithms will never give us a robustness guarantee. We 
never know whether a finer grid would lead to different results. 

On the other hand, it is important to note that also the µ-
approach relies on a frequency grid. Nevertheless, this is only 
one dimensional, hence, grid refinement is not so costly in terms 
of computational time. And furthermore, the µ-algorithm gives 
us a certain kind of continuity [9] that guarantees a certain 
smoothness of the bounds. 

5. Conclusions and future work 

So far, our analysis is restricted to so-called parametric 
uncertainties. However, the µ-framework also allows to 
introduce dynamic ones to take complete model uncertainty 
into account. From this we expect a more accurate modeling of 
system uncertainty and thus a less conservative robustness 
estimate. In addition, even nonlinear behavior (see, e.g., [5, 13]) 
as well as specifically time-varying parameters [14] or even can 
be tackled within the generalized plant framework, which allows 
to add an even richer class of uncertainties.  
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1. Intoroduction 

Due to the spread of coronaviruses in recent years, there is a 
shortage of medical personnel to prevent infection, which may 
lead  to  the  collapse  of medical  care.  Also,  There  is  a  risk  of 
healthcare workers becoming infected by direct contact with an 
affected  person.  In  underpopulated  areas,  the  number  of 
medical  personnel  is  small  in  relation  to  the  population,  and 
there  is  a  serious  shortage  of doctors.  For  this  reason, many 
surgeries have to be postponed to prevent infection. To address 
these problems, tele‐surgery is becoming increasingly important 
because of  its ability  to  reduce  contact with patients and  the 
expected division of labor for more difficult operations. However, 
most surgical assistive manipulators in use have less freedom of 
movement than conventional open surgery, and the field of view 
is  fixed.  In addition,  the number of doctors who  can perform 
surgery using such manipulators is limited because of the lack of 
tactile sensation and the need for skilled personnel. There are 
methods  for  creatong  a  three‐dimensional  (3D) model  of  an 
organ  by  measuring  it  beforehand,  such  as  using  magnetic 
resonance  imaging (MRI) or computed tomography (CT) [1, 2]. 
However,  there  have  been  no  methods  for  automatically 
determining the position of organs and blood vessels in real time 
during surgery. 
A blood vessel  is a relatively small object  to be operated on 

and  can  be  grasped  automatically  using  a  surgical  assistant 
manipulator by measuring  it with a ToF sensor beforehand [3] 
and obtaining the position and orientation of the target organ 
by acquiring 3D information of the operative field. We previously 

developed  force‐sensing  micro  forceps  [4‐6]  to  enable 
autonomous  grasping motion.For  this  study, we  developed  a 
method  for  detecting  the  position  of  blood  vessels,  etc.  and 
obtaining information to determine whether a manipulator can 
grasp  them using a  time‐of‐flight  (ToF) sensor  in surgery. This 
makes it possible to simplify and automate robotic surgery. We 
evaluated  the  effectiveness of  this method using  a  simulated 
blood vessel. 

2. ToF sensor      

An overview of the proposed method is shown in Figure 1. In 
endoscopic surgery with a surgical manipulator, a vessel to be 
grasped  is measured  using  a  ToF  sensor,  and  the  grasping  is 
presented  to  the  operator  surgeon  by  obtaining  the  relative 
position  and  orientation  with  the  forceps.  The  ToF  sensor 
measures distance by  irradiating  an object with  infrared  light 
and measuring the time it takes for the reflected light to return 
to the sensor. However, this takes up a  large amount of space 
and a long time to show the surgeon the positional relationship 
around the affected area because they are alternately operated 
and imaged. Howver, a compact ToF sensor can be inserted into 
the  body  like  an  endoscope,  which  enables  simultaneous 
measurement and operation. Our method of measuring position 
and posture  involves using the M‐estimator sample consensus 
(MSAC) algorithm [7] for the point cloud data obtained from ToF 
measurement. This algorithm approximates the point cloud data 
of the artery as a series of columns and obtains the position of 
the center of gravity, direction of the central axis, and diameter 
of the column. 
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Abstract  
  
Since the spread of COVID ‐ 19 worldwide, information and communication technology has been accelerating in the medical field. It 
is easy  to switch  to online medical  interviews, but  it  is difficult  to go online  for biological examinations and surgical procedures. 
Therefore,  there  is  an  increasing  demand  for  automatic  handling  of  living  organisms  in  the medical  and  bioengineering  fields. 
Although surgical robots, such as the da Vinci, reduces labor, it is necessary to accurately measure the position and posture of organs 
and blood vessels for complete automation, and such technology has not been applied to surgical robots. There are methods for 
creating  a  three‐dimensional  model  of  an  organ  by  measuring  it  beforehand  using  magnetic  resonance  imaging  or  computed 
tomography,  and  to  reflect  the  information  during  surgery  by  using  augmented  reality  and  other methods. However,  there  is 
currently no  technology  for automatically determining  the position of organs and blood  vessels  in  real  time during  surgery. To 
automate the grasping motion of a forceps‐type manipulator used with surgical robots, we applied a time‐of‐flight, ToF, sensor to 
obtain the position and orientation of a blood vessel. We developed a method for detecting blood vessels from the points measured 
using a ToF sensor and estimating their thicknesses and directions. We evaluated the effectiveness of our method in an experiment 
involving a simulated blood vessel. This work was supported by JSPS KAKENHI Grant Number 19K04308.  
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Figure 1. Concept of proposed method   

3.  

Because a body of an organism is an optically highly scattered 
object, a ToF sensor may  incorrectly measure distance. This  is 
because once the incident light enters the body it is scattered, 
and the time until the light is received is shifted or the waveform 
is changed. The degree of scattering tends to vary depending on 
the  transparency  of  the  object.  We  first  investigated  the 
correlation  between  object  transparency  and  measurement 
error. The transmittance of each sample (four parts of a chicken 
with varying transparency (20 steps), as shown in Fig. 2) and its 
position were measured  using  a  ToF  sensor  to  compare  the 
errors. Using  an optical microscope, which  can  illuminate  the 
sample from underneath, a sample was photographed and the 
luminance  averages  of  the  photographed  images  were 
calculated.  The  ToF  sensor was  a Basler  ToF  camera  (tof640‐
20gm_850nm  ‐ Basler Time‐of‐Flight  ). The average  luminance 
was calculated from the averaged distance of 100 images taken 
at a distance of 500 mm  from  the surface of  the specimen. A 
piece of cardboard with an opaque surface was measured in the 
same manner  and  taken  as  the  true  value  of  the measured 
distance.  The  samples  were mixed with  a  fixed  amount  of 
alumina powder in potato starch water, and the transmittance 
was varied by changing the ratio of the powder. 
The  relationship  between  light  transmission  and 

measurement error is shown in Figure 3. The error decreased as 
it approached full opacity. As the error decreased, it approached 
full  transparency.  We  found  a  correlation  between 
transmissivity  and  measurement  error  and  that  the  error 
differed depending on  the part of  the chicken. Therefore,  it  is 
possible that the difference in measurement error can be used 
to determine  the difference  in  the characteristics of biological 
tissues  by  treating  them  as  characteristics  of  the  organism 
caused by the amount of light transmission.  

4.  

Our method is used to approximate the vessel to be grasped 
as a cylinder and present the position of the center of gravity, 
axial direction, and diameter of  the  cylinder. The  cylinder 
approximation  is done by applying noise processing and  the 
MSAC algorithm [7] to the point cloud data measured with the  
 

 
Figure 2. Experimental samples (organs with opaque acrylic) 
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Figure 3. Differences in measurement error with changing transparency 

 
ToF sensor.  In our experiment,  the distance  to  the object was 
100 mm, and the measurement target was a white cable with 
diameters of 2.3, 4.0, 5.3, and 12.3 mm, under the assumption 
that  these  are  common  vessel  sizes.  The  experimental 
environment is shown in Figure 4. Note that the evaluation was 
based on the absolute error of the center position, angular error 
of the central axis, and absolute error of the radius value, which 
were  averaged  over  100  approximations  to  a  cylinder.  The 
detection results are shown in Figure 5. In a cable that mimics a 
blood vessel, the approximation as a cylinder was possible. 

   

Figure 4. Experimental  Figure 5. Results from experiment involving 

environment   detection of simulated  blood vessel 

5. Conclusion      

We developed a method for detecting blood vessels from the 
points  measured  using  a  ToF  sensor  and  estimating  their 
thicknesses  and  directions. We  conducted  an  experiment  in 
which  we  applied  a  ToF  sensor  to  obtain  the  position  and 
orientation of a blood vessel for grasping motion of a forceps‐
type manipulator used in surgical robots. We were able to grasp 
a simulated vessel by estimating its position and thickness and 
the direction of its extension from the ToF sensor. We clarified 
the relationship between light transmittance and measurement 
error in the ToF sensor and suggested the possibility of treating 
the error as a characteritic of  living organisms since  the error 
differs in different parts of the same organism. 
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Abstract 
Industrial manipulators are desired to be commonly used for material removal applications due to their high flexibility, low cost, and 
large working space. However, their lower stiffness (compared to a machine tool) leads to a reduction in path accuracy.                                    
This reduction directly affects the dimensional accuracy of the machined part. Additionally, the low stiffness in the presence of 
dynamic process forces creates vibrations influencing the surface quality, tool life, and service life of the manipulator. 
Static stiffness models, optimization, and compensation techniques exist to minimize force-induced deflections. Multi-body dynamics 
analytical models still lack the required accuracy in predicting the position-dependent dynamics of the manipulator. Dynamics data-
driven models are rising to tackle the uncertainties in modeling the robot properties. 
This study presents the position-dependent variation of the dynamic characteristics, namely frequency and damping, of a mid-size 
articulated industrial manipulator, which were determined through experimental modal analysis. The position-dependent dynamics 
is investigated and quantified in a low-frequency range and is discretely measured and presented in two perpendicular planes 
(horizontal and vertical) of the robot working space. The study concludes with a discussion on the potential to apply the dynamic 
information obtained experimentally for the process planning and working space optimization in contact applications. 
 
Keywords: Industrial robot, dynamics, position-dependent, experimental modal analysis    

 

1. Introduction 

Industrial manipulators have been commonly used in the 
automation of manufacturing tasks such as pick-and-place, 
handling, assembling, welding, and painting. They have also 
been involved in machining tasks that require low cutting forces 
and lax Geometric Dimensions and Tolerances (GD&T), namely, 
trimming, deburring, polishing [1]. Among several aspects that 
stimulate the use of robots in other high-force operations, e.g., 
milling or drilling, their cost-effectiveness (lower cost for the 
same working space) and flexibility can be the leading ones. 
Furthermore, robots are an important option in terms of 
mobility and ease of installation, especially when manufacturing 
large-volume components or hard-to-reach areas on a complex 
part [2]. 

However, their main drawback is their higher compliance 
compared to machine tools, which results in lower accuracy in 
the presence of higher process forces [3]. In industrial 
manipulators, the accuracy of the machining operations does 
not solely rely on the preparation of the task programs, the 
robot path planning, and the motion strategy. It is also highly 
dependent on the robot behavior assessment inside the working 
space [1]. 

To address the issue of lower stiffness, research has been 
mainly focused on static stiffness modeling and joint stiffness 
identification [4]–[6]. These static stiffness models have been 
broadly used for pose optimization and deformation 
compensation, even for machining tasks which are characterized 
by time-varying loads [7]–[9]. The adoption of these models 
could be explained by their lower complexity entailing a reduced 
number of computation steps and effort for their 
implementation. Nevertheless, static models do not consider 

the excitation of robot vibration modes due to the process 
forces and robot motion [10].  

From the perspective of the dynamics, Pan and Zhang [11] 
indicated that mode coupling chatter (self-excited vibrations) 
was a dominant source of instability in robotic machining, where 
machining forces that act simultaneously in different directions 
tend to excite the lower frequency modes of the manipulator. 
Although multi-body modeling could be used to predict the 
robot’s varying dynamic behavior in its working space, the 
majority of the existing models do not provide information on 
modal characteristics (frequency, damping, mode shape), which 
are of importance when predicting robotic machining stability 
[3].  

Additionally, most of these models are a simplified version of 
the dynamics, do not account, e.g.,  for nonlinearities. In this 
regard, experimental results are more reliable since the real-
time dynamic responses at the end-effector are obtained [12]. 
Nevertheless, the experimental identification of the Frequency 
Response Functions (FRFs) for all the postures is unfeasible. For 
this reason, research efforts focused on presenting dynamic 
characteristics in operational spaces, i.e., subsets of the working 
space in which the applications are to be conducted. Bisu et al. 
[13] analyzed the natural frequencies of an industrial 
manipulator at three discrete positions commonly used for 
machining composites and pointed out the influence of the 
robot positions on the natural frequencies’ values. Mejri et al. 
[14] identified and quantified the tooltip dynamic properties’ 
variations along machining trajectories, which consisted of ten 
points linearly distributed on the X-, Y- and Z-axis. In the 
aforementioned studies, significant variability in modal 
parameters was observed, which suggested that this effect 
needs to be taken into account in the process stability 
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prediction. Most recently, Karim et al. [15] and Bottin et al. [16] 
presented maps of the variation of the natural frequencies in 
first, second, and even third mode in vertical planes (the latter 
author in a so-called meridian which passes through the axis of 
joint 1). However, to the authors’ knowledge, no previous study 
considered a volumetric section of the working space 
(intersection of two planes), and the previous variation analysis 
presented the natural frequencies, leaving aside the information 
on the modal damping, which has a direct influence in the 
machining stability. 

This works aims to characterize the position-dependent 
dynamic behavior of the industrial manipulator in a section of 
the working space where a continuous machining process could 
be performed to indicate the influence of the variability of both 
natural frequency and damping in operational space.   

2. Methodology 

The scope of this analysis comprises an operational space 
represented by two planes, one vertical and one horizontal, that 
intersect each other, as shown in Figure 1. The planes are 
formed by 32 positions distributed along the two surfaces and 
can also be seen represented as robot targets in Figure 1. The 
corner positions of these two planes expressed in the Robot 
Base Coordinate system (RBCS) are included in Table 1.  

 

 
Figure 1. Location of the operational space of the study (vertical and 
horizontal planes) with respect to the RBCS. 

Table 1. Corner positions of the horizontal and vertical planes 
expressed in the RBCS. 

 
Points 

X 
Position/mm 

Y Position 
/mm 

Z Position 
/mm 

V
er

ti
ca

l A - 200 800 1 200 

B - 200 800 600 

C   400 800 600 

D   400 800 1 200 

H
o

ri
zo

n
ta

l E - 200 1 000 900 

F   400 1 000 900 

G   400 600 900 

H - 200 600 900 

 
It is important to highlight that this section of the working 

space was selected taking into consideration kinematic 
singularities, so it is possible to guarantee a continuous linear 
movement in the planes with non-changing configurations, as is 
required, for instance, in conventional milling processes. 
Additionally, this section of the working space allows 
maintaining the same elbow-up solution in all the composing 
points, which reduces the influence of the changing moments of 
inertia in the analysis. Furthermore, only the robot structure was 
considered; no spindle or tool was mounted to disregard any 
influences of the end-effector coupling that could make the 
robot appear more compliant. 

 
2.1. Measurement    

An essential part of performing Experimental Modal Analysis 
(EMA) is to define the measurement concept. In this case, the 
applied concept was roving excitation, as it suffices for the 
extraction of damping and frequency characteristics, and the 
mode shapes were out of the scope of this work.  

Ten different points on the robot structure were excited with 
an impact hammer, see Table 2. These excitation points were 
selected so that different excitation directions were applied. A 
soft Polyvinyl Chloride (PVC) hammer tip was to provide a longer 
excitation peak. This, in turn, results in a wider spectral 
excitation of the structure in the lower frequency range (below 
100 Hz). The roving excitation concept has a lower risk of exciting 
structural nodes due to fixing points along the modal lines.  

A triaxial accelerometer, see Table 2, was used to capture the 
response in the three Cartesian directions. The accelerometer 
was placed at the robot mechanical interface. Due to the Tool 
Center Point (TCP) orientation selection, the accelerometer was 
always aligned to the Cartesian directions of the RBCS. The 
information from all the directions was used in the modal 
parameter estimation process. 

Each of the excitation points on the structure was excited 20 
times, and the frequency response functions were obtained by 
averaging over all the impacts. This process was repeated for all 
the 32 points that constitute the vertical and horizontal plane. 
The force signal and the acceleration signal were recorded with 
a data acquisition system using two analog input modules, 
described in Table 2, with a sampling frequency of 5120 Hz.  

 
Table 2. Measurement equipment utilized. 

Equipment Manufacturer Model 

Impact Hammer Kistler 9726A5000 

Triaxial Accelerometer Dytran 3273A2 

CompactDAQ Chassis National 
Instruments 

cDAQ-9189 

Analogue Input modules 
(Sound and vibration) 

National 
Instruments 

NI-9234 

   
2.2. Data Analysis  
    The time-domain signals were converted into the frequency 
domain, and the FRFs were obtained with the H1 estimator, 
which assumes no noise on the input signal. 960 FRFs (32 points 
x 3 response directions x 10 excitation points) were the input to 
a modal parameter Multiple Input Multiple Output (MIMO) 
implementation of the Algorithm of Mode Isolation (AMI)[17].  

AMI begins with the generation of a composite FRF by 
averaging all FRFs.  Then, it starts identifying the dominant peaks 
with a Single-Degree-of-Freedom (SDOF) Least-Squares-
Complex-Frequency (LSCF) estimator and builds models in 
Rational Fraction Polynomial (RFP) form. Each identified mode is 
subtracted from the measurements until the desired number of 
dominant modes are fitted. Subsequentially, the isolation stage 
starts. This stage iteratively isolates and refits each modal 
parameter until convergence criteria are met. Thus, the 
algorithm actually builds a true Multiple-Degree-of-Freedom 
(MDOF) model. 

3. Results      

The global modal properties, i.e., natural frequency and 
damping, were obtained for all 32 points. The position-
dependent variation of the eigenfrequencies and the damping 
ratios for the first and second modes, which are the modes 
located in the lower frequency bandwidth, are presented in 
Figure 2.   
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a) 

 
b) 

 
c)  

d) 

 

 
e) 

 
f) 

 
g) 

 
h) 

 
Figure 2. Eigenfrequency and damping ratio as a function of the position of the TCP: a) and b) the first mode in the vertical plane, c) and d) the 

second mode in the vertical plane, e) and f) the first mode in the horizontal plane, and g) and h) the second mode in the horizontal plane. In both 
planes, the position of the TCP represented in the pictures in the left-hand column corresponds to the lower-left corner (origin) of the contour plots. 
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Regarding the natural frequency, the vertical plane 
parameters vary approximately 8% (2Hz) for the first mode and 
around 9% (4.8Hz) for the second mode. These variations are 
higher in the horizontal plane, with approximately 17% (4.5Hz) 
for the first mode and 20% (11Hz) for the second one. This 
indicates that the variation of the eigenfrequencies might 
increase with the mode number. Therefore, in higher modes, 
higher frequency variation could be expected. 

The widespread fact that fully stretched poses in manipulators 
present lower eigenfrequencies than retracted ones [15] can be 
seen in the first mode for vertical and horizontal planes, Figure 
2 a) and e). However, the opposite behavior is shown in Figure 2 
c) and g) for the second mode, where the eigenfrequency 
decreases in retracted positions. Thus, it could be stated that the 
assumption of the frequency dependence on the distance from 
the TCP to the centerline of Joint 1 only holds for the first mode, 
and different behaviors (or more complex ones) could be 
expected in higher-order modes. The frequency variation in the 
horizontal plane is seen as symmetric regarding the X-axis of the 
RBCS, which is expected. 

When referring to the critical damping ratio, the analysis of the 
position-dependent variation increases in complexity. In 
general, an estimate for the damping will be less accurate than 
the one for the natural frequency [18]. The first mode is 
observed to be less damped than the second mode, and the 
percentage variation is on average 0.5%. The obtained values 
indicate that excitation of this mode should be highly avoided 
due to the low capability of the robot structure to dissipate this 
vibrational energy. As this behavior is seen in both planes, this 
consideration could be extended for the operational space 
under study. In the second mode, the variation of percentage of 
critical damping is higher and corresponds to roughly 3% in the 
vertical plane and 5% in the horizontal plane. 

Another general remark from Figure 2 b), d), f), and h) is that 
there are different damping zones within the same working 
space that do not follow any particular distribution as in the 
eigenfrequencies’ case. In the horizontal plane, more damped 
areas are located closer to the origin of the X-axis of the RBCS. 
However, as the TCP moves in the positive Y- direction, as shown  
in Figure 2 f) and h), the robot passes from a higher damping 
zone to a lower damping zone but then returns to a higher 
damping zone. In the vertical plane, for the first mode Figure 2 
b), a higher damping zone corresponds to more retracted poses, 
and the movement of the TCP in the Z-axis positive direction will 
easily originate a jump to a lower damping zone. For the second 
mode Figure 2 d), most of the working space analyzed remains 
within a lower damping zone, and the damping starts to increase 
with the movement of the TCP in the positive Z-axis direction, 
which is contrary to the damping behavior observed for the first 
mode.  

4. Conclusion      

This work presents the variation of modal properties, i.e., 
eigenfrequencies and damping for an industrial manipulator as 
a function of the TCP position in a section of the working space. 
These properties are experimentally estimated in a low-
frequency range (below 100 Hz), and the first two modes are 
analyzed. The properties’ variation is shown and analyzed 
through intersecting vertical and horizontal planes in which 
manipulability is guaranteed to allow any high-force application.  

The results highlight that even within a constricted operational 
space, the eigenfrequency and modal damping variation must 
be considered. In the eigenfrequency case, the variation could 
be as high as 10 Hz and increases with the mode order. The 
damping ratio difference is relatively low for the first mode 
(0.5%) but considerably high for the second mode (5%). 

However, the first mode is less damped, and its excitation must 
be avoided.  

Finally, the distribution of these parameters throughout the 
working space is critical when selecting an operational space 
that allows for a stable cutting process. When referring to 
machining operations, the knowledge of the robot’s dynamic 
behavior is required to obtain higher workpiece quality with 
lower defects in the surface and geometric errors. Nevertheless, 
it is not possible to use an experimental procedure for each 
section of the working space. The next step will be to use these 
experimental data to build a data-driven dynamic behavior 
predictive model that could increase the comprehension of the 
robot dynamics to bigger sections of the working space. 

 
Acknowledgements      

The authors would like to thank VINNOVA, the Swedish innovation 
agency, and the SMART advanced manufacturing cluster for funding this 
research as a part of COMACH project (Grant Agreement ID: S0120). The 
authors would like to express their gratitude to the Center for Design 
and Management of Manufacturing Systems for their financial support. 

 
References   
[1] A. Verl, A. Valente, S. Melkote, C. Brecher, E. Ozturk, and L. T. Tunc, 

“Robots in machining,” vol. 68, no. 2, pp. 799–822, 2019. 
[2] L. F. F. Furtado, E. Villani, L. G. Trabasso, and R. Sutério, “A method 

to improve the use of 6-dof robots as machine tools,” Int. J. Adv. 
Manuf. Technol., 2017. 

[3] H. N. Huynh, H. Assadi, E. Rivière-Lorphèvre, O. Verlinden, and K. 
Ahmadi, “Modelling the dynamics of industrial robots for milling 
operations,” Robot. Comput. Integr. Manuf., vol. 61, 2020. 

[4] E. Abele, M. Weigold, and S. Rothenbücher, “Modeling and 
identification of an industrial robot for machining applications,” 
CIRP Ann. - Manuf. Technol., vol. 56, no. 1, pp. 387–390, 2007. 

[5] C. Dumas et al., "Joint Stiffness Identification of Industrial Serial 
Robots”, Robot. Comput. Integr. Manuf., 27 (4), pp.881-888, 2011 

[6] J. Zhou, H. N. Nguyen, and H. J. Kang, “Simultaneous identification 
of joint compliance and kinematic parameters of industrial robots,” 
Int. J. Precis. Eng. Manuf., 2014. 

[7] H. Xie, W. Li, and Z. Yin, “Posture Optimization Based on Both Joint 
Parameter Error and Stiffness for Robotic Milling", Intelligent 
Robotics and Applications, 2018, pp. 277–286. 

[8] A. Klimchik et al., “Calibration of Industrial Robots with Pneumatic 
Gravity Compensators", IEEE International Conference on Advanced 
Intelligent Mechatronics, 2017. 

[9] G. Li, F. Zhang, Y. Fu, and S. Wang, “Joint stiffness identification and 
deformation compensation of serial robots based on dual 
quaternion algebra,” Appl. Sci., vol. 9, no. 1, 2018. 

[10] T. Cvitanic, V. Nguyen, and S. N. Melkote, “Pose optimization in 
robotic machining using static and dynamic stiffness models,” 
Robot. Comput. Integr. Manuf., vol. 66, p. 101992, 2020. 

[11] Z. Pan, H. Zhang, Z. Zhu, and J. Wang, “Chatter analysis of robotic 
machining process,” J. Mater. Process. Technol., 2006.  

[12] C. Chen et al., “Stiffness performance index based posture and feed 
orientation optimization in robotic milling process,” Robot. 
Comput. Integr. Manuf., 2019. 

[13] C. Bisu, M. Cherif, A. Gerard, and J.-Y. K’nevez, “Dynamic behavior 
analysis for a six axis industrial machining robot,” Adv. Mater. Res., 
vol. 423, pp. 65–76, 2012. 

[14] S. Mejri, V. Gagnol, T. P. Le, L. Sabourin, P. Ray, and P. Paultre, 
“Dynamic characterization of machining robot and stability 
analysis,” Int. J. Adv. Manuf. Technol., vol. 82, pp. 351–359, 2016. 

[15] A. Karim, J. Hitzer, A. Lechler, and A. Verl, “Analysis of the dynamic 
behavior of a six-axis industrial robot within the entire workspace 
in respect of machining tasks,” IEEE/ASME Int. Conf. Adv. Intell. 
Mechatronics, pp. 670–675, 2017. 

[16] M. Bottin, S. Cocuzza, N. Comand, and A. Doria, “Modeling and 
Identification of an Industrial Robot with a Selective Modal 
Approach,” Applied Sciences , vol. 10, no. 13. 2020. 

[17] M. S. Allen, “Global and Multi-Input-Multi-Output ( MIMO ) 
Extensions of the Algorithm of Mode Isolation ( AMI )”, 2005. 

[18] D. J. Ewins, “Modal Testing: Theory, Practice and Application,” p. 
562, 2009. 

 

238



 

          
 
 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Robotic limb gait-tracking using deep-q-network 
 
Eric J. Tzeng1, S. C. Chen1, J. L. Chen1, A. E. Roche2, J. L. Chen1 

  
1Department of Mechanical Engineering of Chung-Hsing University in Taichung, Taiwan 
2Independent Researcher admitted to the Master program in Mechatronics at New York University in New York City, New York   
 
jlchen@nchu.edu.tw 

  
Abstract 
In the current landscape of robotic limb control for biped and quadruped robots, inverse kinematics and other mathematical methods 
are used to model the position and torque of the limb. However, due to the complexity of their parameters, inverse kinematic models 
can result in infinite solutions unless constraints are set. Moreover, force and torque models are required to ensure the multiped 
robot can maintain stability during operation. This paper explores the adoption of the reinforcement learning technique, Deep Q 
Network (DQN). The model-free condition of DQN allows the model to learn the gait without the constraints that are required in the 
inverse kinematic model. Under the DQN model, the robot limb is able to successfully complete a steady cycloid gait within 3 600 
cycles. When faced with a randomly generated obstacle, the robot limb under the DQN model is still able to successfully complete 
the cycloid gait cycles using a raw model. Furthermore, this method shows substantial torque optimization under a given reward 
function with different load conditions. The model allows additional reward constraints.  
 
Keywords: Deep-Q-Network, gait-tracking, robotics , control, machine learning. 

 

1. Introduction   

In the general case, to control a biped or quadruped robot, 
geometric-based forward kinematics, inverse kinematics, and 
other mathematical methods have been used to build control 
systems to execute gait-tracking. For real world implementation, 
it requires dynamic torque/force modeling to ensure the robot 
operates with minimal interference. Unfortunately, this 
modeling process is complex and time comsuming. 

In recent years, the development of computer technology has 
substantially increased the efficiency of machine learning in its 
implementation in robotics. Reinforcement Learning is a popular 
Deep Learning technique that is frequently used in academia 
and industry and has recently been used to explore robotic limb 
control. 

One feature of Reinforcement Learning (RL) that makes the 
method appealing is its ability to be used in the model-free case 
where a complete model is not required for implementation [1]. 
RL can exploit the full solution space depending on the reward 
function and reward factors used. An optimal control policy can 
be achieved through prioritizing each of these functional 
requirements. 

A classic and well-known method of Reinforcement Learning 
is the Q-table algorithm, one of the methods of Q-learning. It 
calculates the cumulative rewards for every action and state the 
agent can take in an environment. This particular algorithm is 
fairly intuitive for simple taks and easily adaptable to other 
algorithms. In the case of robotic limb control, the  vast number 
of combinations of states and actions in this scenario makes Q-
tables too simplisitic. However, Deep-Q-Network(DQN)[2] 
combines neural networks and Q-learning to overcome this 
limitation and achieve complex tasks like gait-tracking. 

 
 
 

2. Model design 

2.1. Robot Limb Model  
The limb model used in this paper is shown in Figure 1. The 

model is composed of three motors as active joints and three 
links. The error of distance is the distance between the linkage 
endpoint and target gait point. The state definition is dependent 
on the difference in radius and the difference in angle. Since 
each target point of the endpoint has an infinite amount of 
solutions, without RL, the mathematical representation of the 
model can become very complex when given constraints. This 
situation provides the possibility for the DQN learning system to 
search for the optimal solution. 

 
Figure 1. This is the basic training setup of the environment where J1, J2, 
and J3 represent the three linkage joints.  
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2.2. Simulation System 

The first goal is to verify that the presented method can do 
gait-tracking which can be achieved through the construction of 
a simple simulator with a basic environment. The environment 
contains the forward kinematic model and dynamic force 
analysis functions to generate different properties such as 
position, velocity, acceleration and torque at each time step. 
These values describe the current condition of the simulated 
limb model, which can be evaluated by reward functions to 
quantify the policy’s performance. The static and dynamic force 
of the limb model is also analysed and put into a physics engine 
to observe simulated torque. The simulated model also takes 
external force into consideration for a more realistic simulation.  

3. Training setup      

3.1. State, Action definition  
The following five elements define the state: 

i. Error of angle (𝐸𝐸𝑡𝑡𝜃𝜃): The absolute angle between end 
point and target point. 

ii. Error of radius (𝐸𝐸𝑡𝑡𝑟𝑟): Distance between end point and 
target point. 

iii. Absolute angle of motor 1 (𝜃𝜃𝑡𝑡
𝐽𝐽1) 

iv. Absolute angle of motor 2 (𝜃𝜃𝑡𝑡
𝐽𝐽2) 

v. Absolute angle of motor 3 (𝜃𝜃𝑡𝑡
𝐽𝐽3) 

The action is defined by the velocity command for each motor 
(joint 1 (𝜔𝜔𝐽𝐽1), joint 2 (𝜔𝜔𝐽𝐽2), joint 3 (𝜔𝜔𝐽𝐽3)) 

 
3.2. Reward definition  

 Five reward values are:  
i. Reach Target: If the distance of the endpoint and target 

gait point is smaller than a certain value, give a positive 
reward. 

ii. Target radius error: If the distance of the endpoint and 
target gait point is going down, give a positive reward. 

iii. Step Increase: To ensure the endpoint reaches the target 
gait point in an efficient way, give a small punishment 
(negative reward) for each iteration of the learning 
process. 

iv. Fail: If there is interference with the robot limb, the 
distance of the endpoint of robot limb and target gait is 
too large, or the robot limb hits an obstacle, the largest 
punishment is given and the agent enters the terminal 
state. 

v. Torque difference of each motor: Loading a single motor 
significantly more than the others is not desired for 
torque balance. A small reward is given if the motor 
torque difference decreases. 

 
3.3. Gait design 

The designed gait shown in Figure 2 will be split into multiple 
points and inputted into the learning algorithm one by one. If 
limb model interference happens or the endpoint is too far from 
the target gait point, then the limb is reset to the first point of 
the gait. 

        
Figure 2. The designed gait for training. The left one is the normal cycloid 
gait; The right one is normal cycloid gait with a randomly generated 
obstacle. 

 
 

3.4. Deep Q Network training process 
  The processdure of the training process is shown in 
Processdure 1. It also shows the interaction between state-
action and Deep Q Network algorithm. 
Processdure 1. Deep Q Network for gait tracking 
Initialize policy network parameters ϑ. 
Initialize target network parameters 𝜗𝜗−1 ← ϑ. 
Initialize learning memory. 
Initialize counter C ← 0 
Initialize simulated robot model. 
Choose target gait. 
Repeat 
>Get the next target gait point, and state 
    Repeat 
        >Epslon greedy decide to get action from policy network or 

random action. 
        >Interprete action as robot model command 
        >Get new state and reward. 
        >Store state, action, reward, new state as transition and  

put into learning memory. 
>Sample one mini batch with size N from learning memory 
and calculate gradient by 

𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥 = γ(𝑟𝑟 + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑠𝑠𝑡𝑡+1;𝜗𝜗−1)) − 𝑚𝑚(𝑠𝑠𝑡𝑡, 𝑚𝑚; 𝜗𝜗) 
        >Update state ← new state 
        >if remainder(C/𝐼𝐼𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡) == 0 then update target network  

parameters 𝜗𝜗−1 ← ϑ 
>end if 
>if to next target then break 
>end if 

Until terminate singal triggered. 
 

4. Experiment result     

4.1. Cycloid gait 
A simple cycloid gait on a flat terrain determines if the trained 

DQN policy can solve the inverse kinematics of the robot foot 
and follow the predefined gait trajectory (the light grey cycloid 
line). This will prove the state definition and reward function are 
suitable for the model. In Figure 3, the limb model is strictly 
following the gait trajectory. The left side shows the trajectory 
of the predefined gait and the initial posture of the limb model. 
The right side shows how the limb model is moving in the global 
coordinate aspect.  

 

 
Figure 3. Two cycles of the training results for a cycloid gait on flat 
terrain. 

4.2. Cycloid gait with random ramp obstacle. 
   The random ramped gait adds supplementary information to 
the environment of the robot limb. In this training scenario, the 
environment will generate a ramped terrain, 10 cm in width 
and 3 cm in height, in an arbitrary time and position. The 
modified gait will adapt its gait trajectory depending on the 
environment. 
   The model can easily be implemented in a realtime-generated 
gait trajectory because the state definition is independent of 

240



  
gait definition. In Figure 4, the model’s endpoint makes contact 
with the ramp and moves forward. In the case where the 
model does not accomplish moving forward, it will overfit and 
remain in a fixed gait trajectory that will fail to follow all gait 
points.  
 

 
Figure 4. Two cycles of the training results for a cycloid gait with a 
random ramp obstacle. On the right, the gait commences from the 
ground for the first gait cycle, then steps on the ramp obstacle in the 
second cycle. The left shows the model’s capability of following the 
dynamic gait. 

4.3. Torque balance optimization 
Using a DQN model allows the possibility of including 

additional requirements to the control system that would 
otherwise mathematically overwhelm other robotic limb 
control systems.  

Figure 5 exhibits the torque distribution history of the cycloid 
gait with and without a torque reward. The comparison 
between the model with torque reward and the model with no 
torque reward shows a significant reduction in the torque 
difference between the middle motor and lower motor. 

 

 
From a visual standpoint, there is less fluctuation in the 

torque of the upper motor when the robot limb is airborne 
under the reward function. The middle and upper motor 
achieve closer values in torque as well. Figure 5 also exhibits a 
small increase in torque for the middle motor when the model 
includes a torque reward.  

The distribution in the average torque difference in raw data 
can be observed in Table 1. The optimization can achieve up to 
10 percent improvement under 3Kg to 7Kg external loading 
applied. The inclusion of torque rewards exhibits the model’s 
ability to change its behaviour according to the additional 
reward function without failing its original gait-tracking task.   

Table 1. Detail average torque difference in different conditions. 

 
4.4. Real robot limb implementation. 
  After training the model in simulation. The model was apply to 
the real robot limb and make it track the same cycloid gait in 
simulaiton. The result is shown in Figure 6. From Figure 6, the 
robot limb can track the desire cycloid gait, this shows that  
trained model can be applied in real world. The video record of 
real robot implementation is mentioned in reference[3].  

 
Figure 5  The result of real robot implementation, from No.1 to No.8 are 
the gait tracking process history. 

 
4.5. Video record of cycloid gait, extra gait experimentation. 

To further investigate the effect of reward design, the same 
model was applied to different gaits and randomized obstacles. 
The trained model achieved the gait tracking successfully as 
predicted in the simulated model. Video links of the various 
scenarios tested are provided in the references[4-9]. 
 

 

Loading/kg Average 
torque 
difference 
without 
torque 
difference 
reward/N-m 

Average 
torque 
difference 
with torque 
difference 
reward/N-m 

Optimization 
rate 
percentage 

3 1.7443 1.5692 10 % 

4 2.4338 2.2146 9 % 

7 4.5181 4.0751 10% 

Figure 6. Comparison of torque distribution with (top) and 
without(bottom) torque balance reward. In both graphs, the lower 
motor exhibits no visible change in behavior when a torque reward 
is imposed. However, the upper motor shows red fluctuations in 
value with the torque balance reward.  
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5. Conclusion     

In this paper, a control model was successfully constructed to 
achieve stable gait-tracking using DQN model training instead of 
the geometric-based inverse kinematic model. The model can be 
trained into a stabilized state in 3600 cycles of gait execution, 
successfully tracking the gait points and optimizing torque 
performance simultaneously.  

At the phase of model execution, it can achieve gait-tracking 
accuracy up to 1 mm and has shown an observable decrease in 
joint-wise torque optimization up to 17% in various loading 
conditions. In the result of random ramped simulations, it shows 
that this model is not only capable of tracking static finite gait 
points but also realtime-generated gait points, which proves the 
robustness of the trained model. Due to the methodology of 
reinforcement learning, a DQN model can encounter overfitting 
issues. In the context of a robotic foot following a gait, an overfit 
model will learn to follow a predetermined trajectory. However, 
incorporating an obstacle shows the model can adopt real-time 
adjustments to its gait. 

This paper demonstrates the potential of using reinforcement 
learning techniques such as DQN to simplify the inverse 
kinematic modelling process, and achieve multiple targets by 
reward design. Such technique can be used in multi-linkage 
robot control policies for fitting multiple function requirements 
without complex mathematical derivation.  
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Abstract 
A new multi-axis positioning device capable of functioning in a synchrotron environment, as a high precision alignment table is 
presented. The device is conceived to be a stable and flexible support to perform all small high precision (alignment) motions for a 
heavy X-ray manipulation sub-system (beam tilter), working inside of LISA diffractometer system for liquid surfaces/interfaces 
investigations. The proposed kinematic structure is based on four points contact and symmetric closed-loop kinematic chains 
(QUADROPODs). The mechanism consists of a redundant (Rd=2) parallel kinematic principle, relying on simultaneous action of eight 
sliding actuation axes, where 2dof prismatic-prismatic (2P) actuators are located in the middle of each kinematic chain. The design 
concept is based on two parallel wedge type components, providing low center of gravity and an intuitive way to pose (translate & 
rotate) devices and instruments in all six-degrees-of-freedom (6dof), without being significantly affected by adjacent factors, as air 
pipes, electrical cables, etc. A robust rectangular table is helping to fix different devices on it, which can be fast mounted or 
dismounted, being in the same time itself easily relocated. The Parallel Alignment Table (P-AT) prototype has been successfully 
developed and delivered to a modern large-scale synchrotron (PETRA III) beam line (P08) at well-known facility (DESY). The paper 
presents the requirements regarding its integration, a kinematic analysis and the design process, together with several important 
manufacturing aspects related to precision. 
 
Synchrotron positioning, parallel kinematic, conceptual design, kinematics, precision  

 

1. Introduction 

Photon and neutron radiation sources offer a unique solution 
to investigate the nanoscopic structure of materials. By using the 
actual powerful synchrotron sources, it is possible to obtain 
unprecedented non-destructively information data for a variety 
of materials, from crystalline to amorphous. Using this 
approach, the spatial resolution can be improved several times 
compared with conventional laboratory techniques. 

X-ray diffraction (XRD) is the fundamental and most widely 
used experimental technique in synchrotrons. It can be 
successfully applied for a broad range of samples to probe the 
atomic structure [1]. Significant results have been obtained on 
the development of new techniques and the specific 
instrumentation [2]. 

Numerous studies have been focused on investigated 
materials and processes at the surfaces/interfaces of liquids 
(liquid-solid, liquid-liquid, liquid-gases), for various scientific and 
engineering purposes (semiconductors, energy, manufacturing, 
tribology, etc) [3], where the interface chemistry plays an 
important role [4].  

The dedicated machines for liquid-liquid experimental 
investigations (‘liquid diffractometers’) are generally built on a 
combination of at least three positioning (sub)systems, each 
with a clearly defined scope - sample, detector and beam (X-ray) 
manipulation, following the surface diffraction physics law 
(Bragg). As the sample (liquid) cannot be moved during the 
experiments, its location must remain fixed in the target 
position; perturbations are undesirable. If they occur, they affect 
the precision of the system and thus the results of the 
investigations; therefore, must be avoided or at least 
attenuated.  

   
 
However, perturbations (and, errors) arise from different 
sources, inducing small vibrations on the sample (surface) from 
machine own components (e.g., motors) as well as adjacent 
systems (machines, roads, etc). 

In the former case, the liquid diffractometers designers try to 
mitigate the influences, by separating the mechanical 
components. The proposed solutions are slightly different and 
are based on the chosen (or, not) interconnection between the 
main working subsystems (incident/scattered) beams.  

In the case of using two crystals (beam tilter) for manipulating 
the incident beam, three primary design methods applied. 

In a conventional solution, all three subsystems are located on 
a single platform unit and are strongly interconnected. This 
design provides a more compact solution, saving spaces in the 
cloudy experimental hutches, but may also increase the 
complexity of the system [5]. This solution is also prone to 
errors, even if some ways of suppressing them are applied (e.g., 
granite components).  

In another solution, the beam manipulation sub-system is uses 
a double crystal deflector (DCD), as a separate subsystem [6]. 
This approach has been shown to work well, but because the 
first two sub-systems are still strongly interconnected, in the 
case of frequent investigations, the waiting time for sample 
relaxation is significant (approx. 30s). 

A third solution involves the complete separation of the main 
components [7]. In this design, the motions are mechanically 
decoupled, decreasing the errors and the associated waiting 
time between experiments. However, the footprint size is 
increased. The design must also preserve the (total) accuracy of 
the experimental system, providing adequate solutions for the 
alignment of each subsystem.  

A group of research physicists [8] associated with a well- 
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known Germany university (CAU/IEAP) has been working for 
more than two decades on understanding the processes and 
their consequences at liquid-liquid surfaces and interfaces. A 
new diffractometer [9] has been proposed to work inside of a 
beam line [10], using a combination of X-ray surface techniques 
(XRR, GIXS, etc), benefiting from the use of a high brilliant 
radiation source [11] from the 3rd generation modern 
synchrotrons [12]. The new diffractometer has been developed 
following separate subsystems approach and installed in the 
experimental hutch (EH) of the high-resolution diffraction 
beamline discussed above.  

In the second phase of its development, an upgrade of the 
alignment table for beam tilter was included, in order to offer a 
more suitable support for full alignment of precision optics 
compared with the previously provisional one (optical table), 
being heavy, large and providing less degrees of freedom, only.  

An overview of the development of the device, including the 
integration aspects, topology analysis, design solution and 
manufacturing aspects for the prototype, related with precision 
are presented below. 

2. LISA Diffractometer 

The diffractometer dedicated for Liquid Interfaces Scattering 
Analysis (LISA) [9] consists of three sub-systems: 1) Beam tilter 
(B), 2) Sample (S), and 3) Detector (D) towers, as shown in Fig. 1. 

  

Figure 1. Parallel Alignment Table integration  
 
The first subsystem manipulates the incoming X-ray beam 

toward the sample. It consists of a heavy high precision gonio 
stage (C3) and two smaller high precision gonio units (C1, C2), 
holding a Si111 and Si220 crystals, respectively. The rotational 
C1, C2 (air bearing) and translational (Y) motions are used to 
move the optical Center of Rotation (CoR) towards the sample. 
Based on modifications of its geometrical parameters - length 
(g1) and height (h), small variations of incident angle (θi) can be 
obtained. The above assembly is located on top of a high 
precision optical table (T1) through several air pads. T1 should 
provide adequate means to stably support and roughly align the 
main axis of rotation (horizontal) regarding the X-ray beam. The 
weight of the beam tilter, including optics and closure is 
approximately 400 kg. 

The second subsystem manipulate the sample (and 
instruments) towards the deviated / incident (Xi, i-incident) X-
ray beam. It consists of several stacked positioning units 
(linear/XYZ and rotation/C5) devices arranged on the top of the 
second table (T2).  T2 provides means to align (translate and 

orient) the devices above it with required precision, including 
the ancillary instruments(UHV chamber, Langmuir trough, etc).  

The last subsystem manipulates the detector(s) D to catch 
the X-ray beam (Xs-scattered). It consists of a robust support 
(granite) table (T3), with a column on top, holding – linear (Z) and 
rotational (C6), positioning units. With this configuration, the 
system can be adapted for various investigation, including - 
positioning several D types (1D, 2D), towards the scattered or 
reflected beam. It is supported on several air pads. The height of 
the beam line H is 1m.  

3. Parallel Alignment Table 

Alignment of diffractometers is a complex task that it involves 
various technical disciplines (physics, mechanics, control, etc) 
and practical skills. The results (and, time) are directly 
proportional with the experience of those involved and the 
complexity of the equipment. However, dedicated components, 
such as alignment tables are helpful in accomplishing this task. 

In the first step of the LISA diffractometer design, T1 was a 
large size (1.5x3x0.6m) standard optical table (IDT/UK), having 
three (3) pillars and 5dof (Y,Z,Rx,Ry,Rz) alignment capabilities 
(open loop), only. As the beam tilter was necessary to be located 
nearby of the sample tower, it stands at one of smaller sides of 
the table. However, this was not a perfect integrated solution. 

In the second step, a more suitable solution was envisaged, 
with the ability to increase the adaptability and flexibility of the 
alignment, working in a relatively small allocated space 
(A1xB1=H1/1x1x0.6m). A specialised positioning company [13] 
was chosen to be directly involved in the development. An 
overview of the required motion parameters for the new 
alignment table, including the precision values (with load 400kg) 
are presented in Table 1. 

 
Table 1 Motion specifications* 

      * plus/minus (±) 

 
3.1. Kinematics 

Parallel kinematic mechanisms (PKMs) are proving to be 
alternative viable solutions in many applications involving heavy 
load, precision and/or dynamic manipulations [14] compared 
with serial kinematic mechanisms(SKMs). A good example of 
PKMs are the Hexapods [15]. They are now being increasingly 
used in synchrotron positioning as both, sample positioning 
(inside) and alignment tables (outside) of diffractometers. 
However, the actual standard existent portfolio is not an infinite 
number, and the adaptability to the specific requirements of the 
customers for an application is also limited, especially, when the 
space (height) is small. Then, conventional motor-coupling-ball 
screw, etc actuation located in-between base and table will be 
difficult to be accomplished. The available space for LISA is small, 
particularly H1 (0.6m).  

Based on these constraints, designers have sought alternative 
designs. A new alignment table has been built around the 
general concept of quadropods structures [16]. It consists of four 
legs (pods), in contrast with three (Tripods) or, six (Hexapods) 
points of contact. This is a fine balance between stability and 
mobility. In addition, its shape fits the standard (rectangular) 
shape of tables.  

In fact, the actual proposal was the second in a row, being the 
next member of the more general family (1,2,3) succeeding the 
first one (123) released before [17] for high- precision dynamic  

Axes Stroke 
mm (°) 

Acc. 
µm (ˈˈ) 

Rep. 
µm (ˈˈ) 

Res. 
µm (ˈˈ) 

X, Y, Z 30,30,20 6 2 0.15 

Rx,Ry,Rz 4, 4, 5 7 2.5 0.4 
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tasks. The proposal maintains the main characteristics of the 
family - increased power (redundant), stability (four points 
contact), compactness (height), intuitive motion (along/ around 
main axis), easy control (spherical joint last level). In addition, it 
has an increased symmetric behaviour. The internal (reactive) 
forces being uniformly distributed (up and down) between the 
components in a chain [18].  

 
Figure 2. Parallel Alignment Table structure   (6-4-123) 

 
As the kinematic scheme shows (Fig. 2) it has on the base (0), 

at the first level (I), four unactuated (passive) simple pairs 
(f=1dof) and four identical actuated pairs with two degrees of 
freedom (f=2dof) on the second level (II). On the top level (III) 
four identical pairs (f=3dof) are linking the table (9).  

This 4-123 symmetric structure of arranged joints (Jij, i=1,…,4, 
j=I,…,III) is composed from four identical kinematic chains 
(Ki=123, i=1,…,4) on only three levels (L=III), each with identical 
joints (Lj=1 or2 or 3, j=I,…,III).  

This structure produces increased power over six motor 
actuation, being redundant (Rd=2) and with increased stability 
over the three (3) points contact (A4>A3, A-contact area), 
delivering full mobility (F=6dof), with a relative small number of 
links (l=8 / lij/j+1, i=1,…4, j=I,…,III) and active/passive pairs 
(J=12/Jij=i=1,..,4, j=I,…,III). 

A corresponding mechanism based on the above kinematic 
structural scheme is proposed in Fig. 3. It consists of two pairs of 
identical kinematics chains (Ki, Ki+2, i=1,2) perpendicular to each 
other, comprising the same type of joints.  On the base (B) are 
horizontally arranged passive P (Prismatic) joints, supporting the 
inclined (α) active Pl (Planar) joints with 2dof, which in turn  
support the passive S (Spherical) joints supporting Table (T). The 
first joints in a pair (P) are colinear, and the second (Pl) joints 
opposed to each other are inclined with the same angle (α).  

 
Figure 3. Parallel Alignment Table mechanism  [6-4-P(Pl)2S] 
 
In this 6-4-P(Pl)2S pyramidal architecture, all six-degrees-of-

freedom (X,Y,Z,Rx,Ry,Rz) at (T) can be obtained through a 
combination of collaborative working actions of actuated joints, 
along the horizontal (X/Y) and vertical (Z) inclined  lines (α), 

expecting a good stiffness. An overview of the number and 
displacement values of actuation axes for the most important  
displacements (X,Y,Z,Rx,Ry,Rz) of the table are presented in 
Table 2. The displacements are considering the mechanism 
starting from nominal position (X=Y=Z=0 mm, Rx=Ry=Rz=0°), and 
for a specified displacement, the actuators not involved blocked. 

As resulting from the table, by simultaneously actions of a 
fewer than eight active linear motion axis, simple linear motion 
(X,Y) and rotations (Rx,Ry) can be performed by a couple (2) or  
two couple (4) of axes as in (Z,RZ) motions.   
 

 Table 2. Motion specifications 

 * Zi=li[sin(αi)], li - inclined length  

 
3.2. Design 
In a modular design concept, as shown in Fig. 4, the alignment 

table consists of a base(B) and a table(T) linked together by four 
pillars, each having 2 dof (Linear-Linear) motion capabilities, 
being guided on the base by pairs of two fixed guides (gi). A 
compact spherical joint (Gui) on each pillar guides the table. 

 
Figure 4. Parallel Alignment Table concept [6-4-L(LL)S] 

 
Using Direct Drive (DD) planar motors for actuation units 

seems to be very a very interesting choice. However, from safety 
reason it was not chosen. The reason is related with 
electromagnetic interferences generated by the motors and the 
X-ray itself fields.  

A more classical solution (motor+ball screw) which is still 
preferred by the facilities’ technical staff was chosen instead. In 
general, this can be accomplished using either: a) in-parallel 
actuated (2L) or b) serial stacked (LL) positioning units. Due to 
familiarity and experience with using in-house simple and 
standard units, the second option was chosen. However, this 
solution re-defines the mechanism (and structure), transforming 
it into a hybrid (parallel/serial) one.  

The implementation of the above concept was accomplished  
by designing (or, outsourcing) the adequate components. As 
shown in Fig. 5, two polygonal plates, one of which is made from 
a stronger material (steel) and another from aluminium (Al) form 
a stiff base (1). The upper plate has a central hole (aperture) for 
cable (or, pipe) management. the first pair of high precision 
linear roller guides (2) of type MX/LRX15C2 (IKO) are integrated 
on the upper plate, supporting the motion of the intermediate 
plate (3). This plate holds the second pair of precision linear 
guides (4) of type MX/ LRX15C1/IKO, perpendicular to the first 
guides, carrying pillars.  

Each of the pillars are composed off two parts in relative 
motion (5,7) powered by 2-phase high torque motors (8,10) of  
type PK266JDB (OrientalMotor) through linear guides (6) of type 
LRX/LRXH20C1 (IKO). The lower part (5) is driven by a planetary 
roller screw (RGT12.2 /INA) and customised gear box (9) of type 
H2083.10 (HUBER) with 20:1 ratio; the upper part (7) is driven 
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by a harmonic drive (11) of type CPU17A100 (HarmonicDrive) 
with 100:1 ratio, and a  conventional trapezoidal screw (Tr14x2). 

A heavy load spherical plain bearing (GE10AW/INA) is located 
on the upper part which supports the table (12). The table is a 
stiff block of material (Al) with numerous (>250) mounting screw 

 

 Figure 5. Parallel Alignment Table design(CAD) 

 
holes (M6) arranged in an array (50x50mm) to allow the 
necessary positioning devices and/or instruments to be 
mounted to it. Eye bolts (13) to enable easy movement of the 
whole the device (or, the table only) from one place to another 
are also provided. For the whole assemble, the center of gravity 
(C) point distance (d=283mm) is under half of the total height. 

 For fast and safe holding the target position, which is 
decreasing the time between investigations, the device is 
equipped with pneumatique breaks on the first axes 
(LKP1501AS2/ZIMMER). All motorised axes are controlled in a 
closed loop, through a dedicated control box  (SMC Galil) and 
dedicated software for which absolute encoders (RESOLUTE 
/RENISHAW) are provided. In addition, electrical limit switches 
and mechanical stopend are also included. The key design 
parameters for the basic components are presented in Table 3.  

 
Table 3. Design specifications (components) 

   C0-Static Load  T0-Holding Torque M0-Static Torque 
 

3.3. Prototype   
The alignment table prototype owing a mass of 450 kg was 

manufactured at the end of 2017, tested during 2018 and then 

Figure 6. Parallel Alignment Table (P-AT) prototype 

shipped to the designed location (Fig. 6). Most of the 
components were in-house manufactured for which available 
technology already existed.   

For assembly and testing purposes an additional table (light 
frame) to hold the mechanism in nominal position was 
manufactured. The obtained results (factory test) under 400 kg 
load, as stability (static/motion) and positioning accuracy 
(absolute/repeatability/resolution: linear - 7.4/3.8/0.15µm, 
rotation - 3.2/2.9/0.2 arcs) has met the customer expectations. 
The precision values above are the maximum values for all axes. 
Graphical and numerical values in details will be presented in the 
near future.  

4. Conclusions      

A research project has led to the development of a new system 
(diffractometer) for X-ray synchrotron investigations of liquids 
which incorporates a new dedicated alignment table device.   

The Parallel Alignment Table (P-AT) supports and manipulates 
a specific instrument with high precision, carring the appreciable 
load. The compact and robust device consists of a stable parallel 
structure with four active pillars (2dof) and two stiff (base & 
table) plates, performing all small positioning motions 
(translation/ rotations) for alignment purpose regarding the X-
ray beam, through a wedge type mechanism. The preliminary 
tests performed proved the viability of proposed concept and 
the design and manufacturing solutions chosen for components.  

This development can be used for heavy load highly precise 
manipulations in small spaces of synchrotron environment 
(diffractometers). Other potential applications could be 
envisaged for which a more customized design will apply. 
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Abstract 
The possibility to improve the accuracy of machine tool spindles through active control makes magnetic bearings an interesting op-
tion for high-frequency spindles used in micro machining. However, the required high speeds and accuracies necessitate a sophisti-
cated design of the magnetic bearing and the control loop. Analytical models do not provide sufficient accuracy for this design, since 
nonlinear material behaviour, fringing effects and the exact geometric configuration of the magnetic bearing are not considered. 
While coupling finite element method (FEM) and control loop models provides sufficient accuracy, the recomputation of the FEM 
model at each time step is time consuming and therefore not suitable for controller optimization. 
In this paper, a numerical model of a magnetic bearing spindle concept is developed and analysed. The bearing forces are initially 
computed using a FEM model and then converted to response surfaces. These response surfaces are then integrated in the time-
dependent control loop. This eliminates the time-consuming recomputation of the FEM model while maintaining the same accuracy. 
Moreover, due to the time saved, the controller parameters can be optimized effectively. 
The influence of nonlinear material behaviour, fringing effects, and the exact geometric configuration of the magnetic bearing on the 
magnetic bearing forces is investigated. For this purpose, the analytically calculated bearing forces are compared to the bearing 
forces computed with the numerical model with response surfaces. The comparison shows that for the same vibrational behaviour 
of the rotor, the numerically computed bearing forces are significantly lower than those calculated analytically. This is due to the fact 
that the analytical model does not represent the exact geometric configuration in sufficient detail. It can be concluded that the use 
of response surfaces for the integration of the bearing forces into the control loop allows a more detailed design and analysis of 
magnetic bearings. 
 
 
Magnetic bearing, Finite Element Method (FEM), Vibration, Mechatronic  

 

1. Introduction 

Active magnetic bearings have already been successfully used 
in macro machining spindles to minimize tool-run out and to in-
crease achievable rotational speeds [1, 2]. Investigations into 
the possibility of using magnetic bearings in high-frequency spin-
dles for micro machining also exist [3]. However, the high preci-
sion and high speeds required in micro machining necessitate an 
exact electromagnetic model of the magnetic bearing for bear-
ing design. Further, sophisticated tuning methods are necessary 
to select suitable control parameters. 

The setup of a control loop model of a magnetic bearing usu-
ally consists of a model of the magnetic bearing itself and the 
control loop required for the active control of the bearing. 

The magnetic circuit method is commonly used to model mag-
netic bearings within the control loop [4]. However, this method 
has the disadvantage of not considering relevant aspects such as 
fringing effects, nonlinear material behaviour, and the exact ge-
ometric configuration of the bearing. 

Another possibility is the use of coupled finite element 
method (FEM) and control loop models [5]. Here, the FEM model 
is fully integrated in the control loop. The manipulated variable 
of the controller (electric currents) is used as the input parame-
ter for the FEM model. The results of the FEM model (magnetic 
forces) are fed back into the control loop as the controlled vari-
able. Such a coupled model provides sufficient accuracy, but the 
recomputation of the FEM model at each time step is time con-
suming and therefore not suitable for controller optimization. 

In this paper, a control system model of a rotor, supported by 
an axial magnetic bearing and two radial magnetic bearings is set 
up, verified, analysed, and tuned. For this purpose, static mag-
netic finite element models of the bearings are set up to com-
pute the magnetic forces. These bearing forces are then con-
verted to response surfaces and integrated in a time-dependent 
control loop model of a magnetic bearing-rotor system. Using 
this model, the computed magnetic forces are compared against 
analytically calculated magnetic forces using the magnetic circuit 
method. Further, the controllers are tuned to reduce the vibra-
tion amplitude of the rotordynamics model. 

2. Methods 

The control loop model setup is conducted in two steps: the 
computation of the magnetic bearing forces using a static mag-
netic simulation model based on the FEM, and the setup of the 
control loop model itself including the response surfaces. 
   
2.1. Finite element model setup 

Three-dimensional static electromagnetic models of active 
magnetic axial and radial bearings are set up using ANSYS Me-
chanical1. A schematic view of the magnetic bearing-rotor con-
figuration as well as the axial and radial bearings is given in fig-
ure 1. Both bearings are heteropolar 4-pole-pair active magnetic 
bearings featuring differential winding schemes to keep remag-
netization of the rotor as low as possible upon rotation [4]. In 
this design, the remagnetization frequency is twice the rotation 
frequency. Half of the coils are operated with the sum and the 
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difference of the bias currents 𝑖𝑖0 and control currents 𝑖𝑖𝑥𝑥 and 𝑖𝑖𝑦𝑦 
respectively [4]. Figure 1c shows the half of the radial bearing 
operated with the sum of bias current and control current. 

The nonlinear material behaviour of the iron core and the ro-
tor is represented by 𝐵𝐵-𝐻𝐻-curves which account for the mag-
netic saturation of the materials [4]. Fringing effects [4] are in-
cluded by modelling the air region (air box) around the iron core 
(see figure 1c). The required boundary conditions are the num-
ber of turns, the conducting area, the current flow direction, the 
current through each coil, and the rotor position. In this paper, 
the axial bearing is assumed to be acting solely in z-direction, 
while the radial bearings only act in the 𝑥𝑥-𝑦𝑦-plane. Thus, no cou-
pling between axial and radial motion and no tilting of the rotor 
is considered in the electromagnetic model. Hysteresis losses 
due to remagnetization and eddy current losses due to velocity 
effects (angular velocity) are not considered. 
 

 
Figure 1. a) schematic view of the magnetic bearing-rotor configuration, 
b) and c) schematic view and applied boundary conditions of the mag-
netic axial and radial bearing model 

 
The bearing models are solved using an edge-based magnetic 

vector potential method based on the Maxwell equations [6]. 
Bearing forces are computed using the Maxwell method [6]. For 
the axial bearing, the resulting magnetic force of interest is in 
𝑧𝑧-direction, whereas the resulting magnetic force of interest for 
the radial bearings is in x- and y-direction. 

 
2.2. Response surface generation 

The magnetic bearing force is dependent on the input current 
and the position of the rotor. Hence, for the axial bearing, a two-
dimensional response surface with the current 𝑖𝑖𝑧𝑧 and the 𝑧𝑧-po-
sition of the rotor as inputs and the magnetic force in 𝑧𝑧-direction 
as the output is required. For a radial bearing, two four-dimen-
sional response surfaces are required: one to represent the mag-
netic forces in 𝑥𝑥-direction and one to represent the forces in 𝑦𝑦-

direction. For both response surfaces, the currents 𝑖𝑖𝑥𝑥 and 𝑖𝑖𝑦𝑦, and 
the rotor position in both 𝑥𝑥- and 𝑦𝑦-direction are the inputs. The 
outputs are the magnetic forces in 𝑥𝑥- and 𝑦𝑦-direction. 

 
2.3. Rotordynamics 

A lumped mass approach is chosen to model the rotor’s vibra-
tional behaviour. This approach uses the centre of mass to com-
pute dynamic effects. Thus, a total of six equations are required 
to describe the translational motion in 𝑥𝑥-, 𝑦𝑦- and 𝑧𝑧-direction, the 
tilting motion 𝛼𝛼 and 𝛽𝛽 along the 𝑥𝑥- and 𝑦𝑦-axis, and the rotational 
motion 𝜑𝜑 around the 𝑧𝑧-axis: 
𝑚𝑚�̈�𝑥 = −𝐹𝐹𝑥𝑥,1 − 𝐹𝐹𝑥𝑥,2 + 𝑚𝑚𝑚𝑚 sin

𝜋𝜋
4

+ 𝑚𝑚𝑚𝑚(�̈�𝜑 sin𝜑𝜑+�̇�𝜑2 cos𝜑𝜑) (1) 

𝑚𝑚�̈�𝑦 = −𝐹𝐹𝑦𝑦,1 − 𝐹𝐹𝑦𝑦,2 + 𝑚𝑚𝑚𝑚 cos
𝜋𝜋
4

+𝑚𝑚𝑚𝑚(−�̈�𝜑 cos𝜑𝜑+�̇�𝜑2 sin𝜑𝜑) (2) 
𝑚𝑚�̈�𝑧 = −𝐹𝐹𝑧𝑧,1 − 𝐹𝐹𝑧𝑧,2 (3) 
𝐽𝐽𝑑𝑑�̈�𝛼 + ΩJp�̇�𝛽 = −𝑎𝑎 ⋅ 𝑓𝑓𝑦𝑦,1 + 𝑏𝑏 ⋅ 𝑓𝑓𝑦𝑦,2 (4) 
𝐽𝐽𝑑𝑑�̈�𝛽 − Ω𝐽𝐽𝑝𝑝�̇�𝛼 = 𝑎𝑎 ⋅ 𝑓𝑓𝑥𝑥,1 − 𝑏𝑏 ⋅ 𝑓𝑓𝑥𝑥,2 (5) 
𝐽𝐽𝑑𝑑�̈�𝜑 = −𝐹𝐹𝑥𝑥,𝑀𝑀𝑀𝑀 ⋅ (𝑦𝑦 + 𝑚𝑚 sin𝜑𝜑) + 𝐹𝐹𝑦𝑦,𝑀𝑀𝑀𝑀 ⋅ (𝑥𝑥 + 𝑚𝑚 cos𝜑𝜑) + 𝑀𝑀 (6) 
where 𝑚𝑚 is the rotor mass, 𝑚𝑚 is the rotor eccentricity, 𝐹𝐹𝑥𝑥  and 

𝐹𝐹𝑦𝑦 are the magnetic bearing forces, 𝑚𝑚 is gravity, 𝜑𝜑 is the rota-
tional angle, �̇�𝜑 is the rotational velocity, �̈�𝜑 is the rotational ac-
celeration, 𝐽𝐽𝑑𝑑 and 𝐽𝐽𝑝𝑝 are the rotor’s inertias around the 𝑥𝑥- and  
𝑧𝑧-axis and 𝑀𝑀 is the driving torque of the rotor. No coupling be-
tween axial and radial motion is considered. 

 
2.4. Control system model setup 

A time-dependent control system model is set up in Simulink1 
and shown in figure 2. Since no coupling between axial and ra-
dial motion of the rotor is considered here, the feedback loop of 
the axial magnetic bearing is a single-input single-output system 
(figure 2a)), whereas the feedback loop of the radial bearing is 
multiple-input multiple-output system (figure 2b)). Distributed 
proportional-integral-derivative (PID) controllers are employed 
to enable setpoint tracking. Additional feedbacks are set up to 
include the instantaneous rotational angle 𝜑𝜑, the rotational ve-
locity �̇�𝜑, and the rotational acceleration �̈�𝜑 in the equations of 
motion. The model dynamics can be described as follows for a 
single time step: For a given driving torque 𝑀𝑀, the corresponding 
rotational speed is computed. The PID controllers determine the 
deviation of the rotor’s instantaneous position from its setpoint 
position and accordingly alter the control currents 𝑖𝑖𝑥𝑥, 𝑖𝑖𝑦𝑦, 𝑖𝑖𝑧𝑧 of 
the magnetic bearings. Based on the instantaneous values of the 
control currents and the rotor’s position, the corresponding 
magnetic force is evaluated from the response surfaces. This up-
dated magnetic force is passed to the equations of motion and 
used for the computation of the rotor’s updated position. 

 
2.5. Verification      

Model verification is conducted by comparing results of mag-
netic flux density and magnetic force. For this purpose, the pre-
sented model is compared against an analytical model and a nu-
merical reference model using a different electromagnetic sim-
ulation software (ANSYS Maxwell1). 

The first verification test case is a U-shaped electromagnet [4]. 
The corresponding analytical formulas for the calculation of the 
magnetic flux density 𝐵𝐵 and force 𝑓𝑓 are as follows [4]: 

𝐵𝐵 =
𝜇𝜇0 ⋅ 𝑛𝑛 ⋅ 𝑖𝑖

2𝑠𝑠
 (7) 

𝑓𝑓 =
1
4
𝜇𝜇0𝑛𝑛2𝐴𝐴𝑙𝑙

𝑖𝑖2

𝑠𝑠2
 (8) 

where 𝜇𝜇0 is the vaccum permeability, 𝑛𝑛 is the number of turns 
of a single coil, 𝐴𝐴𝑙𝑙 is the pole face area, 𝑖𝑖 is the current, and 𝑠𝑠 is 
the air gap. Input data is chosen with reference to [7] and is as 
follows: 𝜇𝜇0 = 1.2566 ⋅ 10−6 𝑁𝑁/𝐴𝐴, 𝑛𝑛 = 460, 𝐴𝐴𝑙𝑙 = 2.52 ⋅
10−4 𝑚𝑚2, 𝑖𝑖 = 1 𝐴𝐴, 𝑠𝑠 = 5 ⋅ 10−4 𝑚𝑚. 

The second verification test case is the actual radial bearing 
depicted in figure 1c.  
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Figure 2. Control system model of a magnetic bearing-rotor system with an active magnetic axial bearing and two active magnetic radial bearings 
 

For the radial bearing with differential winding scheme, the 
corresponding analytical formulas for the calculation of the mag-
netic flux density 𝐵𝐵𝑥𝑥  and bearing force 𝑓𝑓𝑥𝑥  in x-direction are given 
by [4]: 

𝐵𝐵𝑋𝑋 = 𝐵𝐵+ − 𝐵𝐵− =
1
2
𝜇𝜇0𝑛𝑛 �

(𝑖𝑖0 + 𝑖𝑖)
(𝑠𝑠0 + 𝑥𝑥) −

(𝑖𝑖0 − 𝑖𝑖)
(𝑠𝑠0 − 𝑥𝑥)� cos𝜃𝜃𝑥𝑥 (9) 

𝑓𝑓𝑥𝑥 = 𝑓𝑓+ − 𝑓𝑓− =
1
4
𝜇𝜇0𝑛𝑛2𝐴𝐴𝑙𝑙 �

(𝑖𝑖0 + 𝑖𝑖)²
(𝑠𝑠0 + 𝑥𝑥)2 −

(𝑖𝑖0 − 𝑖𝑖)²
(𝑠𝑠0 − 𝑥𝑥)2� cos𝜃𝜃𝑥𝑥 (10) 

where 𝑖𝑖0 is the bias current and 𝜃𝜃𝑥𝑥 is the angle between the 
magnet and the 𝑥𝑥-axis (see figure 1c). The magnetic flux density 
𝐵𝐵𝑦𝑦 and the electromagnetic force 𝑓𝑓𝑦𝑦 in 𝑦𝑦-direction can be calcu-
lated similarly (with the angle 𝜃𝜃𝑦𝑦 = 𝜃𝜃𝑥𝑥). Input data is as fol-
lows [7]: 𝑛𝑛 = 460, 𝐴𝐴𝑙𝑙 = 2.52 ⋅ 10−4 𝑚𝑚2, 𝑖𝑖0 = 2 𝐴𝐴, 𝑖𝑖 = 1 𝐴𝐴, 
𝜃𝜃𝑥𝑥 = 22.5°, 𝑠𝑠 = 1 ⋅ 10−3 𝑚𝑚, 𝜇𝜇0 = 1.2566 ⋅ 10−6 𝑁𝑁/𝐴𝐴. 

Verification results are given in table 1. For the first verifica-
tion test case, the ratio between the present model results, the 
numerical reference model results, and the analytical calculation 
results is close to 1, showing the good agreement between the 
presented model, the numerical reference model and the ana-
lytical calculation. 

The results of the second verification test case show that while 
both numerical models are in good agreement with each other, 
the analytical formula is off by approximately 46 % and 80 % 
with regard to the numerically computed magnetic flux density 
and the magnetic force respectively. This is mainly due to the 
fact that the analytical formulas do not consider magnetic satu-
ration. Further, the analytical formulas neglect fringing effects 
and are still based on a U-shaped magnet rotated about the 𝑥𝑥-
axis and hence do not consider the exact geometric configura-
tion. 

 
Table 1. Comparison between computed magnetic bearing force and 
flux density of the presented model, a numerical reference model, and 
an analytical model 
 
Geometry Model Bearing 

Force/𝑵𝑵 
Ratio Flux den-

sity/𝑻𝑻 
Ratio 

U-Magnet Presented 173.75 - 0.62 - 
Numerical reference 176.90 0.98 0.61 1.01 
Analytical  163.36 1.06 0.63 0.98 

4-pole-pair 
radial bear-
ing 

Presented 113.57 - 1.02 - 
Numerical reference 110.23 1.03 1.09 0.94 
Analytical  584.83 0.20 1.89 0.54 

3. Results      

To show the improved modelling accuracy and tuning capabil-
ity of the control loop model with integrated response surfaces, 
an analysis of a magnetic bearing-rotor system, as shown in fig-
ure 1a, is conducted. Input data is as follows [7]: 𝑠𝑠 = 1 ⋅ 10−3 𝑚𝑚, 

𝜇𝜇0 = 1.2566 ⋅ 10−6 𝑁𝑁/𝐴𝐴, 𝐴𝐴𝑙𝑙 = 2.52 ⋅ 10−4 𝑚𝑚2, 𝜃𝜃 = 22.5°, 𝑚𝑚 =
 3 ⋅  10−6 𝑚𝑚, 𝑛𝑛 = 460, 𝐽𝐽 =  4.3 ⋅  10−4 𝑘𝑘𝑚𝑚 𝑚𝑚2, 𝑖𝑖0 = 2.5 𝐴𝐴, 𝑖𝑖 =
±2.5 𝐴𝐴. 

 
3.1 Comparison of magnetic forces 

The rotor motion can be divided into three segments: the lift-
off phase where the rotor is brought into levitation (zero driving 
torque), the acceleration phase where the rotor is accelerated 
up to its nominal speed of 40,000 𝑟𝑟𝑟𝑟𝑚𝑚 and the stationary phase 
with constant rotational velocity (zero driving torque). 

Figure 3 shows a comparison of the numerically computed and 
analytically calculated magnetic bearing forces for the same vi-
brational behaviour of the rotor. The numerically computed 
forces (maximum value in lift-off phase: 172.96 𝑁𝑁, in stationary 
phase: 26.18 𝑁𝑁) are significantly lower than the analytically cal-
culated forces (maximum value in lift-off phase: 194.45 𝑁𝑁, in 
stationary phase: 40.88 𝑁𝑁). This is due to the analytical model 
neglecting fringing effects, nonlinear material behaviour, and 
not considering the exact geometric configuration. 

 

 
Figure 3. Numerically computed and analytically calculated forces 

 
3.2 Tuning 

Converting the input and output data of the presented finite 
element model to response surfaces and integrating those in the 
control system model allows for an efficient tuning of the PID 
controllers’ gain values. Due to the required high precision and 
high rotational speeds of machine tool spindles for micro ma-
chining applications, manual tuning methods are time-consum-
ing and not well suited. Hence, model-based automatic tuning 
methods are used to aid in the selection of suitable controller 
gain values. The single-input single-output system of the axial 
magnetic bearing is tuned using the Simulink PID Tuner app1. Fig-
ure 4 shows the initial and the tuned step responses of the axial 
magnetic bearing controller. Initial controller gain values were 
chosen with reference to [8]: 𝑃𝑃 =  10,000 𝐴𝐴/𝑚𝑚, 𝐼𝐼 =
 15,000 𝐴𝐴/𝑚𝑚𝑠𝑠, 𝐷𝐷 =  600 𝐴𝐴𝑠𝑠/𝑚𝑚. The tuned gain values are as 
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follows: 𝑃𝑃 =  3.546 ⋅ 104 𝐴𝐴/𝑚𝑚, 𝐼𝐼 =  5.669 ⋅ 106 𝐴𝐴/𝑚𝑚𝑠𝑠, and 
𝐷𝐷 =  54.460 𝐴𝐴𝑠𝑠/𝑚𝑚. 

 

 
Figure 4. Initial and tuned step responses of the axial magnetic bearing 
 

The tuned step response exhibits a smaller overshoot (16 % 
as opposed to 77 %) and no oscillatory behaviour. Additionally, 
the initial step response is not able to reach the desired target 
amplitude of 1 𝜇𝜇𝑚𝑚 whereas the tuned response does after ap-
proximately 0.012 𝑠𝑠. 

The multiple-input multiple-output system of the radial mag-
netic bearings is tuned by simultaneously tuning both PID blocks 
using the Simulink Control System Tuner app1. For this purpose, 
the currents 𝑖𝑖𝑥𝑥, 𝑖𝑖𝑦𝑦, and 𝑖𝑖𝑧𝑧 and the rotor’s position in 𝑥𝑥-, 𝑦𝑦-, and 
𝑧𝑧-direction are selected as the actor signals and sensor signals 
respectively. A comparison of the initial against the tuned radial 
rotor vibrations is shown in figure 5. The vibration amplitudes at 
the beginning of the simulation and in the stationary phase are 
shown enlarged. The initial controller gain values were chosen 
as follows [7]: 𝑃𝑃𝑥𝑥  =  𝑃𝑃𝑦𝑦  =  7,200 𝐴𝐴/𝑚𝑚, 𝐼𝐼𝑥𝑥  =  𝐼𝐼𝑦𝑦  =  55,800 𝐴𝐴/
𝑚𝑚𝑠𝑠, and 𝐷𝐷𝑥𝑥  =  𝐷𝐷𝑦𝑦  =  194.7 𝐴𝐴𝑠𝑠/𝑚𝑚. 
 

 
Figure 5. Initial and tuned radial rotor vibrations 

 
Tuned controller gain values are: 𝑃𝑃𝑥𝑥  =  𝑃𝑃𝑦𝑦  =  3,764 𝐴𝐴/𝑚𝑚, 

𝐼𝐼𝑥𝑥  =  𝐼𝐼𝑦𝑦  =  45,079 𝐴𝐴/𝑚𝑚𝑠𝑠, and 𝐷𝐷𝑥𝑥  =  𝐷𝐷𝑦𝑦  =  8.50 𝐴𝐴𝑠𝑠/𝑚𝑚. 
The enlarged tuned vibration amplitude in the stationary 

phase shows the self-centering of the rotor, which can be ob-
served in rotors that are operated (far) above their critical 
speed. Herein, the vibration amplitude corresponds exactly to 
the applied boundary condition, which is a rotating force due to 
mass unbalance with an eccentricity of 3 𝜇𝜇𝑚𝑚 in this case. On the 
other hand, the initial rotor vibrations show high-frequency os-
cillations with an increased amplitude.   

4. Conclusion and outlook 

This paper investigated the suitability of modelling magnetic 
bearing forces using three-dimensional static magnetic finite el-
ement models depending on the rotor’s position and the input 
current. After the solution of the finite element model, the com-
puted magnetic forces were converted to response surfaces, 
correlating the finite element input signals (𝑥𝑥, 𝑦𝑦, z, 𝑖𝑖𝑥𝑥, 𝑖𝑖𝑦𝑦, 𝑖𝑖𝑧𝑧) to 

the corresponding output forces (𝑓𝑓𝑥𝑥, 𝑓𝑓𝑦𝑦, 𝑓𝑓𝑧𝑧). The response sur-
faces were used in a time-dependent control system model to 
investigate the difference in magnetic forces between the finite 
element model and an analytical model. The comparison 
showed that for the same vibrational behaviour of the rotor, the 
numerically computed bearing forces are significantly lower 
than those calculated analytically. Using the control system 
model with the integrated response surfaces, automatic tuning 
methods could be employed to reduce the rotor vibrations. 

The following conclusions can be drawn from this analysis: 
- Three-dimensional finite element models of magnetic bear-

ings provide a better modelling accuracy than analytical 
methods based on the magnetic circuit method. 

- Converting the input (geometry, currents, rotor position) 
and output data (magnetic forces) of the finite element 
model to response surfaces allows for an accurate repre-
sentation of the magnetic forces without the need for a 
time-consuming recomputation of the FE model. 

- The control system model with integrated response sur-
faces can be precisely tuned using model-based automatic 
methods. This would not be feasible if the full finite ele-
ment model was implemented. 

- A further reduction of the vibration amplitude, i.e. the com-
pensation of the unbalance itself, is also possible with the 
aid of active magnetic bearings by adjusting the setpoint 
position itself as a function of speed and unbalance. 

In future works, modified control system models will be set up, 
where the unbalance will be compensated, and the rotordynam-
ics will be modelled using the finite element method to investi-
gate the effects of coupled axial and radial motion. Further, hys-
teresis losses due to remagnetization will be computed and eddy 
current losses due to velocity effects will be included. 
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Abstract 
A sophisticated driving and motion control method is presented for a high precision positioning system that is motorized with 
piezoelectric resonance drive motors. Friction-induced vibrations can initiate slow motion noise (SMN) since the moving speed of a 
microcopy stage is < 2.0 mm/s. SMN is not only undesirable for a user but it also reduces scanning accuracy of an X–Y microscopy 
stage. Nonlinear characteristics of friction at contact surfaces are the main root cause for the SMN, which also substantially affects 
the working atmosphere of the user. To eliminate both SMN and tracking errors in microscopy stages, a novel driving method was 
proposed for ultrasonic piezoelectric motors. Using a dual-source dual-frequency (DSDF) driving method, which reduces the nonlinear 
phenomenon of transition between static and dynamic friction at the stator-slider contact points, control of the smallest incremental 
movement was significantly enhanced. As a result, the amplitude and direction of vibration of the tip that is attached on the stator 
element generate modulated movements that reduce the acceleration acting on the slider; thus, smooth movements at low speeds 
were possible. A proportional integral derivative (PID)-based state window control algorithm, which optimized individual parameters 
and changes via current velocity, was investigated for various motion states. 
In this study, adaptive position control methods were combined with the above-mentioned DSDF driving method, which then allowed 
us to use one unique parameter set for all applications, such as fast step-settle, dynamic positioning, high-speed scanning, and 
sinusoidal path, that were followed in order to fulfill all of the requirements of the different microscopy stages. We can manage to 
control both axes of the microscopy stages silently using the aforementioned low velocities with a minimized position tracking error. 
 
Keywords: Adaptive control, piezoelectric motor, microscopy stage, noise elimination, positioning     

 

1. Introduction   

For the last two decades, it has been preferable to drive high-
end motorized microscopy stages by piezo motors rather than 
electromagnetic ones due to the several advantages of the piezo 
motors: slim size, high accuracy, self-locking property without 
requirement of additional energy, fast response and noiseless 
operations [1, 2]. The piezo linear motor with ultrasonic 
resonance drive directly moves the platform of the stages over 
a wide velocity range. Moreover, piezo motors have exceptional 
long-term stability. However, nonlinearities of friction medium 
between stator and rotor of piezo motors can degrade the basic 
operation performance. Position tracking accuracy at low-speed 
scanning and positioning time at step and settle applications for 
microscopy stages are two significant features that are 
dependent on friction types and conditions at contact surfaces 
between piezo motor and the slider. Intelligent driving and 
control methods can be applied to drive piezo motors to get 
better performance for such use cases [3, 4]. An adaptive PID 
controller was introduced by using state windows together with 
DSDF drive was then tested for PIline® motors to enhance 
tracking and positioning accuracies. In this work, a PIline® piezo 
motor with driving methods is first presented. Later, a control 
algorithm together with block diagram is explained. Last, test 
results from different microscopy stages with comparisons are 
described.   

2. PIline® piezo motor 

The stator of the PIline® piezo motor operated in resonance 
mode has a rectangular shape made up of bulk PZT material 

(actuator) which is produced by Physik Instrumente (PI). A 
ceramic tip (pusher) is bonded at the middle of one side of the 
stator. A holding mechanism with springs was designed to 
enclose and apply a prestress to the friction bar glued stator to 
come into contact with the movable rotor surface guided by a 
bearing. Three excitation electrodes were sputtered on two 
main surfaces, one of which is covered completely. The opposite 
surface was divided in to two equal sectors [5]. The piezo motor 
can then be operated at one of its resonance frequency to 
generate elliptical oscillations at the tip (Figures 2 and 3). 
   

 
 
Figure 1. (Structure of PIline® piezo motor, [5])  

 
3. Driving methods    
 

The frequency (Impedance and phase) response of the PILine® 
piezo stator was measured with the Agilent Impedance Analyzer 
4294A in order to find suitable resonances for usable vibration 
modes. The piezo element as a stator that we used in the piezo 
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motor has a rectangular geometry of 25 mm × 11 mm × 4 mm. 
In these measurements, one of separate electrodes was loaded 
with a low sweep signal, and the second electrode was kept free. 
Measurements indicated two resonance frequencies in the 
bandwidth between 150 and 180 kHz (Figure 2). The friction tip 
performed an oblique or narrow elliptical movement at 𝑓1, 
which was the main operating mode. The tip performs a 
tangential back and forth movement at 𝑓2 [6]. 
 

  
 
Figure 2. (Impedance spectrum of the piezoelectric vibrator between 
150 and 180 kHz. The friction tip performs an oblique or narrow elliptical 
movement at 𝑓1. The tip performs a tangential back and forth movement 
at 𝑓2 [6].) 

 
3.1. One source drive    

In the one source drive, one of the separate electrodes of the 
piezo stator was loaded with its resonance frequency 𝑓1 in a sine 
waveform, and the second separate electrode kept free. The 
common electrode on the opposite was grounded. By using a 
one-source drive stator held with spring damping mechanism, a 
planar mode at 𝑓1 was generated, which was approximately 155 
kHz. The stator tip formed elliptical oscillations, which were 
transferred to the slider (Figure 3). The direction of the 
movement could be altered by switching the driven electrodes. 

 

 
 
Figure 3. (One source drive with PIline® stator) 
 

By using the one-source drive, the piezo motor generated 
constant elliptical oscillations in the same vector direction. High 
velocities could thus easily be achieved. However, continuous 
movement at low velocities < 2 mm/s could not be performed 
appropriately since nonlinear friction dominates at low 
velocities. Nonlinearities could not be overcome with linear 
constant oscillations. Therefore, tracking errors could not be 
reduced due to the stop and go type motions driven by this 
linear PID-based closed-loop control. Such stop and go type 
motions led friction-induced vibrations accompanying 
undesirable SMN at a low speed as well. Additionally, minimum 
incremental motion cannot be reduced adequately to get 
precise positioning. That is why step and settle movements 
occasionally take longer.    
 
3.2. DSDF drive    

The piezoelectric stator vibrated with two eigenmodes, which 
was superposed in order to supply mixed oscillations by using 
DSDF drive. Movements of the tip had two sinusoidal 
trigonometric components with the loading of two different 
voltage amplitudes (𝑈1, 𝑈2) and two operating frequencies 
(𝑓1, 𝑓2). Therefore, directions of movements were not constant 
and modulated with respect to time (𝑡). Variations between two 
eigenfrequencies, which were dependent on the geometry, and 
mass of piezo elements were mostly not in the audible region. 
The difference between two applied frequencies (𝑓2 and 𝑓1) 
should ideally be set to 20 kHz to obtain a correlation with closed 
loop servo frequency of the most digital controllers [4]. The 
modulated oscillations of the friction tip are shown in Figure 4. 

 

 
 
Figure 4. (DSDF drive with PIline® stator) 

 

As the frequency difference between 𝑓2 and 𝑓1 was 
synchronized to the closed loop servo frequency, the slider 
started to perform a smaller continuous and finer microscopic 
movements. Therefore, low velocity tracking was noiseless and 
minimum incremental motion could be further reduced. 
Consequently, positioning with lower tolerance bands could be 
accomplished faster. 
 
4. Motion control algorithm    
 

The motion control in block diagram for each axis of 
microscopy stage is presented in Figure 5. The control unit was 
based on an adaptive PID state windows which depend on not 
only position error but also commanded velocity. Offset logic 
block was implemented in the control loop in order to reduce 
the time requirement to overcome both the friction-dependent 
breakaway force at the beginning of the motions and velocity 
reversals.   

 

 
 
Figure 5. (Block diagram of the position control system for microscopy 
stage)  

   
Switching between motion states and corresponding 

parameter sets in state windows occurs depending on the 
current velocity and variation between current and target 
position of the motor. PID parameter values for motion state 
could be automatically adapted to the specified target velocity 
(𝑣𝑇). Details of the individual states included several steps: 

Control state (2, Motion) remains active until the current 
velocity (𝑣𝐶) has the value less than a minimum target velocity 
(𝑣𝑇,𝑚𝑖𝑛) and the trajectory is finished. PID parameter 
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adjustment takes place whenever the target velocity in a range 
defined by maximum target velocity 𝑣𝑇,𝑚𝑎𝑥  and 𝑣𝑇,𝑚𝑖𝑛. Since 

the state window algorithm aims to optimize slow motion 
performance; the values of PID terms 𝐾𝑗  at the lower limit of 

target velocity could be specified. The relationship of adaptive 
PID parameters with current velocity is given in equation (𝐼). 

 

𝐾𝑗 = 𝐾𝑗,𝑚𝑖𝑛 +
(𝐾𝑗,𝑚𝑎𝑥 − 𝐾𝑗,𝑚𝑖𝑛)

𝑙𝑜𝑔(𝑣𝑇,𝑚𝑖𝑛/𝑣𝑇,𝑚𝑎𝑥)
𝑙𝑜𝑔(𝑣𝐶/𝑣𝑇,𝑚𝑎𝑥)             (𝐼) 

 
in which j is a variable for P, I and D parameters. Maximum and 

minimum values of j are 𝐾𝑗,𝑚𝑎𝑥  and 𝐾𝑗,𝑚𝑖𝑛, which are set in the 

motion state.   
Control state (1, End Position) is the state for the slower 

movement of the motor to reach the target position. This state 
is active until the movement reaches the on-target state, which 
is defined with the position tolerance band around the target 
position. The motion is accomplished when the specified delay 
time for setting the on-target state has expired.  

 Control state (0, Target) is the state in which the motor holds 
the axis at the target position. The control state is active as long 
as the position error is within the position tolerance band 
specified by parameters. As soon as the current position leaves 
this zone, the End Position state becomes activated again to 
move the axis back to target.  

Control state (3, Global state) is activated to reduce the 
vibrations during the End Position and Target states when the 
current velocity exceeds the threshold value defined by a 
parameter. If the velocity fails below half of the threshold value, 
the state is switched back to End Position or Target state. 

5. Test results    

Fig. 6 shows the PIline® X–Y inverse microscopy stage U-761.25 
together with C-867.2U2 and a joystick. The stage has optical 
incremental encoders, which have an interpolated resolution of 
10 nm. The U-761.25 microscope stage was designed for 
excellent stability and high precision positioning applications. It 
has a low profile height [7]. The tests with this stage were 
performed under a laboratory condition at 22 °C environment 
temperature and a relative humidity of 50%. The stage has a 
travel range of 25 mm × 25 mm. The DSDF driving method was 
implemented as a firmware module in the controller.    
 

 
 

Figure 6. (U-760 PIline® inverse microscopy stage with C-867.2U2 
controller and Joystick)  
 

5.1. Low velocity scanning    
One of the important features of microscopy stages is the slow 

motion scanning capability with small position tracking errors. 
Figures 7 and 8 show the scanning performance of U-760 PIline® 
microscopy stage with 600 g dummy load mounted on the Y axis. 
The constant velocity in closed loop control was set to 0.05 
mm/s at which piezo motor was operated in the nonlinear 
friction region. The microscopy stage with one source drive 

showed non-continuous movements. Tracking errors during the 
movement was measured to be about ± 250 nm. Smoother 
movements by changing PID parameters could not be achieved. 
Unpleasant noises and SMN was heard during low velocity 
scanning (Figure 7).   
   

 
 
Figure 7. (Low velocity motion and tracking error with U-760 PIline® 
microscopy stage with one source drive)    

 
In spite of having friction nonlinearities, the microscopy stage 

with the proposed control method with DSDF drive ran in the 
same ± 1.8 mm travel range with only a ± 50 nm maximum 
tracking error. The movement was extremely smooth and 
chatter-free (Figure 8). In addition to this characteristic, no SMN 
was observed during the tracking of low velocity scanning.   

 

 
 
Figure 8. (Low velocity motion and tracking error with U-760 PIline® 
microscopy stage with a DSDF drive and state window controller)    
 
5.2. Step and settle, positioning    

Step and settle time is the time that has elapsed until a stage 
or a motor reaches a target value with a specified tolerance 
band. First, we performed a step and settle positioning test with 
U-760 PIline® microscopy stage with 600 g dummy load. The 
stage was commanded with relative movement of 0.1 mm (step 
width) randomly over the travel range. The tolerance error band 
at the target position was set to 100 nm. Figure 9 shows the 
positioning test results of 1000 random step and settle 
measured at the Y-axis of the microscopy stage by using the one-
source drive together with state window control. The black 
curve is the trajectory commanded by trajectory generator with 
0.1 mm step width. The green and blue curves are reactions of 
the motor as actual positions and position errors of 1000 tests, 
respectively. As is seen in the figure, the horizontal axis was the 
time in seconds, the vertical axis on the right-hand side was the 
relative position, and the left-hand side was the position error 
expressed as mm. The vertical red line was the mean value of 
the positioning (settling) time for these 1000 tests. The mean 
settle time with one source drive was about 97.5 ms. A lot of 
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time elapsed during the second part of the trajectory which the 
piezo motor moved in a stop and go manner (stick-slip) due to 
the nonlinearity of friction as previously described.                   

 

 
 
Figure 9. (Step and settle test with U-760 PIline® microscopy stage driven 
by one source drive)  

 
Second, the same positioning tests were repeated with the 

microscopy stage under the same environmental conditions. We 
applied the DSDF drive in this case. Similar PID state window and 
adaptive control parameters were used in one source drive were 
implemented in DSDF drive as well. Figure 10 shows the results 
of 1000 step and settle positioning. One can easily determine the 
characteristics of green curves for which positioning took 
relatively less time. Stop and go movements seen in one source 
drive were rarely observed by DSDF drive since the amplitude 
and the direction of vibration of the stator tip modulated 
movements that reduced the acceleration acting on the slider 
within a servo period of digital controller. Thus, fine movements 
near the target positions were possible. The adaptive PID-based 
state window control algorithm enhanced controllability during 
positioning with optimized parameters at various motion states 
that changed with position error and current velocity. We 
reduced the positioning time of microscopy stage with 600 g 
load by half by using DSDF drive. Mean settle time measured 
with DSDF drive was about 50.8 ms. 
  

 
 
Figure 10. (Step and settle test with U-760 PIline® microscopy stage 
driven by DSDF drive) 

6. Conclusion   

The piezo motor-based microscopy stage is operated with 
DSDF drive by using two eigenfrequency modes to obtain 
particular oscillations, which suppress friction nonlinearities at 
the contact surface. Thus, the piezoelectric motor continuously 

actuates at lower velocities and precisely without any noise from 
friction-induced mechanical vibrations. Oscillation amplitudes 
and directions will not be constant due to the two frequency 
modes. The difference between the two excitation frequencies 
lies in the DSDF driving method that is synchronized to the servo 
sampling frequency of the closed loop control. Linear position 
control of the existing one source drive and ultrasonic motors 
can lead to friction-induced vibration, higher tracking errors, and 
noise at velocities < 2 mm/sec Positioning time with DSDF drive 
and state windows in the adaptive position control in the step 
and settle test of microscopy stage can be reduced by half 
compared to the one with the single source drive.  

The DSDF driving method with an adaptive state window 

position control was also tested at low velocity scanning. The 

control algorithm together with DSDF provides robust and 

simplified position control, especially over slow driving speeds 

without sound and performance degradations. Results showed 

a silent and smooth movement with at a velocity < 2 mm/s. The 

test results indicate that maximum tracking error at 0.05 mm/s 

velocity was < 50 nm. 

When the slider is operated at high speed, the operation of 

single source or DSDF drives are equivalent. Because the mode 

that the second source excited at 20 kHz high is a weaker, the 

effect of second source is relatively small to the slider operation. 

In general, second source driving is against the normal operation 

of the slider and second source driving cause the displacement 

at the pusher end to be modulated. This negative effect at low 

speed is used as a benefit for obtaining controllable small steps. 

When the slider makes a small step in a servo control 

loop, actuator force reduces after a small step. At low speed, it 

is possible that efficiency of the motor would be decreasing, 

however, ability of making small steps are more important. 
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Abstract 
 
To address the requirement for high-speed, high-resolution scanning and nanopositioning Queensgate Instruments have developed 
velocity control for their nanopositioning stages. This has been applied to an XY stage and its potential for use in a high-speed atomic 
force microscope has been assessed using the NPL Metrological High-Speed AFM platform.  The work investigated the application of 
velocity control on image acquisition time and image resolution. Images covering scan areas and speeds in the range of  of 95 μm x 
95 μm (speed,500 µm/s) to 60 µm x 60 µm (speed 4 mm/sec) were acquired and showed good linearity over the scanning area and 
a lateral resolution of 2 nm or better. Measurements of calibration gratings are commensurate with those obtained from 
conventional AFMs at slower scanning speeds.      
keywords:  velocity control, high speed atomic force microscopy, nanopositioning       

1. Introduction 

 With the growth in nanotechnology and its move from the 
research laboratory to the factory there is growing interest in 
accurate fast multi-axis nanopositioning [1,2]. A quick internet 
search finds many commercial nanopositiong systems available 
for a range of applications and budgets. A common issue for all 
systems is the necessary compromise between range, speed and 
accuracy.  However, in all cases, for accurate nanopositioning it 
is necessary to assess the stage performance in terms of 
undesired motion and ideally absolute positioining [2], 
something which becomes more challenging with high speed 
operation. 

Queensgate is a manufacturer of high-speed, low-noise 
nanopositioning systems using flexure guidance systems to 
ensure each axis of movement can be driven linearly and 
orthogonally with minimal off-axis motion. Piezoelectric 

 

 
Fig 1: (Queensgate OP-400 objective positioner operating over 400 µm 
at 1mm/s comparing velocity control with position control, note the two 
position plots overlay almost exactly 

 
actuators drive each axis of their stages to provide the necessary 
high forces for controlled  movement. The stage position is 
measured using intrinsic capacitive sensors having sub 
nanometre resolution.  

The company’s advanced control system allows their stages to 
operate at over 40% of the stage resonant frequency, four to five 
times faster than similar systems. Until now, all nanopositioning 
controllers on the market have been limited to closed-loop 
position control only. Closed-loop position control delivers good 
positioning accuracy but is inherently unable to track a moving 
command such as a sine wave or ramp. Many applications such 
as raster scanning of a surface require this, but the limitations of 
position control have always impacted the accuracy of scanning 
with nanopositioning systems. The faster the stage needs to 
move, the greater the error in position. 

2. Velocity Control 

Velocity control was developed to capitalise on the ability to 
operate at higher speeds than previously possible with the 
stage. This enabled high-speed imaging at constant velocities 
while maintaining positional accuracy during a ramp, free from 
the limitations of position-only control. Low-noise, high-
resolution capacitive positioning sensors allow this to be used 
for any Queensgate stage, with no additional sensors required. 
The salient points of the control system are: 

 Low-noise position measurement provides useable velocity 
and acceleration measurements after filtering. 

 Nested PID loops to control position, velocity and acceleration 
are employed. PID loops are traditionally used in 
nanopositioning piezo systems and are well understood.  In 
addition the complexity of the modelling due to potentially 
substantial non-linearity (piezo actuator hysteresis and off-
axis resonances) made control systems such as H∞ less 
practical.  H∞ Control systems express the control problem as 
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a mathematical optimisation problem and then identify the 
controller algorithm For optimised performance 

 Acceleration/deceleration control is used to reduce the time 
to reach the required velocity and trajectory planning is used 
to minimise jerk and reduce ringing/overshoot thereby  
improving cycle time. 
Figure 1 shows a comparison of position and velocity control 

over a 400 um ramp.  The velocity error is significantly lower with 
velocity control than when using position control only. Although 
good position control is maintained using both velocity and 
position control, the error in velocity is significantly lower when 
using  velocity control. 
 
2.1. Proof of Concept for AFM 
 

An application of high-speed scanning that is of increasing 
interest is high-speed atomic force microscopy where scanning 
speeds of several millimetres per second are achieved [3-7].  

Applications space for this technology is diverse ranging from 
biosciences to material science [4,6]. High speed scanning is 
realised using small flexure stages with a range of less than 
10 μm and without intrinsic metrology making them susceptible 
to the nonlinearity and hysteresis inherent in the piezo actuators 
used to generate the motion.  In an effort to bring metrology to 
this technique NPL and the University of Bristol developed a 
metrological high-speed atomic force microscope [7] that used 
interferometers to measure the displacement of a small high-
speed scanning stage and that of a larger long range stage used 
to move the smaller stage so images could be stitched to obtain 
larger area images. 

 

 
(a) 

 

 
(b) 

Fig 2: (a) The queensgate NPS-XY-100D positioning stage used for this 
work. (b) simplified image showing the positioning stage in place on the 
NPL HS-AFM. 

Testing of the Queensgate stage was performed using NPL’s 
high-speed atomic force microscope (HS-AFM) [7] to 
demonstrate the speed, resolution, and positioning possible 
with velocity control. A Queensgate NPS-XY-100 stage (100 x 100 
µm scan range) driven by a Queensgate NanoScan NPD-D-6330 
controller replaced the XY stage (5 μm x 5 µm scan range) 
previously used on the HS-AFM (figure 2). Evenly spaced data 
acquisition at known positions was achieved using constant 
velocity ramps to acquire measurements at fixed intervals. The 
AFM image quality was directly dependent on the accuracy of 
the velocity control. As velocity increased, image quality 
provided a visual indication of resolution and positioning 
accuracy at that velocity. 

A significant issue for fast scanning can be the extent to which 
rapid acceleration/deceleration at each end of a ramp excites 
mechanical resonances and causes ringing in the stage. With 
closed-loop control and features such as notch filtering, the 
Queensgate controller was able to substantially reduce these 
effects. The Queensgate controller’s built-in waveform 
generation included S-curve acceleration/deceleration profiles 
which provided further significant reductions in ringing. 

3. NPL Testing and Results 

The stage was set up to continuously oscillate back and forth 
in both axes using a constant velocity ramp. The two axes 
oscillated at different rates to give a scan path approximating a 
raster pattern. Trigger outputs from the Queensgate controller 
were configured to pulse at the start of the linear region during 
each ramp (on both axes) to enable PC-based processing to align 
samples and generate the AFM image. 
 
3.1. Scanning and evaluation of data for large-area, lower-
resolution capture 
 

Velocity control provided good imaging at fast-axis rates up to 
4 mm/s. Images were collected at speeds from 4 mm/s down to 
0.5 mm/s to demonstrate a progressive increase in resolution on 
the raster axis. Faster scanning speeds are possible but required 
a greater distance to be allowed for acceleration/deceleration, 
giving a somewhat smaller linear region for image acquisition.  

To provide consistency for all scan speeds, the slow-axis was 
ramped at 1/1000th of the fast-axis speed and set to give 
identical X and Y dimensions for the image. Table 1 (below) gives 
representative times and resolutions obtained using this slow-
axis speed. The fast-axis period is the total time for a 
bidirectional sweep over the fast-axis, including a fixed 
turnaround time of 40 ms. 

 
Table 1 (Image size over linear region and acquisition times for different 
fast-axis speeds)  

Fast-
axis 
speed 
(µm/s) 

Linear 
region/ 
image 
size 
(µm) 

fast-axis 
period 
(ms) 

Maximu
m raster 
axis 
resoluti
on (nm) 

Number 
of fast-
axis 
scan 
lines 

Image 
acquisiti
on time 
(s) 

500 95 460 0.25 413 190 

1000 90 260 0.5 346 90 

1500 85 193 0.75 293 57 

2000 80 160 1.0 250 40 

2500 75 140 1.25 214 30 

3000 70 127 1.5 184 23 

3500 65 117 1.75 158 19 

4000 60 110 2 136 15 
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Fig 3: Images were captured at 2000 µm/s, 1nm resolution, 250 scan 
lines, acquisition time 40 seconds. (Note: The sample had been damaged 
previously, with some clearly-visible scratches across it.) 

 
The fast-axis resolution was set by the data acquisition system 

for the HS-AFM  which sampled at 2 MHz. This theoretical 
resolution was calculated as the distance travelled between 
samples at the specified speed. In practice, this is less relevant 
for image acquisition than the linearity of motion of the 
constant-velocity raster, especially at higher speeds. The time 
required to acquire images at greater fast-axis speeds is 
naturally reduced because the image size is smaller. 

The grid in Figure 3 has a 25 µm pitch. As an identifiable 
structure, it formed a useful test subject for lower-resolution, 
full-stage-area image capture. The data was captured with a 
fast-axis speed of 2000 µm/s and a slow speed of 2 µm/s. 
 

3.2 Image acquisition times for fixed slow axis resolution 
 
A user would typically expect a fixed resolution in the slow axis 
when identifying regions of interest. Figure 4 illustrates typical 
acquisition times for capturing the available stage area at a 
lower resolution when identifying regions of interest and with a 
fixed slow axis resolution. 
 

 
Fig 4: (Typical acquisition time at lower resolution at  fixed slow axis 
resolutions of 0.1, 0.2 and 0.5 µm) 

3.3 Image acquisition times for high resolution 
 

Figure 5 illustrates typical acquisition times for capturing a 
10 x 10 µm area at higher resolution again with a fixed slow axis 
resolution. 

For smaller high-resolution images, it is likely that a speed of 
1-2 mm/s would be a good compromise for improved resolution 
with acceptable acquisition times. 

 

 
Fig 5: (High resolution image acquisition times at high resolution for 
10 μm x 10 µm area) 
 

Some high-resolution images were captured at 0.5 mm/s 
(Figure 6), Further investigations will report on  high-resolution 
image quality at different speeds and different slow axis 
resolutions. 

Measuring the pitch values from the data in figure 6 we obtain 
a value of 294.2 nm in the horizontal direction and 302.2 nm in 
the vertical direction across the image. The values for the pitch 
measured in different parts of the image were consistent to 
within 0.2 nm. This small variation in individual measurements 
of pitch across the grating is indicative of the high linearity of the 
stage using velocity control. Application of an appropriate 
scaling factor can then be used to calibrate the stage and hence 
the AFM as with a non metrological  AFM in the usual manner. 

Measuring the orthogonality of the grating structure showed 
no significant distortion due to the scanning. The purpose of this 
study was to evaluate the potential of velocity control for 
HSAFM and a further study would be required to fully evaluate 
the uncertainty of the stage positioning capability. 
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(a) 

 
 

(b) 
 

Fig 6: Scan results for 2D 300 pitch sample with 300 nm spacing between 
pits, capturing a 5 x 5 µm area with a 0.5 mm/s raster. Shown as (a) 2D 
data and (b) as 3D data. The 3d data has been rotated so it is viewed 
from below in order to more clearly show the features. 
 

4. Conclusions  

Closed-loop velocity control with a Queensgate NPS-XY-100 
stage and controller enables fast AFM to capture high-quality 
(high resolution) imagery at raster speeds of up to 4 mm/s. 

Using this stage provides three key advantages over the 
previously used stage. The stage can accommodate larger 
samples (and payloads), its scan area is significantly increased 
(from 5 x 5 µm to 100 x 100 µm) obviating the need for data 
stitching in many cases and the linearity of the position data 
obtainable when interpolating from the constant velocity allows 
high quality images to be captured without requiring complex 
post processing techniques to remove piezo distortion or 
stitching effects. 
The study covers AFM as a specific example of where this can be 
applied. The same technology is equally applicable for other 
areas requiring measurements at accurate intervals while a 
nanopositioning stage moves continuously. Examples of these 
applications are confocal microscopy, surface smoothness 
scanning, or optical alignment. The Queensgate controller and 
an appropriate stage can be integrated into any system which 
requires this performance. 
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Abstract 
The article presents measurements with an atomic force microscope (AFM) with an adjustable probe direction integrated into a nano 
measuring machine (NMM-1). The AFM, consisting of a commercial piezoresistive cantilever operated in closed-loop intermitted 
contact-mode, is based on two rotational axes, which enable the adjustment of the probe direction to cover a complete hemisphere. 
The axes greatly enlarge the metrology frame of the measuring system by materials with a comparatively high coefficient of thermal 
expansion. Therefore, the long-term measurement precision of the setup and its sensitivity to thermal variations is investigated 
within a thermostating housing with a long-term temperature stability of 17 mK. On the other hand, the thermostating housing 
necessitates long signal paths, as the signal processing units are located outside of it. Therefore, the short-term measurement 
precision is determined by repeated calibrations of the AFM against the traceable z-interferometer of the NMM-1 and the z-noise is 
determined by standstill measurements. Furthermore, the tilting-capacity of the AFM is applied for repeated measurements of a 
calibration grating with a nominal step height of (21.4 ±1.5) nm. It is measured while placed within the xy-plane of the NMM-1 and 
while tilted to this plane with the probe direction adjusted accordingly. The determined mean step heights for both positions of the 
grating with 21.42 nm and 21.18 nm and standard deviations in the double-digit pm-range agree well with the nominal step height. 
Furthermore, the noise-level and the short-term measurement precision are in the low single-digit nm-range. Nevertheless, the 
empirically determined thermal sensitivity of the sensor is about 1.3 nm/mK. 
 
Atomic force microscopy, tilting-AFM, piezoresistive cantilever, nano measuring machine.   

 

1. Introduction   

Due to its high structural resolution, the AFM [1] was not only 
a prime instrument to obtain qualitative information down to 
the atomic-scale, but it is now also a widely used and traceable 
tool in nanometrology [2]. In particular the semiconductor 
industry’s need to determine the roughness of sidewalls led to a 
still ongoing development of different approaches to measure 
(near) vertical or even undercut surface features [3]. Boot-
shaped cantilever tips [4] measure critical dimensions (CD) like 
feature width, edge profile or line edge roughness. To improve 
the anisotropic stiffness of conventional CD-AFMs, a cantilever 
with flexure hinge structures has been shown [5]. While 
sidewalls are well resolved by CD-AFMs, the shape of the tip 
leads to a poor resolution of flat parts of a feature. Furthermore, 
tip characterization and the subsequent correction of the 
dilation caused by the finite tip size is quite laboriously, because 
measurements are conducted at the whole circumference of the 
tip [6]. Both holds true for assembled cantilevers consisting of 
two cantilevers glued together perpendicularly [7] or for a 
cantilever with an attached probing sphere [8]. 

A different approach to measure vertical or near vertical 
surface features is to introduce an inclination between the 
measuring object and the cantilever. This might be done by 
tilting the sample [9, 10], or by tilting the cantilever [11, 12, 13] 
in one direction. In [14] an AFM based on two rotational 
axes [15] to adjust the probe direction to cover a complete 
hemisphere has been demonstrated. While conventional AFMs 
are usually constructed in a very compact manner and with 
materials with a small thermal expansion coefficient, the two 

aforementioned axes greatly enlarge the metrology frame by 
materials with a comparatively high expansion coefficient. The 
AFM is therefore operated within a thermostating housing with 
a long-term temperature stability of 17 mK [16]. On the other 
hand, this thermostating housing necessitates long signal paths, 
as the signal processing units are located outside of it. This might 
make the system prone to noise. Therefore, in this paper the 
short-term measurement precision of the AFM is investigated in 
chapter 3 and its long-term measurement precision and thermal 
sensitivity are investigated in chapter 4. In chapter 5, repeated 
closed-loop scans on a calibration grating placed within the xy-
plane of the NMM-1 and placed tilted to this plane with the 
probe direction adjusted accordingly are presented. The 
following chapter starts with the introduction of the setup, 
namely the mechanical design and the signal processing.  

2. Setup      

The flexibility to adjust the probe direction of the AFM is 
achieved by the utilization of a commercial SCL-Sensortech 
Piezo-Resistive Sensing (PRS) cantilever with a length of 110 µm, 
a width of 48 µm and a silicon tip with a nominal radius of 
<15 nm. Compared to the commonly used optical beam 
deflection method to measure the deflection of the cantilever, 
self-sensing methods, like the piezoresistive deflection 
measurement [17], are very compact, but still offer a high signal-
to-noise ratio that is comparable to the signal-to-noise ratio of 
the optical beam deflection method [18]. In order to reduce 
contact forces and therefore to minimize elastic or plastic 
sample deformation, the cantilever is operated in intermitted 
contact-mode [19]. 
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2.1. Mechanical design 
The whole setup, shown schematically in figure 1, consists of 

the first axis (1), an Aerotech ANT95R-180 with a positioning 
range of 180° and the second axis (2), a SmarAct SR-2812 with a 
positioning range of 360° mounted under an angle of 45° to the 
first axis by an angle piece. A sensor holder (3) connects the 
second axis with the socket of a piezoresistive cantilever (10). 
The piezoelectric drive (9) stimulates the cantilever over the 
flexure hinge to operate the AFM in intermitted contact-mode. 
The whole setup is installed into a NMM-1 with a motion range 
of 25 x 25 x 5 mm³ and a resolution of less than 0.1 nm [20, 21]. 
The NMM-1 fulfils the Abbe comparator principle in all three 
coordinate axes by keeping the measuring system, consisting of 
three perpendicular interferometers (two of them are shown, 
namely 5 and 8) fed by stabilized He-Ne lasers, fixed and moving 
the measuring object (11). The measuring object is placed on a 
corner mirror (7) which defines the coordinate system of the 
NMM-1. The location of the tip of the cantilever at the 
intersection point of the three interferometers, the so-called 
Abbe point, would ensure the highest accuracy. Nevertheless, it 
limits the adjustment range of the probe direction to about half 
of a hemisphere, as the positioning range of the first axis is 
limited to about 90° to avoid a collision with the corner mirror. 
In order to sustain the full positioning range, the sensor is 
located 5 mm above the Abbe point. Therefore, a spacer (12) is 
used for flat measuring objects and invar spacers (4) enlarge the 
Zerodur® frame (6) of the NMM-1 to integrate the sensor 
system. However, the additional angle sensors and the angle 
control of the corner mirror about the x- and y-axis reduce the 
angular deviations during movement and thus any first-order 
deviations that arise.  

The whole setup is placed within a thermostating housing and 
the set temperature is 20.00 °C, unless stated differently. 

 
 
Figure 1. Simplified schematic of the setup: 1 first axis; 2 second axis; 
3 sensor holder; 4 invar spacer; 5 y-interferometer; 6 Zerodur® frame; 
7 corner mirror; 8 z-interferometer; 9 piezoelectric drive; 
10 piezoresistive cantilever; 11 measuring object; 12 spacer. 

 
2.2. Signal processing 

The probe sensor signal evaluation is conducted with a Zurich 
Instruments HF2LI lock-in amplifier. A sinus signal VRef is 
impedance converted by a current feedback amplifier (LT1206 
of Analog Devices) and stimulates the piezoelectric drive near 
the cantilever’s resonance frequency. The signal of the 
piezoresistive cantilever is amplified by a commercial pre-
amplifier of SCL-Sensortech. The amplified signal VAFM is 
transduced to the lock-in amplifier, which calculates the phase-
independent amplitude of the oscillation RAFM. RAFM is the 
measuring signal passed to the analog-to-digital converter of the 
NMM-1 with a band-limitation of 3 kHz to control the x-, y- and 
z-axis according to the probe direction specified in the 
measuring command. Therefore, measurements are conducted 
in amplitude controlled closed-loop intermitted contact-mode.  

3. Short-term precision 

Instead of using standards to calibrate the AFM, it was possible 
to use the lasers of the NMM-1. By repeating the calibration 
routine for several times, the short-term precision of the sensor 
was derived. Firstly, the second axis was in its zero position and 
the probe direction was against the direction of the z-axis of the 
NMM-1. Therefore, the calibration was done against the 
traceable z-interferometer. For the calibration the sample was 
moved towards the cantilever until full contact with a measuring 
velocity of 100 nm/s. The amplitude of the oscillation of the 
cantilever RAFM and the value of the z-interferometer zNMM were 
recorded with a point distance of 0.1 nm. The calibration was 
conducted 50 times within a period of time of about 2.5 minutes. 
For each calibration the characteristic curve dAFM(RAFM), where 
dAFM is the deflection of the cantilever, was fitted as cubic 
polynomial within the intermitted contact-range. The range of 
the characteristic curves was therefore slightly less than the free 
oscillation amplitude of the cantilever.  

In figure 2 the deviation Δz = dAFM(RAFM)- zNMM is shown, where 
dAFM(RAFM) is calculated by the first characteristic curve. Depicted 
in red are the residues of the characteristic curve, for which 
there is no systematic deviation perceptible. The deviations to 
the other 49 calibrations are shown in green.  

 
 
Figure 2. Deviations of the deflection of the cantilever to the z-values of 
the NMM-1 for 50 calibrations. Residues are shown in red.  
 

To determine the short-term precision of the sensor, every 
characteristic curve is applied to the measuring points of every 
calibration and Δz is calculated. In figure 3, Δz is shown as 
histogram with its standard deviation σΔz, which is 3.8 nm. The 
deviations are mainly caused by variations of the offset of the 
characteristic curves (standard deviation 2.7 nm).  

 
 
Figure 3. Δz as histogram with its standard deviation σΔz, which is 3.8 nm. 
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After the calibration, the controller of the NMM-1 was enabled 
to keep dAFM in the middle of the characteristic curve and data 
were recorded for three times 90 s with the maximum sampling 
frequency of the NMM-1 (6.25 kHz). The results are shown in 
figure 4. The three standard deviations of zNMM are 1.8 nm (red), 
0.8 nm (green) and 1.3 nm (blue). The three standard deviations 
of dAFM are 0.2 nm. 

 
 
Figure 4. Three standstill measurements in closed-loop mode over 90 s. 

4. Thermal sensitivity and long-term precision 

To determine the thermal sensitivity and the long-term 
precision of the sensor, standstill measurements were 
conducted for 15 s every 10 minutes. The measured z-value zM 
was calculated according to equation 1. For each measurement 
the offset was calculated as mean of zM. Between the 
measurements the cantilever was withdrawn from the surface 
to avoid tip or sample damage. As tip wear occurs mainly at the 
beginning of a cantilever’s lifetime anyway [22], this issue might 
be reasonably regarded as neglectable. Prior to the 
measurements the thermostating housing has stabilized to a 
temperature of 20.20 °C. Then, the set temperature was 
changed to 20.00 °C and the measurements have been started. 
The results are shown in figure 5. As can be seen, it takes about 
8 hours until the offset has stabilized. Within this time the offset 
changes for about 260 nm, leading to a thermal sensitivity of 
1.3 nm/mK. After stabilization, within the last 18 hours (shown 
in figure 5 below), the standard deviation of the offset is 6.7 nm. 

 
𝑧M = −𝑧NMM + 𝑑AFM (1) 

 
 
Figure 5. Variation of the offset after the set temperature was changed 
from 20.20 °C to 20.00 °C.  

5. Scans on a calibration grating 

Closed-loop scans were conducted on a calibration grating 
(TGZ1 of NT-MDT) with a nominal step height of (21.4 ±1.5) nm. 
Measured values within the (negated) coordinate system of the 
NMM-1 were firstly calculated according to equation 2, where 𝑝 
is the probe direction. As can be seen, equation 2 is a 
generalization of equation 1. Afterwards, the measured values 
were transformed into the workpiece coordinate system (WCS).  

Because of the low-pass filtering associated with the 
calculation of dAFM, as well as different analog-to-digital 
converters used for the probe signal and for the interferometers 
of the NMM-1, a latency between the signals of the 
interferometers and the probe signal is inevitable. In order to 
avoid effects caused by this latency, the scan velocity was 
chosen to be only 5 µm/s and the point distance was 1 nm. The 
scan length was 90 µm and the step height was determined 
according to ISO 5436-1 [23]. 

 

[

𝑥M

𝑦M

𝑧M

] = − [

𝑥NMM

𝑦NMM

𝑧NMM

] + 𝑝 ∙ 𝑑AFM (2) 

 

5.1. Grating placed within the xy-plane of the NMM-1 
Firstly, the grating was placed within the xy-plane of the 

NMM-1 and 𝑝 = [0 0 1]T. For 30 scans the mean of the 
determined step heights is 21.42 nm, which agrees very well 
with the nominal value, and the associated standard deviation is 
45 pm. The high reproducibility of the scans is also shown in 
figure 6, where the 30 scans of the complete scan length (above) 
and of an irregularity on one step (below) are depicted. 

 
 
Figure 6. 30 scans of the complete scan length (above) and of an 
irregularity on one step (below) on the calibration grating.  
 

5.2. Grating tilted to the xy-plane of the NMM-1 
By rotating the second axis it is possible to adjust the angle 

between the probe direction and the xy-plane of the NMM-1, 
which is favourable if the surface normal of the measuring object 
is not parallel to the z-axis of the NMM-1. To demonstrate this, 
the calibration grating was placed on the NMM-1 under an angle 
of about 19° and the second axis was rotated accordingly (𝑝 =
[−0.230 0.230 0.946]T), as is depicted in figure 7. Again, 30 
scans were conducted. The mean of the determined step heights 
is 21.18 nm, which still agrees with the nominal value, and the 
associated standard deviation is 60 pm. In figure 8, the 30 scans 
of the complete scan length (above) and of an irregularity on one 
step (below) are depicted.  

The slightly increased noise on the data points of the tilted 
grating is explainable by higher vibrations in x- and y-direction 
than in z-direction of the NMM-1. While these vibrations are 
completely within xWCS and therefore not affecting the 
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calculated step heights for the not tilted grating, components of 
these vibrations are within zWCS for the tilted grating and 
therefore affecting the calculated step heights.  

 

 
 
Figure 7. Calibration grating tilted to the xy-plane of the NMM-1 and the 
probe direction adjusted accordingly. 

 
 
Figure 8. 30 scans of the complete scan length (above) and of an 
irregularity on one step (below) on the calibration grating tilted by 19° 
to the xy-plane of the NMM-1.  

6. Summary, conclusion and outlook      

In this article, investigations on the measurement precision of 
an AFM with an adjustable probe direction have been shown. 
The short-term precision of repeated calibrations on the NMM-1 
was determined to be 3.8 nm and standstill measurements 
revealed standard deviations of 1.8 nm, 0.8 nm and 1.3 nm. In 
the long-term, the sensor has shown a precision of 6.7 nm over 
18 hours and a thermal sensitivity of about 1.2 nm/mK. As a use-
case of the sensor, scans on a calibration grating have been 
conducted, with the grating placed within the xy-plane of the 
NMM-1 and tilted to this plane with the probe direction adjusted 
accordingly. For both positions of the grating, the measured step 
height agreed well with the nominal value and the standard 
deviation was in the double-digit pm-range. 

As has been expected, due to the integration of the rotational 
axes the thermal sensitivity of the sensor system is quite high. 
Of course, also the interferometers respond to thermal 
variations due to the temperature-dependent refractive index of 
air. For a similar interferometer, but with a dead path length of 
zero, a thermal sensitivity of -75 pm/mK has been reported [24]. 
Nevertheless, as the NMM-1 corrects the temperature-
dependent variation of the refractive index of air taking the dead 
path length into account [25], the major portion of the 
determined thermal sensitivity might reasonably be attributed 
to the AFM and the two rotational axes. Due to the high thermal 
sensitivity, also the short-term measurements over only 1.5 to 
2.5 minutes are affected by thermal variations. Therefore, the 

deviations of the repeated calibrations are mainly caused by a 
variation of the offsets of the characteristic curves. 
Nevertheless, for the standstill measurements it is possible to 
deduce the noise level as standard deviation of dAFM, as the 
controller compensates the mainly temperature-induced low-
frequency variations. Despite the long signal paths, the standard 
deviation of dAFM is only 0.2 nm. As the long-term standard 
deviation of the temperature is about 4 mK [16], the long-term 
measurement precision of the sensor system with 6.7 nm is also 
mainly attributable to its thermal sensitivity. 

Since it is probably not possible to enhance the temperature 
stability within the thermostating housing significantly, a 
reduction of the thermal sensitivity of the sensor is mandatory 
to enhance its measurement precision. Possible means might be 
the application of smaller rotational axes or a different 
arrangement of the axes. Placing the first axis above the 
Zerodur® frame (cf. figure 1), reducing the length of the invar 
spacers and connecting the first axis with the angle piece by 
materials with a low or even negative expansion-coefficient 
might result in compensating thermal expansions of the first axis 
and the remaining part of the sensor system.  
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Abstract 
Deflectometry can be used for continuous specular surface measurement with high measurement accuracy due to it is sensitive to 
slope variation of the measured surface and the surface is reconstructed through slope integration. For the three-dimensional 
measurement of discontinuous specular objects, the existing phase measurement deflectometry methods use the established  
relationship between phase information and height value through system calibration. However, the surface form measurement 
accuracy is low because deflectometry is less sensitive to surface height changes compare to surface slope changes.  To overcome 
this problem, we present a slope-height integrated method in stereo deflectometry. In this approach the measured discontinuous 
specular object is separated into several continuous regions. Two texture images are captured from two cameras and then the feature 
points of each sub-region are extracted and matched to obtain the depth data as the height reference of the area. To obtain the 
gradient field of the measured continuous regions, sinusoidal fringe patterns are projected onto the screen and the deformed 
patterns reflected via the surface are captured. The phase-shifting method and the optimum three-number fringe selection method 
are used to calculate the absolute phase. Thus the surface normal of the object under test is acquired. A slope integration algorithm 
based on gradient field and height reference is implemented in each sub-region respectively, and the three-dimensional shape of the 
discontinuous specular object is reconstructed. The proposed method combines the advantages of high accuracy slope integral 
process and the absolute height measurement through texture extraction. This approach leads to high measurement accuracy for 
the discontinuous specular object. Experimental results show the proposed method is feasible and effective.  
    
 Keywords: Optical metrology, Phase measurement deflectometry, Discontinuous specular object, Slope Integration, Feature 
matching       

 

1. Introduction   

With the development of technology, nondestructive 
measurement has become a common task in many industries. 
To meet the requirement, various optical methods were 
explored in recent years[1-2]. Deflectometry has the advantages 
of non-contact operation, full-field measurement and large 
dynamic range. These characteristics make it one of the most 
useful optical methods in the measurement of specular 
surfaces[3-4]. 

Since the high reflectivity characteristics of the specular 
surface, deflectometry system generally utilized a liquid crystal 
display (LCD) screen to display coded fringe patterns and a 
camera to capture the deformed patterns reflected by the 
object under test[5]. Then, the slope field is calculated through 
the phase information, and the three-dimensional (3D) data of 
the object can be acquired by slope integration[6]. Deflectometry 
usually leads to a high measurement accuracy, but it cannot 
measure the specular object with discontinuous surfaces for the 
integration algorithm will cause errors at the discontinuous 
edges[7]. To solve this problem, researchers proposed several 
methods to calculate the 3D information of each object point 
independently based on special geometrical system. As the 
slope integration process is omitted, the discontinuous specular 
object can be measured[8-9]. However, the measurement 
accuracy of these methods is usually lower, since deflectometry 
is less sensitive to surface height change compared to surface 

slope change. It can be concluded that the current 
deflectometry methods cannot measure discontinuous specular 
objects precisely. In order to overcome this limitation, this paper 
proposed a slope-height integrated method in stereo 
deflectometry[10]. The discontinuous specualr object is 
seperated into several continuous sub-regions, and the slope 
field is searched by stereo deflectometry, then the height 
information of the feature points of each region is calculated as 
the height reference, thus the 3D shape of the measured 
discontinuous object is retrieved.  

This article is arranged as follows. Section 2 describes the 
methodology. The experiment is carried out in section 3 to verify 
the theory. Finally, the work is concluded in section 4.  

2. Methodology      

Slope integration is a crucial step in the high-precision 
measurement of specular objects, but for the discontinuous 
specular objects, each continuous surface is characterized by a 
different surface function, which makes it incorrect to directly 
integrate the slope field of the whole surface. To overcome this 
challenge, a slope-height integrated method is proposed, the 
basic idea is to separate the discontinuous specular object into 
several continuous sub-regions to avoid the integration error . 
Next, the slope field is calculated and then the accurate 3D 
information of each sub-region can be acquired by slope 
integration. Finally, the relative positions between the 
continuous regions are to be evaluated by feature point 
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extraction method to reconstruct the 3D shape of the 
discontinuous object.  

 
2.1. Sub-region slope calculation    

It is well known that when the light ray illuminates a specular 
object point, the deflection degree of its corresponding reflected 
light depends on the slope and height of the point. In other 
words, if a structured light pattern (such as a sinusoidal fringe 
pattern) is projected onto the surface of the specular object, the 
phase change of the deformed pattern reflected by the object is 
determined by the slope and height of the object surface. 
Therefore, the geometric relationship between the phase value 
and slope and height can be established through system 
parameters. The absolute phase value is able to be obtained by 
phase-shifting algorithm and phase-unwrapping algorithm, and 
the slope of the object is the first derivative of the height, so the 
slope field can be calculated iteratively[11-13]. Then the 3D shape 
of the measured object can be achieved by slope integration. 

To avoid the integration errors mentioned above, the 
discontinuous object is separated into several continuous sub-
regions at first. The continuous specular objects have non-
texture characteristics, that is, the gray values of the object 
points in a continuous region are very similar, so a region 
growing algorithm is used to segment the discontinuous 
surface[14]. In each continuous region, an object point is selected 
randomly as the seed point, then the continuous region can be 
separated automatically by the gray value difference between 
the adjacent pixel and the seed point, which provides the 
feasibility for the implementation of slope integration algorithm. 

Then, the stereo deflectometry technology is used to calculate 
the slope field[15]. In order to explain it clearly, a schematic 
diagram is shown in Figure 2. When the coded sinusoidal fringe 
pattern is displayed on the LCD screen, the deformed fringe 
pattern reflected by the measured object can be collected by 
camera 1 at an appropriate position. Then, for an object point 
such as point M, a group of incident light l1 and reflected light i1 
is formed by the point M and its corresponding projection point 
Q1  and its imaging point P1. Since the reflected light i1 must 
passes through the optical center simultaneously, the direction 
of the reflected light is fixed. But the direction of the incident 
light l1 have countless possibilities for the position of the object 
point M is unknown, as shown in Figure 1. This is the inherent 
ambiguity problem of deflectometry technology. To solve this 
problem, an auxiliary camera 2 is added, and the spatial position 
of the object point M is assumed in a limited space to determine 
two groups of incident and reflected rays formed by the two 
imaging points with the object point and their correspondence 
projection points respectively, which leads to two normal 
vectors. Once the normal vectors are equal, the assumed 
position of the object point is considered to be true, and the 
corresponding slope value is obtained. Based on the above 
process, the slope field of the measured object surface can be 
acquired by searching the normal vector of each object point. 

 
 
Figure 1. Deflectometry ambiguity problem 
 

 
 

Figure 2. Stereo deflectometry schematic diagram 
 

2.2. Height reference calculation     
After calculating the slope field of the object surface, the 3D 

data of each sub-region can be achieved by slope integration 
separately. However the absolute position of the sub-regions 
are still unknown, which caused the confusion of the relative 
position between different sub-regions.  

Because the relative position of the points in a same sub-
region has been acquired accurately by slope integration, once 
the absolute 3D coordinate of a point in that area is obtained, 
the real position of the whole sub-region can be determined 
accordingly. The non-texture characteristics of the specular 
object makes its geometric features mainly concentrated at the 
edges, thus the proposed method selects the feature points of 
each sub-region as the height reference point. Two texture 
images are captured by two cameras respectively, then the 
harris corner extraction algorithm is used to detect the feature 
points[16]. When the feature points of the two texture images are 
matched, the 3D data of the feature points are calculated based 
on equation 1.   

  
where {X, Y, Z} is the absolute position to be solved, n

ijm  is the 

element of camera’s projection matrix which can be acquired by 

camera calibration, ( )ll vu , and ( )rr vu , are the feature point’s 

pixel coordinates in two cameras respectively. 
Due to the non-texture property of the specular object, 

feature matching is an important but difficult procedure in this 
step. Since the feature of the object focuses on its edges, making 
full use of the geometric shape information of the measured 
object is a good way to realize feature matching. And a point-
line combination method is utilized[17]. First, the edge 
information of the tested object is extracted; then, the minimum 
envelope circle formed by the edge points is obtained, and the 
feature description area of each feature point is acquired by 
taking the feature point as the center and the radius of the 
envelope circle as the radius; next, the edge points in the feature 
description area is counted to form a feature descriptor; finally, 
the similarity of the feature descriptors is judged by the nearest 
neighbor rule to identify the corresponding feature point pairs. 
Subsequently, the absolute position of the feature points can be 
calculated according to equation 1, which also provide height 
references for the sub-regions. Then, the 3D shape of the whole 
discontinuous object is retrieved. 
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3. Experiment      

An artefact of specular step with several discontinuous 
surfaces as shown in Figure 3 is measured to verify the proposed 
method. The hardware of the measurement system is composed 
of a ipad pro as display screen, two LW235M-IO cameras with 
two 35mm camera lenses, as depicted in Figure 4. The artefact 
is located in front of the LCD screen. The cameras are focused on 
the object. The measurement is carried out on an optical 
platform. 

 

 
 
Figure 3. The step artefact 
 

 
 
Figure 4. Experimental setup 
 

 Two texture pictures were captured by two cameras to 
segment the discontinuous region and calculate the depth 
information of feature points of each sub-region. The separated 
region is shown in Figure 5 and the feature matching result is 
shown in Figure 6.  

 

 
Figure 5. Region segmentation (each color represents a different sub-
region) 
 

 
 
Figure 6. Feature matching result 
 

Then, the coded sinusoidal fringe patterns were displayed 
onto the LCD screen and the deformed patterns were captured 
by the two cameras. The phase-shifting method and the 
optimum three-fringe number selection method were 
performed to find the corresponding pairs between the camera 
imaging points and the screen pixels. Thus, the slope field in x-
direction and y-direction were acquired, as shown in Figure 7(a) 
and Figure 7(b) respectively. And the surface form was 
reconstructed by integration algorithm. Figure 8 shows the 
reconstructed surface.  
 

 
(a)  

 

 
(b)  

 
Figure 7. Slope field. (a) x-direction slope, (b) y-direction slope 
 

 
 
Figure 8. The final 3D shape of the step 

Ipad pro 

Camera 

Discontinuous 
specular object 
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To test the performance of the proposed method, the step 
artefact was also measured by a coordinate measuring machine 
(within a measuring accuracy of 2 μm). The measurement results 
from the CMM and the proposed method is shown in table 1.  
The relative heights of the step measured by the CMM are listed 
in the second column of the table. The correspondence heights 
obtained by the proposed method are listed in the third column 
of the table. And the fourth column of the table are the 
difference between two measurements. It can be seen that the 
maximum difference of the artefact specular step is 39.6 μm and 
the minimum difference is 7.4 µm. From the measurement 
results, we found that the four discontinuous surfaces of the 
artefact step are not parallel. Therefore, when using different 
object points to calculate the relative height between two 
planes, there will be slight differences in the results, which 
explains why the error values of the three height distances 
obtained by the four planes in Table 1 are slightly different. 
Meanwhile, the 3D data of each continuous region is acquired 
by slope integration, the error is less than 1 μm, which is far less 
than other discontinuous specular object measurement 
methods. Thus, the experimental results demonstrate that the 
3D shape of discontinuous specular objects can be measured by 
the proposed method effectively and accurately. 
 

Table 1 Experimental results of the artificial step (units: mm) 
 

Step 
Height 

Actual 
distance 

Measured 
distance 

Measurement 
difference 

1-2 2.9927 2.9853 0.0074 

2-3 3.9282 3.8886 0.0396 

3-4 4.9392 4.9279 0.0113 

4. Conclusion      

This paper develops a slope-height integrated method to 
measure discontinuous specular objects. Compared with the 
conventional method, slope integration algorithm is utilized to 
guarantee the measurement accuracy of the continuous regions. 
And a region growing method is used to separate the surface 
into continuous sub-regions to avoid the edge errors caused by 
integration procedure. Meanwhile, the absolute depth 
information of the feature points is calculated to acquire  the 
relative position between different sub-regions, then the 3D 
shape of the tested object can be reconstructed. The 
experimental results demonstrated that the measuring 
precision of the discontinuous area can achieve 39.6 μm, and the 
measurement error of the continuous regions is less than the 
conventional method. Thus, the proposed method is of 
significant of discontinuous specular object measurement. 
 
5. Acknowledgements 
The authors gratefully acknowledge the Engineering and 
Physical Sciences Research Council (EPSRC) of the UK with the 
funding of the EPSRC Future Advanced Metrology Hub 
(EP/P006930/1) and the funding of A Multiscale Digital Twin-
Driven Smart Manufacturing System for High Value-Added 
Products (EP/T024844/1). The first author would like to thank 
the Graduate Innovation Ability Training Funding Project by 
Hebei Province Education Department (220056).  
 
References    

 
[1] Andrés G M, Gao F, Zhang S 2020 J. OPT. SOC. AM. A  37 B60-B77 
[2] Wang Z Y, Zhang Z H, Gao N, Xiao Y J, Gao F and Jiang X Q 2019 

Appl. Opt. 58 A169 
[3] Xu Y J, Gao F, Jiang X Q 2020 PhotoniX 1 1-10 
[4] Wu Y X, Yue H M, Yi J Y and Li M Y 2016 Opt. Eng. 55 024104 
[5] Huang L, Wong J X and Asundi A K 2013 Proc. of SPIE. 87691 K1-K9 

[6] Huang L and Asundi A K 2012 Appl. Opt. 51 7459-7465 
[7] Zhang Z H, Wang Y M, Huang S J, Liu Y, Chang C X, Gao F and Jiang 

X Q 2017 Sensors 17 2835 
[8] Chang C X, Zhang Z H, Gao N and Meng Z Z 2019 Sensors 19 4621 
[9] Guo H W, Peng F and Tao T 2010 Opt. Laser. Eng. 48 166–171 
[10] Xu Y J, Gao F, Zhang Z H and Jiang X Q 2018 Opt. Laser. Eng. 106 

111-118 
[11] Niu Z Q, Xu X Y, Zhang X C, Wang W, Zhu Y F, Ye J Q, Xu M and Jiang 

X Q 2019 Opt. Express 27 8195–8207 
[12] Zhang Z H, Towers C E and Towers D P 2006 Opt. Express 14 6444–

55 
[13] Liu Y K, Olesch E, Yang Z and Häusler G 2014 Adv. Opt. Techn. 3 

441-445 
[14] Qin H F, Qin L and Yu C B 2011 Opt. Eng. 50 214-229 
[15] Knauer M C, Kaminski J and Häusler G 2004 Proc. of SPIE 5457 366-

376 
[16] Jasani B A, Lam S, Meher P K and Wu M Q 2018 IEEE T Circ. Syst. 

Vid. 28 3516-3526 
[17] Ji K 2019 Research on textureless target recognition technology 

based on edge sector distribution features China (Zhejiang 
University) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

268

http://www.sciencedirect.com/science/article/pii/S0143816609000931
http://www.sciencedirect.com/science/article/pii/S0143816609000931
http://www.sciencedirect.com/science/journal/01438166


 

          
 

 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Dimensional characterization of micro-milled polymer channels for acoustic blood 
plasma separation 
 

Komeil Saeedabadi1, Fabian Lickert2, Henrik Bruus2, Guido Tosello1, Matteo Calaon1 

 
1Technical University of Denmark, Department of Mechanical Engineering, DK-2800 Kgs. Lyngby, Denmark 
2Technical University of Denmark, Department of Physics, DK-2800 Kgs. Lyngby, Denmark     
 
komsae@mek.dtu.dk 

       
 
Abstract 

We here present development towards a novel cost-effective fully polymer-based acoustofluidic chip as a Point-of-Care diagnostic 
platform for blood plasma separation and analysis. Moving from glass chips to a polymer-based platform, prototype test samples 
were produced by injection moulding using four different polymers. PMMA (Lucite Diakon TD 525), COC (Topas 5013L-10), PC (Sabic 
Lexan EXL 1433T) and PS (BASF Polystyrol 158 K) were selected as potential candidates for the final commercial production. Finite 
element modelling of particle acoustophoresis behaviour in the PMMA channels provided information on optimal channel 
dimensions with an acoustic resonance frequency of 1.26 MHz for a water-filled channel. As a result, channels with design dimensions 
of 150 µm height, 375 µm width and 50 mm length were milled into the surface of the four different substrate materials. To ensure 
dimensional compliance of the micro-milled channels with design dimensions, post-milling dimensional metrology was performed 
using an Olympus LEXT laser confocal microscope. Ten samples of each of the four different substrate materials were inspected. In 
addition, analysis of surface roughness, Sa, of the channels was carried out. The results indicate a maximum dimensional variation of 
±6 µm for height, ±3 µm for width and ±100 nm roughness.  Dimensional and surface roughness variations have been characterized 
as reference values for different simulated acoustic energy density scenarios.  The output from the metrological characterization is 
important for further simulation and optimization of the acoustic blood plasma separation chips, since the acoustic resonances are 
sensitive to the actual chip dimensions and their variation.  
 
 
Injection moulding, micro-milling, lab-on-chip, metrology, acoustofluidic, PMMA, COC, PC, PS, FEM simulation 

  
 

1. Introduction 

Lab-on-a-chip systems have received immense attention in 
the recent years for their versatility, cost-effectiveness, 
reproducibility and last but not least, scalability. UV-
lithography techniques have been the favourable process 
choice for manufacturing such platforms thanks to tooling 
procedures derived from the microelectronics industry. 
Moreover, over the past few years, the advancements in the 
field of rapid prototyping introduced a broad realm of 
capabilities that now links the field to lab-on-chips and organ-
on-chips production [1].  

Benefiting from rapid prototyping techniques on top of the 
advantages that polymers offer, especially with regards to the 
cost, has given rise to studies for manufacturing low-cost 
point-of-care diagnostics devices that separate and enrich 
cells using acoustic forces. The lack of a predictive model for 
resonant acoustofluidic platforms was, however, problematic 
and prevented research in this field from exploiting its full 
potential [2]. In 2012, Bruus 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 [3].  In 
2019 Moiseyenko and Bruus [4], introduced a model for 
whole-system ultrasound resonances which could serve as a 
foundation for a full-polymer acoustophoresis platform. 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 particle separation using whole-system resonances 
in polymer chips. Through a well-tested and experimentally 
validated numerical method [5], it was demonstrated that 
good acoustophoresis can be attained inside a microchannel 
that is embedded within an all-polymer chip using excitation 
of whole-system resonances [4].  

Prior to proceeding to the production stage using a micro-
injection moulding tool that is designed and manufactured 
specifically for producing a chip with designated dimensions, 
micro-milling was considered as a rapid prototyping 
technology to help further analyse the process while 
optimizing resources. Milling as one of micro/meso 
mechanical manufacturing techniques confers new 
opportunities to develop microfluidic channels in  both metals 
and plastics [6]. Other alternative methods, namely etching 
and energy beam processes are widely deployed to fabricate 
surface structures, however, they introduce other issues such 
as flexibility, cost and production rate and they are not 
exploitable for our study purpose. Compared to these 
methods, mechanical processes of cutting and forming offer 
a certain advantage in terms of flexibility of the shapes they 
can manufacture in high production rates [7].  

 In the present study, injection moulding is used to 
manufacture highly transparent polymer chips as the initial 
step. Micro-channels are machined using micro-milling with 
design dimensions optimized with respect to acoustic 
resonance frequency using FEM numerical simulation. The 
numerical simulations measure the particle focusing ability   
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Table 1. Injection moulding process parameters of the four different substrate materials namely, COC, PMMA, PC and PS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

of suspended micro-particles as well as the acoustic energy 
density in a PMMA chip with the concept of whole-system 
resonance frequency introduced by Moiseyenko and Bruus 
[4,5,8]. The manufactured chips’ dimensional measurements 
were characterized using both laser confocal microscope and 
Scanning Electron Microscopy (SEM) to ensure that the 
channels comply with the input dimensions and furthermore, 
to investigate the accuracy and precision of micro-milling as a 
prototyping tool. 

2. Injection moulding equipment 

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. The part produced with the mould, as 
illustrated in Figure 1, contains two separate but identical 
chips. Table 1 delineates the conditions under which the parts 
were produced for each of the four selected substrate 
materials. 

 3. Micro-milling of channels 

Table 2.  Process parameters of milling of the micro-channels on the 
injection moulded parts. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As a stepping stone towards acquisition of a polymeric chip 
with embedded micro-channels, the injection moulded chips 
were milled on their surface via Mikron HSM 400U LP in order 
to obtain a simple channel with dimensions of 150 µm deep, 
375 µm wide and 50 mm long. The chips were milled as can 
be observed in Figure 1 with parameters specified in Table 2.  
 

4. Parts quality control 

The quality of the parts was evaluated with two methods of 
SEM and confocal microscopy to provide conclusive and 
complementary data shown in Figure 2 and 3. To evaluate the 
dimensional compliance of the milled chips and the 
replication fidelity of them, three positions were selected on 
three separate channels over the surface of the chip that 
resulted to nine separate locations per each polymeric chip. 
The aforementioned process was repeated for ten separate 
chips per each of the four substrate material and out of that 
ten, half possessed the chip thickness of 1.4 mm and the other 
half 1.9 mm. The depth, the width and the surface roughness 
value (Sa) of the bottom of the channels were measured using 
a laser scanning confocal microscope LEXT OLS 4100 using a 
20x magnification lens. The obtained data was analysed using 
the processing software [9]. 

Parameters 

Value 

COC PMMA PC PS 

Operating pressure (bar) 700 1600 2300 1400 

Counter pressure (bar) 180 100 100 60 

Tool temperature (°C) 80 80 80 45 

Max barrel  temperature (°C) 265 235 280 200 

Injection rate (cm3/s) 29 28 25 24 

Injection time (s) 0.54 0.58 0.66 0.65 

Holding time (s) 20 20 20 5 

Dosage volume (cm3) 14 100 15 450 15 650 15 100 

Decompression (cm3/s) 1.00 1.00 1.00 0.50 

Parameters Value/Description 

Tool number 346 

Diameter (mm) 0.3  

Cutting length (mm) 50 

Feedrate X,Y 300  

Feedrate Z  150  

Spindle speed (rpm) 28000  

Toolpath length (mm) 1942 

Toolpath time (min) 5.77  

Figure 1. Injection moulded part of high optical transparency 
before and after milling the channels. The parts were molded 
with high optical transparency and later, five channels were 
micro-milled on their surface. 
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Figure 2. SPIP analysis data for width (a), height (b) and surface 
roughness (c) of the milled channels for four substrate materials. 
Error bars indicate standard deviation of repeated measurements. 
The data points marked on the graphs display the process 
reproducibility and express dimensional measurement accuracy for 
each of the four substrate materials and two chip thickness. The 
target values for height and width are marked with red dashed lines. 
For surface roughness the red line shows the average value for the 
surface roughness of the non-machined area.  

Additionally, SEM analysis was performed via a Zeiss Supra 
VP 40 SEM in order to attain better metrological insight by 
scrutinizing the channels under a certain tilting angle. While 
conducting the SEM analysis, polymers face charging issues 
that produces instability of the secondary electron image 
intensity and therefore, may yield distorted and inaccurate 
footage [10]. Hence, the chips were coated with a thin gold-
layer, with a thickness below 20 nm, using a Cressington 
208HR sputter coater before further examination under the 
SEM. The samples were analysed on a level condition as well 
as tilted 30° to gain complementary information about the 
side walls and both ends of the channel as it can be seen in 
Figure 4. 

 

 

 
Figure 3. SEM examination of the channel’s end (a); SEM analysis of 
the side of the milled channel with 30° stage tilt (b). 

5. FEM simulation  

Numerical simulations of the PMMA chips were performed 
using the finite element software COMSOL Multiphysics 5.5 
and following the implementation described by Skov et al. [5]. 
PMMA was selected for the purpose of the simulations since 
the material parameters such as the transversal speed of the 
sound (cT) and transversal attenuation coefficient (αT), which 
are essential for numerical simulations have already been 
established for the material whereas this was not the case for 
the other three processed polymers.  Simulations were 
performed on a 2D cross-section of the device geometry. In 
our simulations we included a piezoelectric transducer, made 
from lead-zirconate-titanate (PZT), used for driving the 
acoustic focusing. The actuation of the device is done with an 
anti-symmetric 30 V peak-to-peak voltage amplitude, using a 
phase-offset of 180° between the two electrodes of the PZT. 
We furthermore included a 20-µm-thin glycerol coupling 
layer between the PMMA and the PZT. A schematic of the 
simulated 2D cross-section of the device can be seen in Figure 
4.  

  

(a) 

(b) 

(c) 

(a) 

(b) 
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The outputs of the FEM simulations highlighted the 
optimized dimensions to be tested for milling of the channels. 
Results from the characterization of dimensional variation of 
the polymer channels were used to refine the FEM model to 
updated input parameters to appreciate the sensitivity of the 
acoustic parameters such as resonance frequency and 
acoustic energy. A sensitivity analysis on the channel width 
and height was performed in respect to the frequency and the 
acoustic energy density at resonance of the chip. The 
simulations were performed with frequencies ranging from 1 
MHz to 2 MHz, close to the nominal 1-MHz-resonance of the 
used PZT transducer and while altering the width and height 
of the channel by ±10 µm around their specified values. The 
results of the sensitivity analysis are shown in Figure 5. 

 
 

 
 
 

 
 

 
 
 

 
 
 
 
 
 

We observed only small deviations of below ±10 kHz in the 
resonance frequency of the main resonance, corresponding 
to a change of less than 1%, when changing the channel 
dimensions by 10 µm. Bigger changes were found in the 
acoustic energy density inside the channel at resonance when 
altering the channel cross-section. The acoustic energy 
density Eac increased by up to 56% when increasing the 
channel width by 10 µm. Increasing the channel height hch on 
the other hand by the same amount, leads to a decrease of 
Eac of about 17%. 

 

 

 

 

 

 

 

 

6. Discussion 

The analysis of three parameters of width, height and 
surface roughness (Sa) shows that respectively a dimensional 
variation of ±6 µm, ±3 µm and ±100 nm can be observed in 

the micro-milled channels. Microscopy of the chips was 
repeated for ten separate chips per substrate material where 
each chip itself encompasses five channels and only the three 
in the middle were dimensionally characterized. The 
acceptability of the established variance is contingent on the 
sensitivity of the experiment at hand on the given dimensions 
and in our case, this acceptability was appraised by the 
sensitivity analysis through 2D numerical modelling.  

The results obtained from the numerical simulations show 
a higher sensitivity of the acoustic energy density at 
resonance inside the fluid channel towards variations of the 
channel width, while changing the height of the channel only 
lead to lesser variation in the energy. The lower variations in 
the fabrication of the channel width compared to the height 
are therefore beneficial at achieving energies close to the 
desired value. Furthermore, the numerical simulations can be 
used in combination with the known variance of the milling 
process to optimize the channel dimensions at a given 
resonance while only causing minute changes in the 
resonance frequency. 

7. Conclusion 

Micro-milling was performed as a prototyping tool to 
realise channels on four different polymers. The optimal 
dimensions for channels of PMMA was measured with FEM 
numerical simulations using COMSOL Multiphysics. The 
obtained measurements were 150 µm for height and 375 µm 
for width of the PMMA channel and using micro-milling, 
results with a dimensional variation of ±6 µm for the height 
and ±3 µm for the width was achieved. Additionally, surface 
roughness analysis (Sa) was also done which presented a 
maximum variation of 100 nm for each substrate material. To 
shed light on the effect of the measurement tolerance that 
micro-milling introduced to the system on acoustic 
parameters such as resonance frequency and acoustic 
energy, sensitivity analysis with the attained dimensional 
variation values was executed for both height and width of 
the microchannel. The sensitivity analysis revealed a 
negligible shift of the resonance frequency within the given 
dimensional variations. Higher changes were observed in the 
acoustic energy density, which can be used in combination 
with the known variations of the milling process to further 
improve the performance of the microfluidic device. 
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Figure 5. Simulated sensitivity analysis of the resonance 
frequency 𝑓𝑟𝑒𝑠 (blue y-axis, left) and the acoustic energy 
density Eac (orange y-axis, right) versus changes in the 
channel width ∆wch (straight line) and channel height ∆hch 
(dashed line) around the reference values of wch =375 µm 

and hch =150 µm are shown. While the resonance frequency 
remains almost constant in both cases, bigger changes in the 
acoustic energy density were observed when altering the 
channel dimensions. 

 

Figure 4. 2D cross-section of the simulated acoustophoresis 
device. The design consists of a piezoelectric transducer, a 
glycerol coupling layer (orange) and a PMMA chip including 
a water-channel. The microchannel has a width wch and a 
height ℎ𝑐ℎ and is altered by an amount ∆wch and ∆hch in our 
numerical simulations. 
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Abstract 
Implementing on‐machine measurements on ultra‐precision diamond turning machines follows the principle of measuring close to 
the machining process without reclamping the workpiece and sets up a closed‐loop process consisting of machining and measuring. 
The probe integration into the machine tool inevitably comes along with measurement errors due to alignment, probe system and 
kinematic imperfections as well as varying scanning conditions. In order to reduce these errors an approach is presented to align the 
optical axis of an interferometric one‐dimensional optical probe parallel to the machine tool spindle axis, necessary to reduce the 
cosine error  caused by misalignment.  Furthermore,  the approach allows  to determine  the gain error of  the probe  system. The 
machine tool’s X‐axis straightness deviations in Z‐direction are measured and compensated by post‐processing of the measurement 
data. An experimental validation method  is presented and yields to a maximum measurement error range of about 45 nm  for a 
measurement of a non‐rotational symmetric freeform surface with a diameter of 20 mm. 
 
Keywords: Ultra‐precision; In‐process measurement; Calibration; Diamond turning 

 

1. Introduction 

The achievable accuracy of ultra‐precision diamond turning is 
highly sensitive to various influences like machine tool kinematic 
deviations  or  tool  offsets. On‐machine measurements  are  an 
approach to further increase the machining efficiency and follow 
the principle of measuring close to the machining process. Gao 
et al. [1] give a broad overview of challenges, requirements and 
techniques  regarding  on‐machine  metrology  in  precision 
manufacturing. For the realization of closed‐loop machining as 
well as for measuring machines  in scope of quality control  like 
described  by  Hopper  et  al.  [2],  it  is  important  to  know  the 
accuracy  level  of  the  on‐machine  measurement  data.  The 
measurement  error  sum  comprises  probe  system  errors, 
machine  tool  kinematic  deviations,  effects  due  to  dynamic 
movements  during  the  measurement,  errors  related  to  the 
scanning parameters  in combination with post‐processing and 
filtering  as  well  as  thermal  displacements.  Compared  to  the 
work in [3], wherein optical flats are used as a reference surface, 
the  presented  approach  gives  an  accuracy  estimation  for  a 
dynamic  freeform measurement using  the machine  tool axes. 
The  approach  is  designed  to  take  into  account  the  above 
mentioned  error  contributions  with  the  exception  that  no 
particular effort  is spent to determine or compensate thermal 
displacements. 
For the present work a diamond turning machine of the type 

LT‐Ultra MTC 650 and  the  interferometric probe  system HP‐O 
with an optic head with a numerical aperture of 0.1 is used. The 
probe  is mounted  onto  an  alignment  stage, which  allows  to 
adjust  two  angular  degrees  of  freedom  as  well  as  one 
translational  in  Y‐direction  of  the  machine  tool  coordinate 
system. 
 
 

2. Probe axis alignment 

2.1 Methodology 
Since optical surfaces are commonly machined by face turning, 

the aim is to align the probe axis parallel to the machine tool’s 
spindle axis as depicted  in Figure 1. Since aligning  the probe’s 
optical axis by measuring on  the probe housing  is an  indirect 
method,  a  direct  method  is  desirable.  The  measurement 
situation when measuring against  a  flat  target  surface with  a 
tilted probe axis and the corresponding geometrical correlations 
are  shown  in  Figure  2.  The  flat  target  is  assumed  to  be 
perpendicular to the Z‐axis, since the squareness error between 
the X‐axis and the spindle axis is usually less than 100 nm over 
50 mm of X‐travel. A tilt of the probe axis by any combination of 
the tilt angles α and β results  in an extended measured probe 
distance zP,t, what is given by equation (1). By moving the Z‐axis 
according  to a sine  function and measuring  the movement by 
the probe  system measuring  against  the  flat  target,  a  certain 
probe  measurement  range  of  length  zP,t  is  tested.  The 
Z‐positions  zM measured  by  the machine  tool’s  internal  glass 
scale  of  the  Z‐axis  are  recorded  as  well  and  represent  the 
nominal  values.  By  using  equation  (2),  the  differences  ΔzP 
between  the probe distances and  the  recorded Z‐positions zM 
can  be  derived.  Plotting  ΔzP  as  function  of  the  nominal 
Z‐positions zM allows to define the angle γ by applying a  linear 
least  squares  fit  to  the noisy probe data. Figure 5 depicts  the 
definition of the angle γ. 
 

  𝑧 ,
𝑧

cos𝛽 cos𝛼
  (1) 

  𝛥𝑧 𝑧 , 𝑧    (2) 
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Figure 1. Measurement situation used for the present work. 

 
Figure 2. Measurement situation for probe axis alignment. Machine tool 
coordinate  system  (X‐Y‐Z)  and  geometrical  correlations  of  the  tilted 
probe axis. Nominal probe distance zP; probe distance zP,t as a result of a 
tilt by the tilt angles α and β (indicated are the positive directions of α 
and β). 
 
By supposing that the probe system itself has an unknown gain 

error,  the angle γ comprises  the error sum caused by a probe 
axis tilt and the gain error. Due to the fact that a probe axis tilt 
can only lead to a positive change of the angle γ, the probe axis 
perpendicularity to the target surface should be able to be found 
by  searching  the  minimum  angle  γ.  This  can  be  done  by 
determining the values of γ for various probe tilt angles α and β 
by adjusting the angles using the alignment stage.  
It  should be noted  that  the method assumes a  linear probe 

behavior,  i.e.  the  probe  system’s  non‐linear  errors  should  be 
sufficiently small to be neglected. Otherwise the non‐linearities 
additionally  affect  the  determination  of  the  angle  γ,  what 
prevents  to  be  able  to  derive  the  probe  axis  tilt  out  of  it. 
Therefore,  the  probe’s  linearity  is  previously  investigated  by 
testing  various  measurement  ranges  of  the  probe.  Figure  3 
shows the differences ΔzP for a tested probe range of 70 µm. As 
can be seen, the used probe starts to show non‐linear errors at 
increasing absolute nominal values, while a linear behavior can 
be supposed within 20 µm symmetrically arranged around the 
nominal value of zero. It is noted, that the probe value of zero is 
calibrated  to  correspond  to  the  focus point of  the probe. An 
optimum measurement range is always symmetrically arranged 
around the probe’s focus point. 

 
Figure 3. Probe error differences ΔzP for a tested measurement range of 
70 µm symmetrically arranged around the probe’s focus point. 

2.2 Results 
To take the observed probe behavior into account, the probe 

range to be tested is set to be 20 µm and realized by moving the 
Z‐axis according to a sine function with an amplitude of 10 µm. 
The tilt angles are both adjusted in a range of ‐ 2° to + 2° in steps 
of 0.5° using the alignment stage. The zero positions of α and β 
are preliminary set by measuring along the probe housing using 
a dial gauge. As target surface a plane perpendicular to the Z‐axis 
is machined in oxygen‐free copper. The method is first applied 
varying only the angle β. Figure 4 shows the resuling values of γ 
as  function of  the adjusted β‐values. To  test  the repeatability, 
each β‐value is measured twice. Before applying the method for 
the minimum search over α, the probe axis is adjusted and set 
to  β = ‐ 1°.  By  varying  the  angle  α  over  the  same  range  the 
minium slope angle is found at α = ‐ 0.5°. 
The residual probe error for the set values of the tilt angles is 

depicted  in Figure 5 and  is considered as the gain error of the 
probe system. At a probe value of + 10 µm respectively ‐ 10 µm 
the absolute error is about 35 nm.  

 
Figure 4. Slope angles γ as function of the adjusted tilt angles β. 

 
Figure 5. Residual probe error ΔzP after angular alignment of the probe 
axis as function of the nominal values given by the Z‐positions zM and 
definition of the angle γ. 

2.3 Discussion 
Besides the observeable differences between the repetitions 

in Figure 4, the derived γ‐values does not follow the theoretical 
geometrical correlations given  in Figure 2. According  to  them, 
the  angle  γ  should  further  increase  between  the  β‐values  of 
‐ 0.5° and ‐ 2°, but these stay on a rather constant level instead. 
So,  the  received  probe  behavior  and  γ‐values  do  not  exactly 
agree with  the  expected  behavior,  but  show  clear minimum 
values  at  β = ‐ 1°  and  α = ‐ 0.5°.  Table  1  summarizes  the 
calculated values of ΔzP for tilt angles β between 1° and 5° and 
different values of  zP.  It  can be  seen,  that  the differences  for 
zP = 20 µm (as tested in the previous section) are around 12 nm 
for the tested maximum tilt angle of 2°. Due to the fact that the 
smallest moveable step of the Z‐axis of the employed diamond 
turning machine with 10 nm is about the same scale, the results 
of the probe axis alignment method can not be assigned to the 
changes of the probe axis tilt angles with sufficient certainty.  
Nevertheless,  the  method  serves  to  characterize  the 

non‐linear and  linear errors of the probe system, of which the 
latter are  treated as  the gain error. Additionally,  it  turned out 
that the probe error changes with small changes of the tilt angle, 
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what is shown by the large difference of the angle γ between the 
values β = ‐ 1° and β = ‐ 0.5°.  
With  the assumption of an angular probe axis  tilt of 1°,  the 

error contribution of  the  tilt  is about one order smaller  (3 nm 
according  to Table 1) compared  to  the maximum error values 
shown  in  Figure 5.  Since  the used probe measurement  range 
when measuring form errors of diamond turned surfaces mostly 
lies  below  5 µm,  the  error  resulting  out  of  an  angular 
misalignment of 1° can be neglected. However,  this  is not  the 
case for the residual gain error depicted in Figure 5. Even when 
measuring  at  a  nominal  value  of  2.5 µm  an  error  of  8.75 nm 
occurs as a result of the determined gain error. 
A  resulting  lateral  shift  of  the  measuring  point  for  a 

measurement range of 5 µm due to an angular tilt of 1° can be 
estimated by using the sine function to be 87 nm, what is more 
than 100 times smaller than the light spot diameter at the focus 
point. The effect of an lateral shift on the measured distance in 
Z‐direction depends on the slope of the measured surface and 
can  be  estimated  using  trigonometry  to  be  < 5 nm  for  slope 
angles of up to 3°. 
 

Table 1. Calculated values of ΔzP in function of various tilt angles β and 
values zP. 

β [°] 
ΔzP [nm] 
(zP = 2 µm) 

ΔzP [nm] 
(zP = 20 µm) 

ΔzP [nm] 
(zP = 30 µm) 

1  0.3  3  4.6 

2  1.2  12.2  18.3 

3  2.7  27.4  41.2 

4  4.9  48.8  73.3 

5  7.6  76.4  114.6 

3. Measurement of X‐axis straightness 

Besides the squareness error between the X‐axis and spindle 
axis, X‐axis straightness deviations  in Z‐direction directly affect 
the measurement results of on‐machine probe‐scan systems. To 
compensate  these  deviations,  the  X‐axis  straightness  is 
determined utilizing the setup depicted in Figure 6. It cosists of 
an optical flat mounted directly to the Z‐axis slide to eliminate 
vibrations and  thermal displacements of  the  spindle axis. The 
use  of  an  optical  flat  having  a  peak‐to‐valley  flatness  error 
< 3 nm  over  a  diameter  of  30  mm  allows  to  measure  the 
straightness  deviations  in  function  of  the  probe’s  X‐position 
without  a  reversal measurement  by  performing  a  linear  scan 
along  the  flat’s  diameter.  For  that,  the  flat  is  aligned  nearly 
parallel to the X‐axis in order to keep the probe distances over 
30 mm of X‐travel within 3 µm. The residual non‐paralellism to 
the X‐axis is corrected afterwards by applying a linear regression. 
To determine  the probe’s position with  regard  to  the  spindle 
axis, the procedure presented in [4] is used.  
Figure 7 depicts  the deviations of  ten  repeated  linear  scans 

and  their  mean.  The  smallest  moveable  step  of  the  Z‐axis 
(10 nm) and temperature deviations are assumed to be the main 
reasons  for  the differences between  the  repetitions, which  lie 
within 20 nm. Besides these differences, the general behavior of 
the  repetitions  along  the measured  X‐distance  agrees,  what 
allows to represent the X‐axis straightness by their mean. 

 
Figure 6. Setup to measure the X‐axis straightness deviations. 

 
Figure  7.  X‐axis  straightness:  Deviations  in  Z‐direction.  Ten  repeated 
linear scans (coloured); arithmetic mean (black). 

4. Measurement accuracy estimation 

4.1 Methodology 
An experimental validation for the on‐machine measurement 

accuracy  turns  out  difficult  because  positioning  inaccuracies 
when mounting a reference artefact onto the C‐axis always add 
errors, what  is  also mentioned by  Li et  al.  [3]. An  alternative 
approach  is to machine a  flat target surface and to simulate a 
form error by generating a controlled relative displacement of 
the probe by a path programmed on the machine tool. As long 
as machining and measuring take place on the same side of the 
machine  tool’s  X‐axis,  the  approach  is  not  affected  by  a 
kinematic squareness error between the X‐axis and the spindle 
axis  (C‐axis).  Therefore,  the  approach  allows  to  prove  the 
accuracy of the measurement system consisting of the machine 
tool and the integrated probe system without being affected by 
the mispositioning of an artefact as well as to test various error 
forms  and  scanning  parameters.  However,  an  additional 
measurement uncertainty due to unknown probe offsets has to 
be  considered  since  the  present  approach  is  not  affected  by 
possible probe offsets. 
To take into account the form error of the flat as a result of the 

machining process, a radial scan is performed and the result is 
used to subsequently compensate the areal measurement data 
of the proposed approach. Figure 8 depicts the measured form 
error as function of the radius respectively the X‐position of the 
probe. The values are set to zero at the X‐position of zero and lie 
in the same range as the measured straightness deviations (see 
Figure 7). Although the machining process uses another area of 
the machine tool’s X‐axis, the measured form error is supposed 
to  be mainly  caused  by  the  X‐axis  straightness  deviations  in 
Z‐direction. 

 
Figure 8. Measured form error in Z‐direction of the machined flat that 
serves as measurement target. 

4.2 Results 
Figure 9 describes  the approach and shows  the  tested  form 

error function according to equation (3), in which x, y and z are 
the coordinates of the scanning trajectory programmed to the 
machine tool. The resulting differences between the distances 
measured by the probe and the Z‐axis positions recorded during 
the  measurement  give  an  estimation  of  the  system’s 
measurement accuracy. Figure 10 shows the differences without 
the  compensation  of  the  measured  X‐axis  straightness 
deviations in XY‐view and XZ‐view and Figure 11 the same with 
the  X‐axis  straightness  compensation  applied.  A 
two‐dimensional second order robust Gaussian regression filter 
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is applied along cylinder coordinates of the raw data. The data is 
recorded by a spiral trajectory with 30 µm spacing between the 
rotations and a C‐axis speed of 19 rpm. The X‐axis straightness 
compensation  improves  the error  in  the  center  area within  a 
diameter of 6 mm but also increases the overall error range by 
5 nm, what can be related to the uncertainty of the straightness 
measurement represented by the repetitions shown in Figure 7. 
Figure 12 additionally shows a sectional view at Y = 0 of Figure 
11 (a). Since this sectional view does not agree with the shape of 
the  target’s  form  error  (see  Figure  8)  and  mean  X‐axis 
straightness deviations (see Figure 7) and since these errors are 
already  compensated,  thermal  displacements  in  the  sensitive 
Z‐direction during the measurement, for example of the spindle 
rotor unit or the probe support, are supposed to be a possible 
reason  for  the  residual  measurement  error,  which  mainly 
depends on the radial coordinate of the measurement. 
 

  𝑧 𝑥, 𝑦 0.001 cos 𝑥
𝜋
8

cos 𝑦
𝜋
8
  (3) 

 

 
Figure 9. Accuracy estimation approach (a) and tested form error (b). 

 
Figure  10. Without  straightness  compensation:  Differences  between 
probe distances and recorded machine tool Z‐positions. XY‐view (a) and 
XZ‐view seen in direction of the positive Y‐axis (b). 

5. Summary 

The presented work gives an accuracy estimation  for optical 
on‐machine  surface  form  measurements.  For  a  freeform 
measurement over a diameter of 20 mm with  three machine 

tool  axes  simultaneously moving  a maximum  error  range  of 
around 45 nm is specified. The proposed method for the probe 
axis alignment helps  to estimate  the effect of a probe axis  tilt 
and determines the gain error of the probe system so that it can 
be  corrected  by  post‐processing  of  the  measurement  data. 
Using a high accurate optical flat allows to measure the X‐axis 
straightness  deviations  in  Z‐direction  without  a  reversal 
measurement.  The  effect  of  their  compensation  is  shown. 
Further investigations will cover dynamic and thermal influences 
as  well  as  influences  of  different  filtering  methods  and  the 
potential of closed‐loop freeform machining. 

 
Figure 11. With straightness compensation: Differences between probe 
distances  and  recorded  machine  tool  Z‐positions.  XY‐view  (a)  and 
XZ‐view seen in direction of the positive Y‐axis (b). 

 
Figure 12. With straightness compensation: Differences between probe 
distances and recorded machine tool Z‐positions; sectional view at Y = 0. 
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Abstract 
 
The measurement of complex freeform geometries represents a fundamental challenge for quality assurance in the production of 
high value-added parts, in particular when additive manufacturing technologies are involved. In addition, the increasing advances 
towards automation and integration in industrial production hint at the possibility of developing intelligent coordinate measuring 
systems, capable of autonomously planning a measurement process and assessing measurement performance while the inspection 
task is in progress. In this context, optical measurement technologies appear as ideal candidates, featuring high sampling densities, 
relatively short measurement times and capablity to access complex surfaces. In this work, the ongoing development of algorithmic 
solutions dedicated to the automated assessment of measurement quality is discussed. The solutions are designed to be embedded 
in smart and autonomous coordinate measuring systems, and need only the acquired point clouds and knowledge of the nominal 
geometry (CAD model) to operate. At the core of the algorithmic solutions, point cloud analysis and spatial statistics are used to 
assess measurement uncertainty and part coverage, the latter referring to the capability to sample hidden surfaces and hollow 
features, as typically found in additively manufactured parts. The algorithmic solutions are illustrated and validated through 
application to a test case of industrial relevance, generated via additive manufacturing. 
 
 
Optical measurement technologies, point cloud analysis, quality indicators, part coverage, measurement uncertainty 

 

1. Introduction 

In conventional manufacturing, the fabrication of highly 
complex and freeform components is often difficult, and 
geometric complexity is achieved through assembly [1,2]. 
Additive manufacturing (AM) technologies, on the contrary, 
offer opportunities for increased freedom in the design and 
fabrication of more complex parts, reducing the need for 
assembly, but increasing the challenge of metrological 
inspection [2–4]. The process of identifying optimal 
measurement set-ups must be repeated for the inspection of 
each new, geometrically complex, AM part, which implies the 
selection of the most suitable measurement technology and 
related measurement process parameters, maximisation of part 
coverage, optimisation of fixturing and optimal pose selection 
[5]. Given the pressing need in several industrial sectors 
(including automotive, aerospace and biomedical [6]) to adopt 
optimised solutions for checking product quality, and at the 
same time, reduce the manufacturing times and costs, novel 
means for the optimisation of the measuring process are 
needed. 

In this context, measurement systems can be defined as 
“smart” when capable of merging the advantages of the 
underlying measurement technologies with increased capability 
of self-adaptation and flexibility [7] to the inspection of 
manufactured components. In particular, flexibility is defined in 
the roadmap “Manufacturing Metrology 2020” (VDI/VDE-GMA 
[8,9]) as the “adaptation to changes in measurement tasks”, i.e. 
being able to respond flexibly to changes in measurement 
requirements, and being able to inspect different features and 

new components in a fully-automated way. At the same time, 
the assessment of measurement performance accomplished in 
real-time is in high demand [10]. Therefore, based on the 
resultant feedback and outputs from the measuring procedure, 
smart systems will be able to assess quality in-process (i.e. while 
the measurement is being performed), correcting themselves 
and streamlining the additional measurements required in order 
to increase the quality of the results [5,10]. 

The work presented in this paper focuses on the preliminary 
development of a set of algorithmic solutions for the automated 
computation of measurement quality indicators. These solutions 
are designed to be integrated into optical instruments, guiding 
them towards future full automation of part inspection and 
intelligent measurement planning. 

2. Methodology 

In this work, measurement quality indicators are defined, 
aiming at assessing the quality of high-density point clouds 
produced by optical technologies and registered to the 
underlying CAD model available in form of triangle mesh [11]. As 
a central aspect in the computation of the quality indicators, 
measured points are analysed in relation to where they fall 
within the triangle mesh (i.e. within which individual triangle 
facet). Therefore, a cloud-to-mesh association strategy is 
implemented at the core of the algorithmic solutions. In 
addition, the use of a triangle mesh allows definition of spatial 
maps of local measurement requirements (for example, 
coverage specifications and repeatability of critical areas) 
through triangle tagging (see schematic triangle tagging example 
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in Figure 1). This in turn allows the evaluation of local 
measurement performance of the point cloud. 

 

 
 
Figure 1. Schematic representation of triangle tagging: a triangle mesh 
with overlaid colour maps. a) Point-to-triangle associations (points 
associated to each specific triangle are illustrated with different colours), 
and b) coverage specifications (covered triangles are indicated in green, 
while uncovered ones are indicated in red) 

 
2.1. Selected test case and experimental set-up 

In this work, a metal bracket featuring a complex hollow 
geometry is selected as a test case for computation of the 
measurement quality indicators. The test case features 
approximate dimensions of (125 × 45 × 8) mm (size of the 
enclosing envelope). It was fabricated at the University of 
Nottingham by laser powder bed fusion (LPBF) using stainless 
steel 316L. The test case was selected as suitable to assess the 
performance of the measurement quality indicators as it 
presents regions of surface with different functional 
importance; furthermore, the part contains some of the typical, 
complex features found in AM components (e.g. high slope 
angles and hollow features). 

The experimental set-up for the measurement of the test case 
part was based on the combination of a commercial 
measurement fringe projection system (blue-light technology 
GOM ATOS Core 300) and algorithms developed in MATLAB 
(measurement set-up and test sample shown in Figure 2).  

Measurements were made in the Manufacturing Metrology 
Team (MMT) laboratory at the University of Nottingham, where 
temperature was controlled to (20 ± 0.5) °C. The part was placed 
on a rotary table and scanned at 360° for a total of five repeats 
(performed in repeatability and reproducibility conditions). The 
acquired data were stitched in real-time into five complete 3D 
point clouds using the GOM Scan software, with the support of 
reference point markers of 0.4 mm adhered to the surfaces of 
the part. 

 

 
 

Figure 2. The optical fringe projection measurement system GOM Atos 
Core 300 while measuring the selected test part 

 
Data processing for the measured datasets involved manual 

removal of points belonging to the background surfaces 
surrounding the part, application of a noise filter based on 
outlier detection and deletion of isolated points [11,12]. 

 

2.2. Registration and cloud-to-mesh association   
The registration of the measured point clouds to the 

underlying reference geometry representing the part (available 
in the form of a STL triangle mesh) is a fundamental step in the 
measurement pipeline. Registration was performed based on 
landmark matching (i.e. local curvature). A detailed discussion of 
the registration approach adopted is given elsewhere [13]. 

Once the registration of the datasets was completed, a cloud-
to-mesh association pipeline was applied to identify the triangle 
facets associated with each point within each measurement 
repeat (point-to-triangle association). The procedure is as 
follows: 

• computation of the normal vector for each point in the cloud,  
via principal component analysis (PCA) [14]; 

• ray casting of the normal onto the triangle mesh to identify the 
intersection point, and thus the triangle facet associated to the 
point [15]; 

• assessment of the validity of the association based on point-
to-triangle distance [12], using either: 
a) a hardcoded threshold on maximum permissible distance; 
b) outlier rejection (𝜇 ± 3𝜎) with respect to the population 

of distances. 
A colour map representation of the associations can be used 

to visually assess the point-to-triangle association (Figure 3). 
 

 
 

Figure 3. Example rendering of point-to-triangle association. Points 
mapped to each specific triangle are shown in different colour 

3. Measurement quality indicators: definitions and results      

Once all the points have been processed (i.e. associated with 
a triangle), the number of points paired to each triangle can be 
computed, which in turn leads to a first assessment of coverage. 
In addition, the point-to-triangle distance related to each 
individual association (signed, considering the orientation of the 
triangle facet normal and assumed as pointing outwards) can be 
recorded. From the stored information, measurement quality 
indicators are derived addressing e.g., sampling density (number 
of points associated to each triangle), accessibility of hidden 
regions (triangles with no or too few points), local point scatter 
and bias with respect to the surface (signed distances of the 
points associated to each triangle). Detailed definitions of the 
indicators and computation methods are presented elsewhere 
[16]. 

Example results of the computation of measurement quality 
indicators on the test part are shown in Figure 4 (colour maps of 
coverage ratio, sampling density, and point dispersion in panels 
a), b) and c) respectively) as locally mapped to the underlying, 
registered geometry. Mesh triangles were colour-coded 
according to the indicator results. The threshold value for the 
classification of covered and uncovered facets for each triangle 
was set at 75% of the maximum computed sampling density.  In 
order to obtain a visually clearer distribution of the results 
shown via colour map, the values recorded for the sampling 
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densities and point dispersion were normalised by division with 
their respective maximum value recorded across the repeats. 
Boxplots for the coverage ratio and the coverage area ratio 
indicators are shown in Figure 5. From the five repeated 
measurements, approximately 92% of the triangles resulted as 
sufficiently covered (coverage ratio) and approximately 86.5% of 
the part area resulted as sufficiently covered (coverage area 
ratio). 

 

 
 
Figure 4. Example of indicators results in form of customised colour 
maps: a) coverage ratio reporting covered and uncovered triangles 
rendered using binary colouring, b) sampling density overlaid to triangle 
mesh (shown in normalised form), c) mesh triangles coloured using the 
dispersion of signed point-to-surface distances (shown in normalised 
form) 

 

 
 
Figure 5. Indicators of part coverage (boxplots from five measurement 
repeats): coverage ratio, and coverage area ratio. The circles are the 
individual results for the indicator computed on each one of the five 
point cloud repeats, the black circle is the median 

An example of the probability distribution of dispersion of 
signed distances is shown in Figure 6 (i.e. first measurement 
repeat indicated as 𝑠1). The statistics computed from the 
probability distributions for the measurement repeats are 
reported in Table 1 (probability distributions indicated as 𝑠1, 
𝑠2, 𝑠3, 𝑠4 and 𝑠5 respectively). 
 

 
 
Figure 6. Example binned histogram of dispersion of signed point-to-
surface distance values for the first measurement repeat (see the 
statistics reported in Table 1 indicated in column 𝑠1). Dispersion is 
expressed in millimetres; normalised frequency (vertical axes) is the 
number of occurrences of the values in a bin, divided by the total 
number of occurrences 
 
Table 1 Statistics of the distribution of dispersion of signed distances 

 

 𝒔𝟏  𝒔𝟐  𝒔𝟑  𝒔𝟒  𝒔𝟓  unit 

mean 0.06 0.06 0.06 0.06 0.06 mm 

st.dev 0.09 0.09 0.08 0.09 0.09 mm 

range 
0.00 - 
0.95 

0.00 - 
0.93 

0.00 - 
0.90 

0.00 - 
0.98 

0.00 - 
0.96 

mm 

4. Conclusions and future work  

The ability to capture hidden surfaces of the part geometry, 
maximise measurement coverage and produce high-density 
point clouds represent increasingly challenging requirements 
that must be fulfilled by measuring instruments, in particular 
when called on to inspect complex geometries, such as those 
produced by AM. The proposed work focuses on the preliminary 
development of sets of algorithmic solutions to automatically 
compute measurement quality indicators, designed to be 
embedded in future, smart optical measurement systems for the 
full automation of part inspection and intelligent measurement 
planning. The performance indicators, fed into the measuring 
pipeline, help optimising the measuring process investigating 
the relationships between the acquired point cloud and the 
reference geometry, automatically assessing coverage, sampling 
density and local dispersion of the measured points in relation 
to the individual surfaces of the measured part. The obtainable  
information can also support investigation on the performance 
and behaviour of optical measurement technologies, providing 
the foundation to further research towards the development of 
more advanced optical measuring instruments. The indicators 
represent novel quality assessment tools to guide instruments 
towards self-assessment of their own performance in-process 
(i.e., while measuring), via adaptive optimisation and 
measurement re-planning. More specifically, thanks to feedback 
mechanisms instruments will be capable of planning the most 
suitable corrective actions, when quality issues are detected in 
the measurement result (for instance, insufficient degree of 
coverage, unacceptable measurement error). 

In addition to the quality indicators, we have recently 
published a method for the evaluation of measurement 
uncertainty [17], offering a novel solution for the optimisation 
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of the measurement process based on point cloud statistical 
model. We hope to present this work at future euspen events. 
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Abstract 
Metal  additive  manufacturing  (AM)  technologies  can  produce  complex  lattice  structures  with  advantageous  strength-to-weight 
properties, for which there is increasing interest by important industrial sectors  such as aerospace, automotive and biomedical. 
However,  the  geometrical  and  dimensional  quality  of  AM  lattice  structures  needs  to  be  assessed  by  adequate  measurement 
techniques. Differently from conventional contact and optical coordinate metrology, X-ray computed tomography (CT) enables non- 
destructive  measurements  of  both  external  and  difficult-to-access  features.  To  establish  the  metrological  traceability  of  CT 
dimensional  measurements  needed  to  effectively  improve  the  AM  process,  the  task-specific  measurement  uncertainty  must  be 
determined. This paper investigates the possibility of using the “multiple measurements approach” for the uncertainty determination 
of CT dimensional measurements performed on Ti6Al4V lattice structures fabricated by laser powder bed fusion. The main advantage 
of this approach is that it is not limited by the unavailability of low-uncertainty calibration measurements, which is a common issue 
for very complex workpieces such as the lattice structures investigated in this work. 
 
X-ray computed tomography, additive manufacturing, lattice structures, dimensional metrology, uncertainty   

  

1. Introduction   

Laser powder bed fusion (LPBF) is an additive manufacturing 
(AM) technology that can be used to produce complex metallic 
components with unique and controlled lattice architectures 
and advantageous strength-to-weight properties, for which 
there is increasing interest by important industrial sectors as 
aerospace, automotive and biomedical [1]. However, the 
geometrical and dimensional quality of LPBF lattice structures – 
which is often too poor to meet the specification and to 
guarantee the desired structural properties [2] – need to be 
assessed by adequate measurement techniques. 

X-ray computed tomography (CT) is an advanced three-
dimensional (3D) measurement technique increasingly used for 
the quality control of AM products [3]. The main advantage with 
respect to conventional tactile and optical measurement 
techniques is related to the capability of metrological CT systems 
of performing non-destructive measurements of external as well 
as internal geometries and features [3]. The traceability 
establishment of CT dimensional measurements needed to 
effectively improve the AM process requires the determination 
of the task-specific measurement uncertainty [4]. However, the 
quantification of uncertainty of CT dimensional measurements 
is a very complex task due to several error sources difficult to be 
identified and quantified, and to the lack of internationally 
standardized procedures [5]. A commonly adopted method is 
the “substitution approach” (described in VDI/VDE 2630-2.1 [6]), 
which bases the uncertainty determination on the measurement 
of calibrated reference objects similar to the actual workpieces 
in terms of material, dimensions and geometry. However, AM 
lattice structures are characterized by non-accessible 
geometries and significant form errors and surface roughness; 
therefore, calibrating a task-specific reference object would be 
particularly difficult or even unfeasible for inaccessible features. 

In order to overcome this limitation, the present work 
investigates an alternative route for the uncertainty 
determination of CT dimensional measurements performed on 
LPBF lattice structures: the extension of the “multiple 
measurements approach” [7] (see Section 3), which does not 
require the use of calibrated objects similar to the actual 
workpieces.  

2. Specimens and CT instrumentation      

Lattice structures with nominal strut size of 0.4 mm were 
manufactured by LPBF of Ti6Al4V alloy and measured using a 
metrological CT system (MCT225, Nikon Metrology, UK), setting 
the X-ray tube voltage at 180 kV, the current at 38 µA and the 
exposure time at 2000 ms. The achieved voxel size was equal 
to 9 μm. The measurements performed on the CT reconstructed 
volumes (Figure 1-left shows an example) were focused on the 
size of the actual features with cylindrical nominal geometry 
composing the lattice structure (see Figure 1-right) to be 
compared to the nominal size, as the discrepancies between as-
built and as-designed geometries can be critical for mechanical 
and fatigue properties [2]. 

3. Multiple measurements approach  

The multiple measurements approach, new for CT metrology, 
is an adaptation of the procedure that was previously proposed 
for determining the uncertainty of dimensional measurements 
conducted by tactile coordinate measurement machines 
(CMMs) [7] and is currently under refinement within the 
European project EUCoM (Evaluating Uncertainty in Coordinate 
Measurement; http://eucom-empir.eu/).  

The approach is based on the idea to stimulate and randomize 
the systematic errors (e.g. CT system geometrical errors and 
typical CT image artefacts) by repeated measurements on the 

281

http://www.euspen.eu/


  

 

workpiece of interest, in different orientations of the workpiece 
itself within the measurement volume, so that errors can be 
reduced by averaging the obtained results and the uncertainty 
can be determined based on the variance of results. Figure 2 
shows the five different orientations chosen to perform the 
repeated measurements selected in a way to randomise typical 
CT errors. Since repeated measurements alone do not account 
for all errors (e.g. scale errors), additional measurements are 
also performed using (simple) calibrated length and form 
standards to achieve traceability to the unit of length. Such 
calibrated standards are not required to be similar to the objects 
to be measured, as instead required when using the substitution 
approach. For example, in this work, the selected standard is 
composed by six 1-mm-spheres arranged on a carbon-fiber 
support, with calibrated diameters and center-to-center 
distances, to evaluate and correct for possible systematic errors, 
such as scale errors.  

In order to provide a metrological validation of the multiple 
measurements approach and to compare it with the substitution 
approach [6], the reference sample described in [8] was used. It 
was designed and produced to achieve an acceptable 
comparability with respect to LPBF Ti6Al4V lattice structures as 
those investigated in this work. In particular, a dismountable 
configuration was chosen, where the main body was 
characterized by six pins with size of 0.4 mm (comparable to the 
nominal size of cylindrical features of the investigated lattice 
structures), and the counterpart serves to measure the pins as 
non-accessible internal features by CT when the two bodies are 
assembled. Reference measurements of pins diameters were 
conducted on the main body (with the counterpart not 
assembled) using a tactile CMM Prismo Vast 7 (Zeiss, Germany; 
maximum permissible error MPE = (2.2+L/300) μm, L = length in 
mm). 

 
Figure 1. CT reconstructed volume of a Ti6Al4V LPBF lattice structure 
(left) and extraction of an internal element with cylindrical nominal 
geometry (right). 
 

 
Figure 2. Representation of the five orientations of the lattice structure 
within the X-ray detector field of view (blue square), with angles of 5°, 
15°, 90°, 185° and 195° between the detector vertical axis and the 
sample vertical axis.  

4. Results      

The uncertainty of CT measurements of the lattice struts size 
(nominally equal to 0.4 mm) was determined using both the 
multiple measurements approach and the substitution 
approach.  The multiple measurements approach led to an 
expanded uncertainty (95% of confidence interval) of 4.0 µm, 
while with the substitution approach the expanded uncertainty 
was 3.8 µm.   

In order to provide a metrological validation of the multiple 
measurements approach, it was also applied to the reference 
object as if it was the object under investigation. In this case, the 
expanded uncertainty was determined equal to 3.8 µm. The 

metrological compatibility between reference CMM 
measurements and CT measurements was demonstrated by 
computing the normalized error EN [9], which was below 1 for all 
the measured pins. 

5. Discussion and conclusions      

The multiple measurements approach, new for CT metrology, 
was investigated in this work as an alternative route to 
determine the uncertainty of dimensional measurements 
performed on LPBF Ti6Al4V lattice structures. The metrological 
compatibility between calibration measurements and CT 
measurements performed using the multiple measurements 
approach was demonstrated by applying the approach to the 
calibrated object similar to the investigated lattice structures, 
treated as if it was the specimen under investigation. 

In addition, the expanded uncertainty obtained with this 
approach was found to be very close to the uncertainty 
determined with the most common substitution approach. 
However, an important aspect to be considered is the fact that, 
according to [6], the substitution approach should take into 
account also the effect of surface texture and form errors, which 
are consistently different in the reference object’s pins and in 
the lattice struts. In principle, this is a limit of the substitution 
approach, as the obtained expanded uncertainties could be 
significantly overestimated when including such effect. 

Future investigations are planned to further improve the 
understanding of how the approach should be applied to ensure 
reliable uncertainty determination and correction of systematic 
errors, considering also other case studies. For example, 
investigations will be oriented to understand if the approach 
gives sufficient weight to the effect of surface texture and form 
errors and to address the difficulty related to the choice of 
multiple orientations, which are difficult to standardize because 
should vary depending on the object geometry and dimension. 
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Abstract 

X-ray computed tomography (XCT) is increasingly used in dimensional metrology. However, the accuracy enhancement of XCT-based 

measurements still represents a major challenge due to the large number of influence factors. This work focuses on the 

enhancements that are achievable by monitoring and correcting the system geometry, through the inspection of parameters 

describing the relative position and orientation between the hardware components. The work is part of a research project aiming at 

(i) achieving a complete understanding of the geometry-dependent effects on XCT measurement results and (ii) developing a fast 

and easy-to-implement procedure per the system geometry characterization and correction. At the scope, a simulation-based 

sensitivity analysis was designed to investigate the relationship between the deviation of geometrical parameters from the 

optimal/aligned configuration and the accuracy of dimensional measurements, with the aim of identifying the most critical 

parameters to be examined and corrected. The effect of each type of geometrical misalignment was tested separately. The study 

was carried out using a dedicated reference geometry, specifically designed for the purpose.  

 
X-ray computed tomography, dimensional metrology, geometrical misalignments, sensitivity analysis   

 

1. Introduction  

X-ray computed tomography (XCT) is an advanced non-

destructive measuring technique, which is increasingly used in 

manufacturing metrology [1]. However, the traceability 

establishment of CT dimensional measurements is still a 

challenging task because of a large number of influence factors, 

including the system geometry [2]. The most used configuration 

in industrial XCT systems is characterized by three main 

hardware components: (i) X-ray source emitting an X-ray cone 

beam, (ii) motion system equipped with a rotary stage and (iii) 

X-ray detector. In order to avoid artefacts in the reconstructed 

volume and to enhance the accuracy of XCT dimensional 

measurements, strict alignment conditions between these 

components must be respected [3]. It is therefore necessary to 

achieve a clear and complete understanding of the geometry-

dependent effects on XCT measurement results in order to 

develop fast and easy-to-implement procedures to characterize 

and correct the system geometry. 

2. Materials and methods      

A simulation routine was developed with the scope of 

investigating the relationship between the deviation of 

geometrical parameters from the aligned configuration and the 

accuracy of dimensional measurements, to identify the most 

critical parameters. A ball plate composed of 56 ruby spheres of 

1 mm diameter arranged on a carbon-fiber-reinforced polymeric 

plate was designed for the research project of which the present 

work is part [4]. In this work, 49 spheres placed in a regular 7×7 

grid and equally spaced by 5 mm were considered to investigate 

the effects of measuring direction, location and different test 

lengths in a single scan. The object was placed in the simulated 

CT system coordinate frame as seen in Figure 1, so that the 

central row and central column of spheres are projected 

respectively onto the central pixel row and column of the 

detector. In this way, the 2D area of the detector is covered 

homogeneously and can be investigated efficiently. XCT scans 

were at first simulated with the system ideally aligned, taking 

the measured spheres centre-to-centre (C2C) distances and 

form errors as reference. Subsequent simulations were done to 

investigate each type of geometrical misalignment, starting from 

the misalignment magnitudes already tested in literature [5] and 

then adding smaller misalignments to precisely identify the 

critical values.  

The simulations were performed using the software tool 

aRTist 2.0 (BAM, Germany). The 3D reconstruction was 

performed assuming the system aligned in all simulated cases, 

via the filtered backprojection algorithm implemented in the 

software CTPro 3D (Nikon Metrology, UK). The analysis and 

visualization software VGStudio MAX 3.2.3 (Volume Graphics 

GmbH, Germany) was used to determine the spheres surface by 

a local-adaptive algorithm, and to perform the measurements of 

interest (i.e. C2C distances and form errors). 

 

 
Figure 1. Schematic representation of the CT ball plate positioned in the 

system coordinate frame. The misalignments considered in the study are 

indicated with positive sign. 
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3. Results 

Out-of-plane rotations of the detector (ϑD, ϕD) and of the rotary 

stage axis (ϑR) were found to cause significant C2C measurement 

errors, even for small angle amplitudes (see Figure 2). In 

particular, the errors due to ϑD and ϑR show similar trends, which 

vary depending on the measured distance and angular 

misalignment. Moreover, such misalignments induce a localized 

scale error that was determined to be dependent on the 

measuring direction. The slant of the detector, ϕD, caused C2C 

measurement errors along the X direction and the diagonals, 

which increase with the measured length. Less relevant errors 

were instead found along the Y direction. 
 

 
Figure 2. C2C measurement errors obtained with varying angular 

misalignments of detector and rotary stage axis. 

 

The positional shifts of detector, rotary stage and source along 

the z-axis (ΔzD, ΔzR and ΔzS) cause C2C measurement errors that 

depend on the misalignment magnitude and increase with the 

measured distance. ΔzD resulted to be less critical with respect 

to ΔzR and ΔzS, as illustrated in the example in Figure 3.  
 

 
Figure 3. Example of C2C measurement errors calculated with a 

positional shift ∆z = 0.05 mm of detector, X-ray source and rotation axis 

for varying measured distances. 

 

Among the investigated misalignments, the slant of the detector 

(ϕD) and the tilt of the rotary stage axis (ϑR) were found to 

significantly influence the evaluation of the spheres form error. 

ϕD causes significant deviations of the measured spheres form 

for angles greater than 0.5° with respect to the reference values 

(see Figure 4). In this case, the spheres are erroneously 

reconstructed with a torus-like shape. Such deformation is more 

critical along the X direction than along the Y direction. The 

deformation induced by ϑR depends on the sphere position and 

on the angle amplitude, as illustrated in Figure 4. Deviations with 

respect to the reference form errors start to be significant from 

ϑR = 0.1° and for the spheres placed at the four corners of the 

ball plate. 

The shifts along the X- and the Y-direction (Δx and Δy) of all 

the XCT system components, as well as in-plane rotations of the 

detector (ηD) and rotary stage axis (ηR), resulted less critical, as 

no significant measurement errors were observed. 

 

 
Figure 4. Sphere form error evaluated on the spheres that lie into the 

diagonal (i.e. no. 1, 9, 17 and 25), varying the tilt of the rotary stage axis 

(dots) and the slant of the detector (squares).  

4. Discussion and conclusions 

This work presented the main results of a simulation-based 

sensitivity analysis of the effects of geometrical misalignments 

on XCT-based dimensional measurements, designed to identify 

the most critical parameters and develop a fast and easy-to-

implement method to assess and correct the system geometry. 

Simulations were focused on the measurement of spheres C2C 

distances and form errors of a ball plate in both cases of 

perfectly aligned XCT system and system where different types 

of geometrical misalignments were individually and purposely 

induced. The tilt of the detector and of the rotary stage axis, the 

slant of the detector and the shift along the Z-axis (i.e. 

magnification axis) of all the XCT hardware components resulted 

to cause significant C2C measurement errors, even for small 

misalignment values. In addition, the tilt of the detector and of 

the rotary stage axis were found to have a great impact on the 

evaluated spheres form. The effects of measuring direction, 

sphere location and tested length on the measurement results 

were also shown in this work. 

The study allowed achieving a complete simulation-based model 

of the effect of each geometrical misalignment on the accuracy 

of dimensional measurements and identifying the next steps for 

the research. The ongoing experimental validation of the 

simulation results is focused on the parameters determined to 

be critical in this study. Future work is also planned to investigate 

the effect of combined misalignments as well as the impact of 

the magnification and of other factors (e.g. finite dimension of 

the focal spot, detector pixel size and scan noise).  
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Abstract 
The  mechanical  properties  of  fiber-reinforced  polymers  (FRP)  depend  significantly  on  the  geometrical  characteristics  of  fibers, 
including orientation, length and volume fraction. The conventional methods used to analyze such characteristics often involve the 
use  of  destructive  and  time-consuming  techniques.  In  this  context,  X-ray  computed  tomography  (CT)  offers  the  advantage  of 
performing a complete and non-destructive analysis of fibers. This work focuses on the optimization of CT fiber measurements to 
predict the mechanical properties of FRP components accurately. In particular, the proposed optimization procedure includes the 
use of reference samples similar to actual industrial FRP components to assess and correct systematic errors and determine the 
uncertainty of CT fiber measurements. The ultimate tensile strength (UTS) of injection-molded glass-fiber-reinforced specimens was 
successfully predicted from the improved CT characterization with a deviation below 7% of the experimental UTS. 
 
X-ray computed tomography, fiber-reinforced polymers, injection molding, fiber measurement, mechanical properties   

  

1. Introduction 

Fiber-reinforced polymers (FRP) are composite materials that 
have been increasingly used for structural parts thanks to the 
attractive cost/performance ratio, low density, and ease of 
fabrication of complex shapes by using conventional molding 
processes, such as injection molding (IM) [1]. The combined 
effect of orientation, length and volume fraction of the residual 
fiber determines the final tensile properties of the IM FRP 
components [2]. Such fiber characteristics are typically 
evaluated by optical methods performed after sectioning the 
part or after pyrolysis of the polymer matrix, hence being 
destructive and particularly time-consuming [3,4]. In addition, 
tensile properties are usually assessed from load/displacement 
curves obtained by destructive tensile testing [5]. Micro X-ray 
computed tomography (CT) is an advanced measuring technique 
that can potentially overcome the limitations of conventional 
methods, enabling a complete and non-destructive 
characterization of FRP materials in a relatively short time [6]. 

This work focuses on improving the accuracy of CT fiber 
measurements, with the final aim to accurately predict the 
tensile properties of FRP components. In particular, an 
optimization procedure – based on the use of a reference 
sample similar to actual industrial FRP components – is proposed 
to assess and correct systematic errors and to determine the 
uncertainty of CT fiber measurements. An industrial case of IM 
glass-fiber-reinforced components was addressed to 
demonstrate that the CT fiber characterization, improved with 
the proposed procedure, can successfully predict the ultimate 
tensile strength (UTS) of the investigated components. 

2. FRP specimens and CT measurements      

The FRP samples investigated in this work are injection molded 
tensile specimens with 4 mm thickness, 10 mm gage section, and 
a total height of 154 mm. The used material is Celanese 

Celstran® PP-GF30-0403 P10-FS with 30% of fiber weight 
fraction and fiber diameter equal to 17 µm. The IM process was 
conducted using an 1100 kN hydraulic injection molding 
machine (HM110, Wittmann-Battenfeld, Austria) with a 35 mm 
diameter screw. 

A metrological micro-CT system (MCT225, Nikon Metrology, 
UK) was used to scan the specimens' central region. The 
obtained CT reconstructions were then used to analyze the fiber 
geometrical characteristics, including fiber orientation, fiber 
length, and fiber volume.  Three different voxel sizes were 
tested: 4, 6, and 9 µm. 

3. CT fiber geometrical characterization      

The optimization of fiber geometrical characterization was 
addressed using the approach defined in [7], which is based on 
the comparison of CT measurements with reference 
measurements [8]. For this purpose, task-specific reference FRP 
objects including glass fibers with calibrated length, volume, and 
orientation have been developed as proposed in [7]. In order to 
verify and correct the systematic measurement errors, such 
objects were scanned within the same scanning batch of actual 
FRP specimens and using the same scanning parameters. 
Particular attention was given to the comparison of results 
obtained with different voxel sizes. In principle, the voxel size 
should be minimized to improve the CT scanning resolution. 
However, larger voxel sizes enable the possibility of scanning 
larger objects or gathering data on larger regions of the scanned 
objects, leading to more representative characterizations. 

 
3.1. Fiber orientation 

Fiber orientation analyses conducted with the software 
VGStudio MAX 3.2 (Volume Graphics GmbH, Germany) showed 
that, independently from the voxel size, the CT measured angles 
are very close to the reference angles of the calibrated objects. 
Figure 1a illustrates the comparison on 5 fibers taken as 
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examples, with angles from 18 to 85 degrees. Maximum 
percentage deviations were determined to be equal to 3.6% for 
a voxel size of 4 µm, 4.9% for a voxel size of 6 µm and 5.6% for a 
voxel size of 9 µm. Besides, Figure 1b shows that the diagrams 
of the orientation tensor computed with the three different 
voxel sizes of 4, 6, and 9 µm are almost superimposed.  

 
Figure 1. Fiber orientation angles measured by CT and compared with 
reference values (a); orientation tensor obtained with three different 
voxel sizes (b). 
 
3.2. Fiber length 

The measurement of fiber length was performed using the 
software open_iA (https://github.com/3dct/open_iA). The 
average registered deviations with respect to the reference 
lengths were equal to about 20 µm for all the investigated voxel 
sizes, while the maximum deviations were equal to 37 µm for 
voxel sizes of 4 and 6 µm, and 62 µm for a voxel size of 9 µm. 
The maximum percentage deviation is, in general, below 12% for 
all the measured fiber lengths.  
 
3.3. Fiber volume 

The effect of the voxel size on the CT fiber volume 
measurements was addressed by both simulations and actual 
experiments using the reference objects introduced in Section 3.  

Simulations were done on fibers with a diameter equal to 18 
µm and with different voxel sizes from 1 to 12 µm (see examples 
in Figure 2). The diagram in Figure 3a shows that the 
measurement error increases with the voxel size, following a 
non-linear relationship. Experimental results reported in Figure 
3a show that in the case of voxel size of 4 µm and 6 µm the 
percentage errors correspond well with those obtained from 
simulations, but becomes larger for larger voxel size, probably 
due to the loss of contrast in actual CT reconstructions when the 
voxel size becomes too large with respect to the fiber diameter. 
The experimental percentage errors were used to correct the 
measurement of the fiber volume fraction (FVF), as it was done 
in the case reported in Figure 3b for a voxel size of 9 µm. It can 
be observed that the uncorrected value is significantly 
overestimated with respect to the nominal FVF. 

 
Figure 2. Zoomed view of a simulated fiber with a diameter of 18 µm and 
voxel size equal to 4 µm (a), 6 µm (a), and 9 µm (a). The red line 
represents the determined fiber surface. 

4. Prediction of ultimate tensile strength       

At failure, the ultimate tensile testing of FRP specimens can be 
predicted from the model proposed by Kelly and Tyson [9], 
which depends on the fiber orientation with respect to the 
loading direction, fiber length, and fiber volume fraction. The CT 
fiber characterization results – whose accuracy has been 
improved based on the comparison with reference fiber 
measurements as explained in Section 3 – were used to feed the 
Kelly-Tyson model [9]. The predicted UTS was then compared 
with the experimental UTS obtained from tensile testing. Figure 

4 shows how the correction of systematic errors (bias) of CT 
measurements (performed with a voxel size of 9 µm) improved 
the UTS prediction: the deviation with respect to the 
experimental UTS decreased from 23 MPa to 6.6 MPa.   

 
Figure 3. CT fiber volume measurement errors obtained from 
simulations and actual scans (a); comparison of nominal FVF with 
uncorrected and corrected FVF assessed with CT (voxel size = 9 µm). 

 
Figure 4. UTS obtained from tensile testing (the error bar represents the 
standard deviation of five tests) compared to the CT predicted UTS, in 
case of uncorrected and corrected bias. 

5. Conclusions      

This work was focused on optimizing CT fiber characterization 
to accurately predict the mechanical properties of FRP 
components. The proposed optimization procedure includes the 
use of reference objects, similar to actual industrial FRP 
components and used to assess and correct systematic 
measurement errors. An industrial case of IM glass-fiber-
reinforced tensile specimens was addressed. The effect of 
different voxel sizes was also analyzed, showing that even with 
the larger voxel size of 9 µm (i.e. half the fibers diameter), the 
CT fiber characterization improved with the proposed procedure 
can be successfully used to predict the UTS of the investigated 
components, with achieved deviation below 7% with respect to 
the experimental UTS. 

Future works are planned to extend the approach on other 
case studies and to determine the uncertainty of CT 
measurements as well as the uncertainty of CT predictions of 
mechanical properties. 
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Abstract 
 
X-ray computed tomography (XCT) has been shown to be capable of capturing surface topography information comparable to that 
acquired using established surface measurement systems. However, calibration of XCT for surface measurement has not yet been 
achieved. The factors that influence XCT measurement are numerous, and the ways in which these factors affect measurements are 
not always clear. However, the problem of understanding complex, numerous influence factors exists for other measurement 
technologies as well, with factors being difficult or impossible to quantify in many cases, often because they cannot be measured in 
isolation from other influence factors. In measurement of areal surface topography, a calibration framework based on understanding 
the metrological characteristics (MCs) of an instrument has been developed to address the uncertainty problem; recently attaining 
international acceptance with the publication of ISO 25178-600. This framework was developed to allow calibration without 
characterising all the influence factors individually. Instead of examining all possible factors within a measurement system, the 
framework examines a few standardised characteristics of the system (i.e. MCs), as an approximate means to understanding 
measurement uncertainty. While some individual influence factors are inevitably double-counted (in that some factors contribute to 
more than one MC), the MC framework can be used to provide calibration for complex systems, with the caveat that double counting 
leads to slight increases in the determined measurement uncertainties. In this work, we apply the ISO 25178-600 MC framework to 
an XCT measurement system, demonstrating a method of calibrating such a system for surface measurement. We present a material 
measure to be used for this purpose. Given the novelty of applying the MC framework to XCT measurement and the associated 
complexities, we also provide an assessment of the MC framework with respect to its suitability for calibrating XCT systems. 
 
 
Metrology, surface topography, metrological characteristics, X-ray computed tomography 

 

1. Introduction 

X-ray computed tomography (XCT) has become recognised as 
a viable method of surface topography measurement [1–3]. XCT 
offers notable advantages over other technologies when 
measuring internal or hard-to-reach surfaces [3,4]. However, 
XCT measurements are limited by difficulties relating to 
uncertainty evaluation, most notably because of a relatively 
poor understanding of many of XCT’s plethora of measurement 
influence quantities [5]. 

The metrological characteristics (MCs) framework for surface 
topography measurements, described in ISO 25178-600 [6], 
allows for an uncertainty evaluation for a measurement without 
characterising each influence quantity. Instead, a small number 
of standardised MCs, related to both the system and the surface 
being measured, are evaluated. The MCs published in ISO 
25178-600 are presented in Table 1.  

The MC framework has already been applied to various 
measurement techniques, such as contact stylus instruments 
and coherence scanning interferometers (CSI) [7,8]. However, 
the ISO 25178-600 MC framework has not yet been applied to 
XCT measurements.  

In this work, the ISO 25178-600 MCs approach is applied to 
XCT surface measurements and an assessment of the MC 
framework with respect to XCT systems is provided.  
 
Additionally, a measurement artefact to be used for this purpose 
is presented. The applied methodology is explained in section 2, 
while some preliminary results can be found in section 3. The 
conclusions of the progress to date are given in section 4. 

 
Table 1 Metrological charateristics for surface measurements. 

Metrological characteristic Symbol Error along 

Amplification coefficient αx αy αz x,y,z 

Linearity deviation lx ly lz x,y,z 

Flatness deviation ZFLT z 

Measurement noise NM z 

Topographic spatial resolution WR z 

x-y mapping deviations 
Δx(x,y) 
Δx(x,y) 

x,y 

Topography fidelity  TFi x,y,z 
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2. Methodology      

The procedure to be followed for calculating the MCs for other 
surface topography measuring systems can be found elsewhere 
[9]. That procedure requires the use of areal material measures, 
such as cross gratings (type ACG), star shaped groves (type ASG), 
flats (type AFL) and steps of different depths (PGR type). For 
optical surface topography measuring instruments, artefacts 
that can map the metrological characteristics in different scales  

 
 
 
have been proposed [10,11]. Due to the large size differences 
between the three dimensions of these material measures (and 
associated high aspect ratios), they are not  well suited to XCT 
measurement [12]. Thus, a new artefact comprising a hexagonal 
carbon fibre pillar to which all the required material measures 
are adhered, has been designed and manufactured to meet the 
ideal criteria for being measured by an XCT system. The artefact 

 
Figure 1 (a) areal material measures adhered to the pillar artefact: flat, steps of different heights, type ASG material measures, type ACG material 
measures and random surfaces; (b) carbon fibre pillar with the areal material measures and ruby spheres adhered to it. 

 

 

 
Figure 2 (a) Measurements by Zygo NexView NX2 coherence scanning interferometer (replicated surfaces, levelled only, example measurements); 
(b) Measurements by Zygo NexView NX2 coherence scanning interferometer (original surfaces, levelled only, example measurements); Preliminary 
measurements by Nikon MCT225 XCT (replicated surfaces, levelled only, example measurements); and (d) XCT measurement of the 1 mm diameter 

type ASG replicated material measure; (right) Subtraction of the two profiles marked on image (left), from which the WR is derived. 
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also contains a sphere-to-sphere distance material measure, for 
in-situ calibration of XCT voxel size (see Figure 1).  

The topographic spatial resolution (WR) and the amplification 
coefficient and linearity deviation in x and y axes (αx, αy, lx, ly) 
were studied using the type ASG and the type ACG material 
measures.  

Both surfaces were measured using a Nikon MCT 225 at a 
geometric magnification of 30× (voxel size of 6.6 μm), using the 
following measurement setup: voltage 70 kV, current 96 μA, 
3142 projections and exposure 4000 ms. A 0.1 mm copper pre-
filter was used; a shading correction was applied and a warmup 
scan of approximately one hour was performed prior to the 
scan. Due to delays in instrument maintenance caused by 
COVID-19, measurements were acquired using the XCT system 
outside of its measurement specification and, as such, quantities 
quoted in this paper are preliminary, as calculated voxel sizes are 
not reliable. In the coming months, we intend to repeat all 
measurements following a full system adjustment and 
calibration. Volumetric reconstruction was performed using CT-
Pro and surfaces were determined in VGStudioMAX 3.0 using 
the iterative local maximum gradient algorithm with the ISO-50 
isosurface as the start point. Triangulated meshes of each 
surface were exported as STL files using the same software. The 
STL files were imported into MountainsMap where they were 
converted to areal digital elevation models at a lateral resolution 
of 2.2 μm. The type ACG and type ASG material measures were 
also measured using a ZYGO NexView NX2 CSI in the following 
setup: 5.5× objective lens at 1× zoom (numerical aperture 0.15, 
field of view 1.56 mm × 1.56 mm, optical lateral resolution 
[Sparrow limit] 1.90 μm). 

The WR MC is calculated from measurements of the type ASG 
material measure by subtracting two profiles: one extracted 
through the centre of two diametrically opposed upper petals, 
and one running through the centre of two diametrically 
opposed lower petals. The αx, αy, lx and ly MCs can be derived 
from measurements of the type ACG material measure by 
comparison of the measured values of distances between the 
centre of gravity of the holes in the type ACG material measure 
and its reference values (derived from the CSI measurements). 

3. Preliminary results      

The WR of the XCT system for the specific setup detailed in 
section 2 was calculated using three type ASG material 
measures, with diameters 1 mm, 800 μm and 600 μm. The mean 
of WR, calculated using the WR of each type ASG material 
measure, is 3.3 μm. Figure 2 shows the 1 mm type ASG material 
measure and the subtracted profile from which the WR was 
derived. A low-pass Gaussian convolution filter with a cut-off 
frequency of 80 μm was applied to the profile to reduce noise 
(the filter was not used in the calculation of WR). CSI 
measurements of the type ASG material measures confirmed 
that the material measure was capable of assessing the XCT’s 
resolution (i.e. the resolution of the manufacturing process used 
to create the material measure is significantly better than the 
resolution of the XCT system). 

The reference distances between the centres of gravity of the 
holes of the type ACG material measures were measured by 
averaging the distances of five consecutive CSI measurements of 
the type ACG material measures. A 7 × 7 grid of holes was 
extracted from a type ACG material measure of 100 μm pitch 
(distances between 100 μm and 600 μm) from the CSI and the 
XCT measurements. The comparison of the measured values and 
the reference values results in the following values of the MCs: 
αx = 0.99, αy = 1.00, lx = 5.6 μm and ly = 3.7 μm. Here, it should be 
again noted that these results are made using the XCT system 
outside of its measurement specification and that, although the 

methodology of the study will be the same, the final numerical 
results may differ from those presented in this initial set of 
results. The results presented in this section are sumarised in 
Table 2.  

 
Table 2 Results of topographic spatial resolution and amplification 
coefficient and linearity of x and y axis for the specified settings. 

WR (μm) αx αy lx (μm) ly (μm) 

3.3 0.99 1 5.6 3.7 

4. Conclusions      

In this work, we aim to demonstrate the MC approach for 
calibration of XCT surface measurements. To achieve this goal, 
each MC of the XCT must be evaluated. Thus far, we have 
evaluated the topographic spatial resolution and the 
amplification coefficient and linearity deviation of the x and y 
axes. Although the measured quantities are preliminary, the 
methodology presented here represents a framework for 
making such a calibration and shows that the MC concept can be 
applied to XCT surface topography measurement. Future work 
will be focused on calculating the remaining MCs, applying this 
approach to specific XCT surface measurements and including 
measurement uncertainty with the MC values. 
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Abstract 
 
The new reconfigurable ball-bar standard with spherical nests is presented in this paper. The magnetic field generated by a 
neodymium magnet installed at the bottom of each spherical nest provides a solid and reproducible mounting of the test ball. Thanks 
to this design, it is possible to easily replace the test balls, depending on the users’ needs. This paper describes also the calibration 
procedure of the developed standard. Calibration results are compared to results of calibration of a typical ball-bar standard with 
ceramic balls permanently attached to a carbon fiber bar. Results of this comparison show that there is no significant uncertainty 
increase caused by usage of spherical nests with a neodymium magnet instead of typical mounting of the balls on the bar. The second 
stage of experiments included a test of reproducibility of lengths represented by the newly developed standard. In the last 
experimental phase accuracy of a chosen articulated arm coordinate measuring machine was checked utilizing methodology based 
on ISO 10360-12 with use of presented standard and a typical ball-bar standard. Results obtained using both standards are statistically 
consistent. The most important conclusion coming out of performed experiments is that the new reconfigurable ball-bar standard 
with spherical nests can be used (giving metrologically correct results) for the accuracy verification of portable metrology systems 
like articulated arm coordinate measuring machines or laser tracker systems. 
 
verification, ball-bar, accuracy, AACMM, Laser Tracker   

 

1. Introduction   

Industry 4.0 places special emphasis on increasing the 
efficiency of the production process. It can be done by 
integrating individual stages of the process, but also by 
increasing the efficiency of each stage separately. This trend is 
clearly visible in the coordinate metrology especially in terms of 
shortening the time needed for inspection as well as a cost 
reduction of whole quality control process. The issue that is 
directly connected with this subject is a traceabilty assurance 
which is obtained mainly by calibration of measuring 
instruments. In case of a coordinate measuring system most 
often calibration is done using material standards, which 
reproduce reference values. A large number of different 
solutions can be found in the literature [1,2] for determination 
of the length measurement error for coordinate measuring 
systems. The reference value can be determined by measuring 
various geometric elements depending on the type of artifact, 
the most common shapes include: planes, spheres, cylinders or 
cones. A solution often found in the calibration practice is the 
ball-bar standard in which the reference lengths are represented 
by distances between centers of the spheres fixed on the frame 
made of material characterized by low coefficient of linear 
thermal expansion. In a typical ball-bar standard, the balls are 
mounted rigidly, and their positions are determined in the 
calibration process of the standard which is repeated cyclically 
throughout its lifetime. The limitations of such solution include 
the inability to change the position of the spheres and their size. 
Therefore, the new concept of reconfigurable ball-bar standard 
was developed which would allow to minimize mentioned 
drawbacks. The following sections describe the artifact 

construction, discuss the calibration process, and compare the 
results obtained during calibration of the selected coordinate 
system using the developed standard as well as the typical ball-
bar standard. 

2. Methodology and results 

The standard for determining the length measurement errors 
with spherical nests (schematically presented in Fig. 1) consists 
of a carbon tube on which ball nests are placed, in the number 
selected by the user. According to information provided by a 
carbon tube manufacturer, main properties of the material are: 
Young’s modulus - 93 GPa, density - 1,58 g/cm3, CTE – 1,7*10-6 
K-1, maximum operating temperature – 120 °C. Each nest consist 
of a base with three balls constituting support for a reference 
ball and a clamp which is used to set the position of the nest on 
the tube.  

 

 
 
Figure 1. Reconfigurable ball-bar standard with ball nests 
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Additionally, in the lower part of the base of each nest, a 
neodymium magnet is mounted in a cylindrical hole. It pulls on 
the reference ball, thereby causing it to contact at one point with 
each of the three supporting balls. In such a  manner the ball has 
enough stability to be utilized as a reference element used to 
reproduce the reference length value. It should be noted that 
only balls made of ferromagnetic material may be used.  

In order to use the standard with ball nests to determine 
length measurement errors, the lengths represented by the 
standard should be calibrated, the distances between the 
centers of individual balls must be determined. Calibration was 
carried out with a coordinate measuring machine characterized 
by a reference accuracy that is a part of the equipment of the 
Laboratory of Coordinate Metrology. It was perfromed in 
accordance with the assumptions of the calibrated workpiece 
method presented in [3].  

A 1000 mm long ball-bar standard was used as the reference 
object. The calibration procedure was repeated three times in 
the assumed time intervals to check whether there is a drift of 
the distances reproduced by the reconfigurable ball-bar. The 
reproducibility of the calibrated length measurements was 
assessed using standard deviation. It was determined for each 
calibrated length on the basis of measurement results from 
three repeated calibrations (at different periods). On the basis 
of obtained results, it can be stated that the tested lengths are 
highly reproducible. The mean of obtained standard deviations 
was 0.0004 mm. After the calibration procedure, the uncertainty 
of determination of each tested distance was estimated. It 
allows comparision of the uncertainties obtained for the 
reconfigurable ball-bar as well as for the ball-bar with 
permanently attached balls. The maximum measurement 
uncertainty value obtained for both ball-bars equalled 0.0019 
mm.  

The last phase of the experiment involved calibration of the 
selected portable coordinate measuring system using a newly 
developed artifact and a typical ball-bar. In such a way, it is 
possible to compare the accuracy equations obtained from both 
procedures, and thus to assess the possibility to use a newly 
developed standard for checking accuracy of coordinate 
measuring systems.  

The tested system is the six-axis Romer Articulated Arm 
Coordinate Measuring Machine (AACMM), with a maximum 
range of about 1.2 m. The arm is equipped with a probing system 
that enables the tactlie measurements with ruby ball of 5 mm. 
In both calibration procedures, the measurements were made in 
accordance with the guidelines of ISO 10360-12 [4]. According 
to the guidelines the five selected lengths reproduced by the 
ball-bar should be measured in 7 positions located in the 
measuring volume of the system (Fig. 2).  

 

 
 

Figure 2. Calibrated AACMM with reconfigurable ball-bar in chosen 
position during calibration procedure 

 

The accuracy of AACMM determined using the reconfigurable 
ball-bar as well as the ball-bar with fixed balls can be described 
by the same equation (1): 

 
 EBi, MPE = 20 + 45 * L/1000 µm  (1) 

 
where: L – measured length given in mm.  
The calibration results for one of the selected ball-bars 

position are presented in the figure below (Fig. 3). 
 

 
 

Figure 3. Calibration results for one chosen position according to [4]. The 
results for the ball-bar with fixed balls are showed using red markers 
while for reconfigurable ball-bar using blue markers. Grey lines indicate 

EBi, MPE 
 

When both calibration procedures were finished, statistical 
consistency of results was checked in accordance with the 
method described in [5]. The results obtained for both ball-bars 
were found to be consistent. 

3. Conclusion      

Based on the results of conducted experiments, it can be 
concluded that the newly proposed reconfigurable standard can 
be used for checking the accuracy of coordinate measuring 
systems. Comparison of results of the AACMM calibration 
carried out with the use of the reconfigurable standard did not 
show significant differences from the results obtained with the 
usage of typical ball-bar. As a result of the research, a negligible 
drift of the lengths represented by the standard was also found. 
The advantage of the reconfigurable ball-bar over the typical 
ones is the possibility of personalized selection of the lengths 
represented by the artifact and a low production cost. An 
additional advantage of the reconfigurable standard is the 
possibility of using different sizes of spheres, which may be of 
significant importance during calibration of optical systems or 
laser trackers. However, the full analysis of the influence of 
sphere size on the metrological properties of the newly 
developed ball-bar is a subject for further research.  
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Abstract 
Wear is connected to friction and hence affects energy efficiency and the environmental footprint of the process. The precise 
evaluation of wear damage will gain further relevance because it is a core input for developing prediction models of mechanical 
behaviour of materials, to be applied in the design stage of components and systems, and in the optimisation of new manufacturing 
processes and innovative materials, within the framework of Industry 4.0 and circular economy. 
Given the complexity of wear phenomenon, simplified wear tests are required; amongst these, pin-on-disc is a widespread test. It 
consists in sliding a pin against a disc either according to a circular path or along a linear alternate motion, to generate a track, whose 
volume is the characterisation target. Its characterisation standards rely upon gravimetric and volumetric method, which have several 
limitations, though. The former is inadequate for low-wear application and multi-material and multi-phase components, due to the 
difficulty in locally estimating material density. The latter, requiring profilometric measurements, does not suffer from these 
limitations; however, profilometric measurements are superseded by high-resolution and information-rich inspection techniques 
based on surface topography measurement, with respect to whom are less robust and representative. The profilometric method 
relies on a-priory defined track geometry; despite it is largely exploited, the effect of this approximation is unreported within a 
rigorous metrological framework. 
This work aims at assessing the effect of the track geometry on the accuracy and precision of the volumetric method, both according 
to standardised and surface topography approaches, within the current standards for topography measuring instruments based on 
metrological characteristics. This provides insights in the performance comparison of standard and non-standard volumetric methods 
in quantifying wear in pin-on-disc testing. The results will support the standardisation of topography-based method by providing 
users with confidence in their use and establishing traceability for this tribological test. 
 
Keywords: Wear; Topography; Uncertainty; Tribology  

 

1. Introduction 

Huge efforts have been made towards the deeper 
understanding of tribological problems. They source high 
economic costs, frequently cause mechanical components 
failure and replacement, and impact on industry’s 
environmental footprint. Wear control and its quantification are 
indeed involved in this process and have become central for the 
application of the modern principles of Industry 4.0. The 
upcoming effort towards smart design and optimisation of 
engineering systems also require accurate evaluation of wear 
damage [1]. Because tribological phenomena are very complex, 
the experimental practice often looks for simplified approaches, 
as model tests, since identifying the effect of the influence 
factors is non-trivial [1,2]. Model tests allow comparative 
analysis of results in standard conditions, as their 
conventionality makes them highly reproducible, even though it 
limits their representativeness. 

Amongst the model tests, pin-on-disc has been extensively 
used. It consists in applying a known force on a static pin 
orthogonal to the surface of a moving sample [2]. The sample is 
rotated or linearly displaced to generate a relative motion with 
constant or continuously variable speed, respectively, see Fig. 1. 
The choice of the type of motion may be motivated by the 
specific application of the materials under study, e.g. for 
application involving static-dynamic friction or stick-slip 

phenomena the linear reciprocating layout usually performs 
better. 

 

 
Figure 1. Anton Paar TRB tribometer: (a) rotation and (b) linear 

alternating motion pin-on-disc set up. 

 
This method has produced a vast amount of scientific 

literature and is still used today because setup and control of 
test parameters is very easy. Pin-on-disc is successfully applied 
in the aerospace [3,4], automotive and aeronautical fields to 
characterize new low-density and high strength alloys, e.g. Mg-
Al-Si-Zn alloys and cermet coatings as Ti[Nb,V]N [5], and to 
explore the tribological properties of innovative 2D-coatings, 
e.g. graphene sheets [6]. Vast use of this test method exists for 
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the characterisation of manufacturing processes, e.g. to analyse 
the performance of coatings for tools [7] and to investigate the 
behaviour of additive manufactured components [8]. 
Lubrication-related issues are also widely investigated by pin-on-
disc and similar model tests [9]. 

The purpose of any wear testing is typically the quantification 
of the wear damage. ASTM G99-17 [10] prescribes two 
measuring techniques for pin-on-disc tests: weighing of samples 
with precision balance (gravimetric method) and stylus-
profilometry of the wear tracks (volumetric method). However, 
present-day technologies make available much more 
information-rich inspection measuring techniques based on 
topography. An increasing number of laboratories rely on these 
methods [11,12], despite a rigorous metrological 
characterisation  in literature and the recognition by standards 
are still lacking in the tribological field. 

This work exploits the evaluation of the measurement 
uncertainty for surface-topography based methods in 
quantifying surface damage after the pin-on-disc test to 
compare the performances of available topographical 
characterisation methods and investigate the effect of the track 
geometry on the obtained results, which is unreported in the 
literature. Section 2 discusses the available state-of-the-art 
methods for wear volume evaluation. Section 3 addresses the 
evaluation of measurement uncertainties. Section 4 describes 
the experimental set-up by which results are obtained and 
discussed in Section 5. Section 6 draws conclusions. 

2. Methods for wear quantification in pin-on-disc test      

The relevant standards, i.e. ASTM G40 and ASTM G99 and 
ASTM G133 [10,13,14], require to measure wear in terms of the 
volume of the damaged material. The overall damage can be 
considered as consisting of protuberances caused by plastic flow 
(or debris deposition), i.e. galling, and voids caused by material 
loss, i.e. namely wear; their summation is the total surface 
damage, 𝑉𝐷. 

Two standardised approaches are available to measure wear. 
The gravimetric approach is frequently used because of the 
relative ease of measurement  [15]. However, it cannot detect 
damages related to plastic effects and errors may occur if some 
material binds to the interface surfaces. Moreover, the low 
sensitivity makes it unsuited for measuring small wear occurring 
on large bodies. Another relevant limitation is the accuracy 
required for the density value to get reliable volumetric data 
which further limits this method’s application to homogeneous 
materials [16]. Conversely, the volumetric approach directly 
measures volumes, thus being independent on phases and 
densities, and is sensible to surface damages due to removed, 
displaced and, sometimes, transferred material, enabling for 
separate assessment. Therefore, the volumetric method seems 
more flexible because it allows to characterise the right quantity 
according to every application’s requirements. In the following, 
the analysis will focus only on the volumetric methods applied 
to the measurement of the material loss.  The standards require 
to measure some profiles [17] across the wear track, so that 𝑉𝐷 
for the rotary and linear reciprocating tests, respectively, are: 

𝑉𝐷,𝐴𝑆𝑇𝑀,𝑐𝑖𝑟𝑐 =
2𝜋

𝑁
𝑅 ∑ 𝑆𝑗

𝑁=8

𝑗=1

 (1) 

𝑉𝐷,𝐴𝑆𝑇𝑀,𝑙𝑖𝑛 =
𝐿

𝑁
∑ 𝑆𝑗

𝑁=6

𝑗=1

 (2) 

𝑆𝑗 = 𝑝𝑠 ∑|𝑧𝑖|

𝑀

𝑖=1

 (3), 

where R is the radius of the circular wear track, L the length of 
the linear track; Sj is the cross-section area of the wear track at 
the j-th location, M the number of sampled points in the profile 
with height zi and ps is the lateral sampling step, i.e. the pixel 
size. 

The standard approach might suffer from the approximation 
of real track geometry with an ideal one, e.g. the radius of the 
circular track can be highly irregular. Moreover, the profiles can 
be measured either by means of contact stylus or by areal 
surface topography measuring instruments. In the latter case, it 
is even more evident how the standard procedure features an 
inherent information loss. Profiles have to be measured, equally 
spaced, radially and transversally to the track for the rotary and 
linear test, respectively. 

Alternatively, methods are available in literature to exploit in 
full topographical measurements. Amongst the others, the 
material and void volume parameters, Vm and Vv, that represent 
the galling and wear volume respectively [18], can be applied. 
They are computed from the areal material ratio curve (MRC) as: 

𝑉𝑤𝑒𝑎𝑟 = 𝑉𝑣 = 𝐾 ((𝑧𝑚𝑎𝑥 − ℎ) − ∑ ∆𝑧𝑗𝑚𝑟𝑗

𝑁𝑏𝑖𝑛

𝑗=𝐵+1

) (4) 

𝑉𝑔𝑎𝑙𝑙𝑖𝑛𝑔 = 𝑉𝑚 = 𝐾 ∑ ∆𝑧𝑗𝑚𝑟𝑗

𝐵

𝑗=1

 (5), 

where h = Smc(mr), i.e. the inverse of the areal material ratio 
function at the material ratio mr; Nbin the number of bins to 
which the material ratio curve is discretised and B the bin 
containing the threshold height to distinguish the contributions. 
K is a factor to convert the relative volume into the most 
appropriate unit and represents the horizontal area and is 𝐾 =
𝑛𝑝𝑝𝑠

2, with 𝑛𝑝 the number of pixels. Summing them yields a total 

damage wear volume, 𝑉𝐷,𝑀𝑅𝐶 . 

3. Measurement uncertainty in wear quantification 

To enable statistically meaningful comparison of the 
performances of methods available in literature to measure 
wear, it is necessary to evaluate the related measurement 
uncertainty. This provides users with confidence in their usage, 
by establishing traceability, and information on the precision. If 
the output is a linearisable function of a set of input, i.e. 𝑉𝐷 =
𝑓(𝝑), uncertainty can be estimated by propagating model inputs 
contribution through the law of uncertainty propagation: 

𝑈(𝑉𝐷) = 𝑘√∑ (
𝜕𝑓

𝜕𝜗𝑎
)

2

𝑢2(𝜗𝑎)

𝑛

𝑎=1

 (6), 

where k is the coverage factor, at the given confidence level [19]. 
The output of topographical measurements is a set of heights 
z(x,y) that are input in Eqs.(1)-(5). Consequently, the uncertainty 
contributions are those describing the coordinate axes of the 
measuring instrument. When performing topographical 
measurements, a simple, compact and thorough framework to 
metrologically characterise the influence factors of measuring 
instruments is provided by the Metrological Characteristics 
(MC): characteristics of the measuring equipment, which may 
influence the result of measurement, may require calibration and 
have an immediate contribution to measurement uncertainty 
[20]. They describe the measurement noise, 𝑢𝑁, the flatness 
deviation, 𝑢𝑍𝐹𝐿𝑇

, the repeatability, 𝑢𝑅𝑒𝑝 (i.e. the surface 

topography repeatability), the axes linearity deviation after the 
adjustment of the axes amplification, 𝑢𝑥,𝑦,𝑧, and the lateral 

resolution, 𝑢𝑊𝑅
. They can be combined to estimate the standard 

uncertainty of measurement axes as [21]: 
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𝑢(𝑧) = √𝑢𝑁
2 + 𝑢𝑍𝐹𝐿𝑇

2 + 𝑢𝑧
2 + 𝑢𝑅𝑒𝑝

2  (7) 

𝑢(𝑥, 𝑦) = √𝑢𝑊𝑅

2 + 𝑢𝑥,𝑦
2  (8). 

Literature establishes methods for their calibration, which thus 
allows for measurement traceability [21,22]. Applying Eq.(6) to 
Eqs.(1)-(5), the uncertainty of the wear evaluation methods is 
obtained as: 

𝑢(𝑉𝐷,𝐴𝑆𝑇𝑀,𝑐𝑖𝑟𝑐
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) =

√
4𝜋2

𝑁 (𝑆̅2𝔼[𝑢2(𝑅𝑗)] + �̅�2𝔼[𝑢2(𝑆𝑗)])

𝑁
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√𝑆̅2𝑢2(L) + L2
𝔼[𝑢2(𝑆𝑗)]

𝑁
𝑁

 
(10) 

𝑢2(𝑆𝑗) = (
𝑆𝑗

𝑝𝑠

)
2

𝑢2(𝑝𝑠) + 𝑝𝑠
2𝑀𝑢2(𝑧) (11) 

𝑢2(𝑅𝑗) =
1

8
(𝑢2(𝑥) cos 𝜗2  + 𝑢2(𝑦) sin 𝜗2) (12) 

𝑢(𝑉𝐷,𝑀𝑅𝐶
̅̅ ̅̅ ̅̅ ̅̅ )

=
√

[(
𝑉𝑚(𝑚𝑟)

𝐾
)

2

+ (
𝑉𝑣(𝑚𝑟)

𝐾
)

2

] 𝑢2(𝐾) + 2𝐾2 [1 + ∑ 𝑚𝑟𝑗
2𝑁𝑏𝑖𝑛

𝑗=1 ] 𝑢2(𝑧)

𝑛𝑝

 

(13) 

𝑢2(𝐾) = 4𝐾𝑛𝑝𝑢2(𝑝𝑠) (14), 

where u(L) is approximately computed  considering a uniform 
distribution with half-width of 2 units of the least significant digit 
of the nominal stroke [23] and u(ps) associating a triangular 
distribution to the pixel resolution [21]. Rj is the radius of the 
circular track at the j-th location, described by the angle ϑ. As 
standard methods ultimately require the evaluation of an 
average volume, the standard uncertainty of averages is 
computed. 

4. Experimental set-up      

The previous sections introduced the theoretical analysis that 
is now applied to a set of pin-on-disc tests in rotary and linear 
reciprocating motion.  Tribological tests were performed by an 
Anton Paar TRB tribometer (see Fig. 1) by wearing-out an 
aluminium sample and a PTFE sample against a 6 mm steel ball 
(100Cr6). Samples were accurately prepared before tests to 
improve the surface finish: grinding and polishing were 
performed to achieve a smooth surface roughness (Sa of 0.3 µm 
and Sq of 0.4 µm) on both samples. A single test was performed 
on each sample in similar testing conditions (5 N load, 0.05 m/s 
average speed and 50 m of test duration in terms of length) in 
rotary (track radius 5 mm) and linear reciprocating mode (track 
length 4 mm). Fig. 2 shows the surface damage on the two 
samples at the end of the rotary tests. The two materials were 
chosen because they react very differently against a steel ball: 
aluminium generates large debris due to strong adhesion and is 
characterised by a highly irregular track, whereas PTFE features 
a smooth regular track due to abrasion and plastic effects, with 
limited galling. 

 
Figure 2. Wear track on the PTFE sample (on the left) and wear track 

appearance on the aluminium sample (on the right) after a rotary pin-
on-disc test 

 

After the tribological test, the samples were cleaned with 
acetone. Surface topography was measured using a CSI Zygo 
NewView 9000, with a 5.5× objective lens, with a field of view 
(1.56×1.56) mm with a pixel size of 1.56 µm. To cover the whole 
tracks stitching of several field of views was necessary. Profiles 
required to apply the standard method were extracted from the 
surface topography measurements.  

5. Results discussion 

Measured surface topographies of linear alternating and 
rotary test of the wear tracks on the two samples are shown in 
Fig. 3. The aluminium is characterised by a more irregular 
topography, with galling on the edges of the scar and attached 
debris inside. The linear alternating motion introduces smaller 
galling and less debris in the track, which, though, is deeper. The 
PTFE track, as intended, is regular. 

 
Figure 3. Surface topography of linear alternating test on (a) Al and 

(b) PTFE and on rotary test on (c) Al and (d) PTFE. 
 

The uncertainty contributions of the metrological 
characteristics were introduced in the model as Type B 
contributions [19] exploiting the characterisation of a similar 
measuring instrument [21]; repeatability as Type A based on 30 
measurements [22]. Table 1 reports the corresponding values. 
Law of uncertainty propagation was applied and expanded 
uncertainty with a coverage factor of 2 was computed, see 
Eq.(6). Results are shown in Fig. 4 and 5, respectively for PTFE 
and aluminium sample. It results that the wear track geometry 
introduces a systematic difference in the measured wear 
volume; this effect, as can be noticed comparing Fig. 4 and 5, 
depends on the material. 

For a given geometry, the tribological standard approach 
(ASTM), is less accurate and precise than the MRC approach. The 
accuracy performances result from the lower 
representativeness of the ASTM method: for the regular track 
on the PTFE sample, the relative difference of the mean wear 
volumes is 1% and 3%, respectively for the linear and the circular 
track; these, due to the irregular topography of the tracks (see 
also Fig. 3), are 1% and 15%, respectively, on the aluminium 
sample. The worst precision of the ASTM method to evaluate 
wear has to be ascribed to the greater impact on the final 
expanded uncertainty of the lateral scale uncertainty 
contributions, see again Table 1. 

 
Table 1. Metrological characteristics (MC) considered for the 

evaluation. 

MC 𝑢𝑁 𝑢𝑍𝐹𝐿𝑇
 𝑢𝑅𝑒𝑝 𝑢𝑧 𝑢𝑥,𝑦 𝑢𝑊𝑅

 

u / nm 0.2 5 0.04 10 100 902 
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Figure 4. Comparison of the effect of track geometry and methods to 

estimate wear volumes on the wear characterisation of the PTFE sample. 
Uncertainties are computed with a coverage factor of 2 (i.e. at 95% 
confidence level). 

 
Figure 5. Comparison of the effect of track geometry and methods to 

estimate wear volumes on the wear characterisation of the aluminium 
sample. Uncertainties are computed with a coverage factor of 2 (i.e. at 
95% confidence level). 

6. Conclusions 

Measuring wear is core for several applications where friction 
and energy consumption are critical. Today innovative materials 
are designed to optimise the mechanical systems’ durability, 
energy consumption, and pollutant emission. To test innovative 
materials’ wear in terms of volume of damaged material, 
industry and academia often resort to pin-on-disc tests, because 
of its conventionality, repeatability and realisation simplicity. 
Different layouts are available, i.e. rotary and linear alternating 
motion, whose effect on the estimated volume is unreported in 
literature. This work compared the performances of the most 
accredited methods available in literature to assess wear volume 
exploiting the measurement uncertainty. Results show that the 
wear track geometry introduces significant differences in the 
results, also dependent on the characterised material. 
Moreover, it is shown that the material tribological response 
impacted relevantly on the accuracy of the characterisation 
method. These were proven to feature dramatically different 
precision performances; in particular, the one currently 
suggested by tribological standards is more uncertain than other 
approaches which exploit topographical measurements and rely 
on accepted surface topography parameters.   
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Abstract 
During the last decade industrial computed tomography (iCT) has become one of the most important metrological procedures for 
internal inspection, where it sees wide-spread use in injection molding and additive manufacturing. Evaluating the CT volume data of 
multi-material objects represents a major technical challenge. Due to artifacts caused by beam hardening, an over-segmentation of 
strongly absorbing materials occurs, severely limiting the accuracy of dimensional measurements. The goal of the project presented 
is the development of an innovative artifact-reduced multi-material segmentation. This is applied to and tested on various complex 
reconstructed CT data sets. Global approaches show high signal-to-noise-ratio (SNR) but are not able to compensate for local 
deviations. For smaller volumes the data sets become more consistent, but the SNR decreases due to the reduced data volume.  
Thus, a more localized approach for the volume image data has the potential to provide results of higher accuracy. With this newly 
presented algorithm it is now possible to perform segmentation of all materials, while eliminating over-segmentation errors as well 
as local noise artifacts almost completely for all tested datasets. 
Keywords: Metrology, Computed Tomography, Surface Generation, Multi-Material Segmentation    

 

1. Introduction 

The advancements in injection molding and additive 
manufacturing methods in recent times have opened the market 
for the economic production of complex inner structures for 
both large-batch and small-batch series. In these sectors 
industrial computed tomography (iCT) has proven its suitability 
for the in-line inspection of a plethora of geometries and 
materials. However, the evaluation of CT volume data of 
multi-material objects still remains difficult to achieve and 
error-prone. Beam-hardening artifacts lead to an over-
segmentation of strongly absorbing materials [1]. Dimensional 
measurements are therefore severely limited in their accuracy. 
Current methods are limited to global histogram analysis and 
watershed methods, which are not able to compensate for over-
segmentation [2]. Optimization of this process is an important 
part of current research in computer tomography [3,4] 

2. Methodology      

The goal of the research was to increase the accuracy of the 
multi-material segmentation process and reduce the influence 
of artifacts. In addition the improved mesh quality will reduce 
the necessary time for post-processing by the measuring 
technician as well as increase the reliability of the results. 

Hereinafter the methology of the algorithm is presented. In a 
first step the setup and boundary conditions are explained. In a 
subsequent step the concept of the algorithm and the 
procedural steps are described. 
   
2.1. Setup 

The algorithm is programmed as an indepent library (.dll) in 
C++ using the IDE Visual Studio 2019 developed by Microsoft, 
USA, Washington, Redmond. For a performance evaluation it 
was integrated into the Fraunhofer IPK internal FLUX-
Framework. To reduce the necessary computation times, the 

code was optimized for parallel processing on the CPU using 
OpenMP 2.0. For this purpose a computer with a 20-core Xeon 
E5-2698 CPU and 128 GB DDR4 RAM were used. For the 
evaluation of the algorithm a total of 15 different real multi-
material datasets of varying complexity were used. Hereby 
multi-material is defined as the presence of a minimum of two 
materials. The meshes were compared to ordinary 
segmentation algorithms with the open source software 
meshlab developed by CNR-ISTI, Pisa, Italy [4]. No post-
processing of the data such as decimation or smoothing was 
conducted. 
 
Figure 1. Process Pipeline of the improved segmentation    

 

2.2. Concept of the pipeline      
To achieve the prior discussed goal a new sophisticated process 
pipeline was developed (Figure 1). This process pipeline consists 
of five steps which are briefly explained in the following.  
Global thresholding: Using a subsampling of the dataset the 
amount of the materials present and their positions can be 
estimated. 
Generate region of interest: Initial bounding boxes are 
calculated based on the global thresholding. 
Local thresholding: Each of the initial bounding boxes is 
evaluated by a metric based on the local grey value histogram. 
The ratio between peak prominence and baseline serves as a 
quantifier when compared to a defined threshold. If the ratio is 
too low, the volume will be subdivided and the process is 
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repeated until all subdivided volumes satisfy the metric. For 
every subdivided volume a local threshold is subsequently 
determined using a multi-level Otsu algorithm [5]. 
Labeling and merging:  
The data is locally labeled according to the local thresholds and 
subsequently checked for mislabelled voxels. These are 
corrected in an additional step. Afterwards the local volumes are 
remerged into a global volume dataset. 
Probability transformation:  
Labeled volumes are transformed into a set of probability 
volumes using a transformation kernel, similar to the works 
of [6]. This enables a sub-voxel accurate determination of the 
surfaces as well as a separation of the labels for an individual 
material. Finally the surfaces are calculated using a marching 
cube algorithm [7] and exported in the .stl format for evaluation. 
Post-Processing:  
A Connectivity Filter can be applied to each mesh separately to 
generate a more visual appealing result. This is only possible due 
to the prior segmentation in multiple material meshes. 

3. Results      

 

 
 
 
 
 
 
 
 
 

An exemplary complex multi-material dataset of a tactile probe 
is presented. The dimensions are 421 x 228 x 1916 voxel with an 
isotropic voxel size of dv = 30 µm. As seen in the global  
multi-scale histogram (Figure 2) four materials are present  
and strong metal artifacts are to be expected. The first peak of 
the histogram (red area) is associated with the background level.  

The meshes generated with the ISO50 algorithm and the new 
implementation are presented in figure 3. The segmented 
materials are displayed in Figure 4.   

4. Discussion      

The results (Figure 3b and 3c) presented in chapter 3 show off 
major improvements in the surface quality when compared 
with the popular ISO50 (Figure 3a) algorithm, especially for the 
more absorbing thread area. A strong artifact reduction 
especially of the thread section is visible and a clear 
improvement of the surface can be identified. Contrary to 
present algorithms, a good segmentation of the materials is 
possible, especially for the intersections of the different 
materials. Only in figure 4b, marked with red circle, mislabelling 
– due to extreme metal artifacts near an intricate structure – is 
present. Additionally due to the local thresholds being higher 
than the first threshold which is used for the surface 
generation, the created meshes are substantially smaller than 
these of the ISO50 method. This behaviour is very substantial 
and is for the presented dataset up to nine voxels in radius. 
Considering a voxel size of d = 40 µm this results in a diameter 
difference of ΔD = 720 µm. These results were validated by the 
other mutli-material datasets whereas the artifact load of the 
generated meshes were reduced significantly and a multiple 
voxel more accurate determination of the surface was shown.  
It should be noted, that due to the additional processing steps, 
the computation time of the segmentation increased by 
roughly a magnitude from t = 3 s to t = 30 s for a dataset size of 
480 MB. The time for post-processing is almost negligible and 
increases the computation time to t = 31 s. The RAM 
requirements increased as well to three times the size of the 
initial dataset with room for optimization.  

5. Conclusion 

The discussed newly developed algorithm achieves major 
improvements over previous implementations. Artifacts such as 
beam scattering are diminished significantly and surfaces can be 
determined much more accurately. A clear and correct 
segmentation of multi-material objects is now feasible. 
The single drawback is the significantly increased computation 
time. However, considering that extensive post-processing is no 
longer necessary, as well as the suitability of the algorithm for 
parallel-processing, a net time win is achieved. In further works 
it is planned to parallelize the code on the GPU for speed 
improvements in the range of two magnitudes.  
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Figure 3. Surface of the multi-material object from top to bottom 
a) ISO50 b) new approach c) new approach with post-processing 
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a) Global b) new approach c) new approach with post-processing 

 

Figure 2. Multi-scale histogram of the presented dataset 

 
Material  Min Peak Max 

0 
(Background) 

0 6,880 9,847 

1 9,848 13,158 14,319 

2 14,320 15,867 21,026 

3 23,072 25,370 40,634 

4 40,635 57,878 65,535 

 Figure 2. Multi-scale histogram of the presented dataset 

 

298



 

          
 

 

 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Influence of linear stage technologies for a high speed optical sensor 
 
Pol Martínez, Carlos Bermudez, and Roger Artigas 
  
Sensofar Tech SL, Barcelona, Spain 
 
pmartinez@sensofar.com 

  
Abstract 
Surface characterization provides crucial indicators in many quality control processes, as surface parameters give information about 
the properties of the item inspected. The most used technologies for surface characterization in the micro- and nano level are 
Coherence Scanning Interferometry (CSI), Imaging Confocal Microscopy (ICM) and Focus Variation (FV). These technologies are based 
on optical principles, causing no damage to the sample while being inspected and obtaining nanometer resolution. Nevertheless, 
they suffer from having to perform a mechanical scan of the whole sensor, causing the acquisition time to be increased.  
To evolve towards industry 4.0, closed loop manufacturing is essential to reach the automatization of the different steps of the 
manufacturing processes. In this context, industry is demanding higher speeds and smaller sensors to reduce the quality inspection 
costs, especially in in-line processes where it is usually required to inspect the sample in less than 1 s. To achieve this requirement 
using optical profilers the camera frame rate must be increased while reducing the sensor’s size and mass as to improve the dynamics 
of the mechanical scan. 
In this paper we analyze the performance characteristics of a linear stage with a linear brushless motor in terms of travel range, 
accuracy and repeatability compared to a linear stage driven by a stepper motor. The linear stage with brushless motor moves only 
the objective instead of the whole sensor, enhancing the acceleration dynamics. Additionally, we propose applying different 
movement profiles to the motor. These new profiles aim to minimize the system’s downtime caused by the acceleration and 
deceleration of the motor, as all the aforementioned metrology technologies require a very stable constant speed when scanning 
continuously. The downtime reduction leads to a faster acquisition rate, allowing for real-time 3D topographies to be obtained. 
 

Keywords: Confocal, Metrology, Microscope, Surface    

 

1. Introduction 

In recent times, there is the demand of more complex, precise, 
and digitized manufacturing processes. Quality control is 
compulsory in most of them and can seriously affect throughput, 
thus there is the need for more advanced, application-specific 
metrology techniques that can provide more accurate results in 
less time. 

There is also the direction towards integrating in-line sensors 
to provide feedback for close-loop manufacturing in surface 
engineering. This trend is demanding constricted form factors 
and weights, and faster sensors. 

The most common surface characterization techniques are 
Imaging Confocal Microscopy (ICM), Coherence Scanning 
Interferomety (CSI) and Focus Variation (FV). Depending on the 
surface, the most appropriate technology can be chosen, being 
confocal the most versatile of them as it allows measuring from 
optically smooth to rough surfaces. 

However, all of these three metrology approaches rely in 
scanning the sample along the optical axis, meaning that the 
mechanical displacement is limiting the measurement speed 
when a high framerate is achieved. 

In order to improve mechanical dynamics, we have evaluated 
the use of a linear stage with a brushless linear motor scanning 
only the objective lens compared to a linar stage with ballscrew 
and linear motor moving all the sensor head. 

Finally, we have studied how a sinusoidal movement profile 
affects the 3D measurement on large movement ranges, instead 
of focusing on small ranges, which has been already studied. 

2. Methodology 

Most optical profilometers require a precision Z stage for the 
correct measurement of the sample’s surface. In this paper we 
analyzed three linear Z stages based on different technologies: a 
linear brushless motor, an ultrasonic piezoelectric and a stepper 
motor with leadscrew. The first technology has very low friction 
and almost no retention capacity when powered off, therefore 
when placed vertically uses a magnetic counterbalance system 
to compensate the action of gravity. 

While in our setup the stepper motor moves the whole sensor 
in the axial direction, the linear brushless motor and the 
ultrasonic piezoelectric only move the focusing lens, therefore 
carrying a much lower weight. 

The non-linearities of the Z stage are the main source of 
accuracy error in optical profilometers, as the error of 
positioning of the stage will directly translate into an error in the 
height measurement [1]. Therefore it is critical to minimize this 
error or to characterize it in order to compensate it if it is 
systematic. 

The most common way to measure a sample is starting the 
movement when the sensor is focused onto its surface, move 
downwards half of the travel range, start the acquisition 
upwards and finally return to the original position. To minimize 
the measurement downtime these positioning movements are 
done rapidly, which increases the whole measurement speed of 
the system. 

We characterized these two perfomance characteristics in 
each Z stage by means of an interferometric displacement 
sensor. The positioning error is obtained by moving continuously 
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the sensor at a constant speed and subtract the linear 
component on the movement profile. The stabilization time is 
obtained by observing on a step movement when the movement 
profile is steady. 

Additionally, we also simulated the metrological effects when 
using a sinusoidal movement profile [2,3], instead of a 
continuous linear profile. This sinusoidal profile will extend the 
stage lifetime by avoiding sudden acceleration changes. It is 
interesting for quality control applications where each sample is 
located at the same axial position and a very fast acquisition rate 
is demanded. We analyzed the error on a theoretical CSI 
scanning assuming camera noise and positioning error of the 
stage during the vertical scan. 

3. Results 

The three Z stages metioned in the former section were moved 

3 mm travel at a constant speed of 400 m/s and their position 
was recorded with a laser interferometric displacement sensor 
(Attocube IDS3010, Munich). In Figure 1 we show the non-
linearities when moving the Z stage at constant speed. 

 
Figure 1. Positioning error of each linear stage in a 3 mm travel range 

with a 400 μm/s speed. 
 

It can be observed that the stepper motor has a periodic non-
linearity with a very determined frequency of 1 mm, 
corresponding to the leadscrew pitch. Both the ultrasonic 
piezoelectric and linear brushless motor have a position error 
predominantly within 400 nm peak to valley (0.01%, of the travel 
range). Nevertheless, the ultrasonic piezoelectric waist of noise 
is higher probably due to the position loop trying to compensate 
real-time the positioning error. These deviations from the 
commanded movement profile will translate into an error of the 
surface measurement. 

In Figure 2 we show the positioning error of each motor after 
performing a 100 μm step downwards at maximum speed. 

 
Figure 2. Stabilization time after a 100 μm step. 

While the linear brushless motor needs only 50 ms to stabilize, 
the stepper motor and the ultrasonic piezoelectric require 150 
ms and almost 450 ms, respectively. This long stabilization will 
increase the downtime as the system will need to wait for the 
stabilization time as in this region the measurement would not 
be reliable. 

 
For the alternative movement profile we simulated a semi-

sinusoidal movement profile of 2 s period with an amplitude of 
500 μm, so we set a 1 mm travel range acquired in 1 s. For each 
theoretical position of the simulation we calculated the CSI 
signal of an interferometer with a broadband light source of 20 
nm on a tilted mirror covering the 1 mm peak to valley. The CSI 
envelope signal is further recovered and the maximum position 
calculated to recover the profile of the tilted mirror. Figure 3 
shows the metrological error corresponding to a tilted mirror 
and a sinusoidal scanning profile. 

 
Figure 3. Simulated measurement error on different positions within 

a sinusoidal theoretical movement profile. 
 

The results show a root mean square error of 0.32 μm on the 
full travel range at 1 mm. This is very suitable for many industrial 
applications which need micrometric resolution with high 
acquisition rate. 

4. Conclusions 

In this paper we have compared the performance of Z stages 
based on different technologies, being the most reliable for 
optical profilometers the linear brushless motor. We have also 
simulated a sinusoidal movement profile for extending the stage 
lifetime and have concluded that it is suitable for some industrial 
applications which require repetitive measurements with high 
acquisition rate and long travel ranges. 

Future work will consist of implementing the sinusoidal 
movement profile in a real stage and analyze its metrological 
characteristics. 
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Abstract 
Laser  powder  bed  fusion  (LPBF)  enables  the  fabrication  of  metal  parts  characterized  by  high  geometrical  complexity,  unique 
possibilities of customization and increasingly good mechanical properties. However, parts produced by LPBF are often characterized 
by poor geometrical and dimensional accuracy as well as by a number of internal defects, which undermine a wider application of 
LPBF in industry. Several in-process measurement methods have been proposed to identify out-of-control process conditions and 
take immediate action, as well as to improve the understanding of the LPBF process. However, the correlation between in-process 
measurement results and actual defects in the fabricated parts is not always clear yet. This work presents an experimental study 
aimed at defining a reproducible methodology for comparing optical in-process evaluations to X-ray computed tomography post- 
process measurements of actual defects. 
 
Additive manufacturing, X-ray computed tomography, optical metrology, in-process measurements 

  

1. Introduction   

Among metal additive manufacturing (AM) technologies, laser 
powder bed fusion (LPBF) is gaining particular interest from 
high-value industrial sectors, such as automotive, aerospace and 
biomedical [1]. Compared with conventional manufacturing 
processes, LPBF can fabricate metal parts with higher 
geometrical complexity, unique possibilities of customization 
and good strength-to-mass ratio. However, LPBF is still often 
characterized by manufacturing issues that can lead to poor 
geometrical and dimensional accuracy, high defect rate, and 
consequent product failure and/or parts rejection [2]. 

The layer-wise manufacturing of LPBF can be exploited to 
acquire process-related inner measurements directly when the 
part is being fabricated. The acquired information can be used, 
for example, to identify out-of-control conditions/events and 
take actions with feedback control systems [3]. In addition, the 
gathered information is useful to increase the knowledge on 
LPBF and improve the process itself. Even if several in-process 
methods have been proposed in literature to measure different 
types of process signatures (e.g. melt pool, powder bed quality 
and layer geometry [4]), the correlation between in-process 
measurement results and the characteristics of actual defects in 
the fabricated parts is not always well-understood yet. 

This experimental work investigates a reproducible 
methodology for comparing in-process optical measurements to 
post-process X-ray computed tomography (CT) measurements. 
Metrological CT was chosen for the post-process analyses as it is 
capable of obtaining, in a non-destructive way, three-
dimensional (3D) reconstructions of fabricated AM parts that 
can be used to measure external as well as internal geometries, 
features and micro-features [5]. 

2. Materials and methods    

Design and production of specimens are briefly presented in 
Section 2.1, the setup used for in-process optical measurements 

is addressed in Section 2.2 and post-process tomographic 
measurements are described in Section 2.3. 

 
2.1. Design and production of specimens 

The specimens produced and analysed in this work were 
designed to enable an accurate alignment and comparison 
between layer-wise in-process optical measurements (see 
Section 2.2) and post-process measurements conducted on 
corresponding slices extracted from CT reconstructions (see 
Section 2.3). The designed geometry can be seen in Figure 1a: it 
is composed of four different layer geometries (represented in 
red colour in Figure 1b) extruded and stacked vertically (along 
the build direction).  

Specimens were produced via LPBF of Ti4Al6V, using a Sisma 
MYSINT100 (Sisma, Italy). Figure 1a illustrates the designed 
support structure and how the specimens were positioned onto 
the build platform. 

  
2.2. In-process optical measurements 

Layer-wise in-process optical measurements were performed 
using the setup schematized in Figure 2a. A consumer-grade 18 
mega pixel digital single-lens reflex (DSLR) camera, with an off-
axis positioning with respect to the laser direction, was used to 
acquire images of the entire build platform with a field of view 
(FOV) equal to 5184×3456 pixels, in two moments: (i) right after 
recoating and (ii) after laser exposure. This work will focus on 
the layer images acquired after laser exposure. A side light was 
used as source of illumination. The obtained images were 
corrected in terms of perspective and scale using a reference 
hole plate with calibrated dimensions, which was imaged on the 
build platform using the same optical setup before starting the 
LPBF process. The corrected images (with pixel size equal to 15 
μm) were then elaborated in Matlab (Mathworks, USA) to 
determine for each fabricated layer: (i) the geometry contour 
using a local-adaptive algorithm and (ii) the potential internal 
defective regions using a global thresholding. Figure 2b shows 
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an example of corrected image and Figure 2c the determined 
contour profile.  
 
2.3. Post-process CT measurements 

A metrological micro-CT system (MCT225, Nikon Metrology, 
UK) was used to scan the LPBF specimens, setting the X-ray tube 
voltage at 180 kV, the current at 38 µA and the exposure time at 
2000 ms. A 0.1 mm copper physical filter was interposed 
between the X-ray source and the scanned sample to reduce 
beam hardening. The achieved voxel size was equal to 4.5 μm. 
The obtained CT reconstructions were imported in the 
visualization and acquisition software VGStudio MAX 3.2 
(Volume Graphics GmbH, Germany) to (i) determine the surface 
with local-adaptive algorithms, (ii) compare the as-built 
geometry with the nominal design and (iii) evaluate the internal 
porosity in terms of size, shape and spatial positioning.  

 
Figure 1. Schematic representation of the specimens’ geometry (shown 
in grey), support structure (in yellow) and chosen position onto the build 
platform (in green) (a); four layer geometries (cross-sections shown in 
red) composing the specimens’ geometry (b). 
 

 
Figure 2. Setup of in-process optical measurements (a); example of 
image acquired with the DSLR camera after perspective and scale 
correction (b); determined edge boundary (c). 

3. Results and discussion  

The contour profiles determined for each layer as explained in 
Section 2.2 were stacked with vertical spacing equal to the layer 
thickness, to obtain a 3D reconstruction of the lateral sample 
geometry. Both optical and CT reconstructions were compared 
with the computer-aided design (CAD) model. Figures 3a-b and 
3d-e show the deviation maps resulting from such comparisons, 
in which deviations are expressed in millimetres and associated 
to a colour scale. For some geometrical features, the deviations 
determined with optical measurements clearly differ from those 
found with CT (see for example differences at corners and edges 
identifiable in Figure 3); however, the optical measurements are 
capable of gathering information on the major actual 
geometrical deviations. It is worth noting that some differences 
between in-process and post-process measurements are clearly 
related to specific process-dependent effects, e.g. residual 
stresses – inducing post-fabrication deformations – and other 
consequences of the sintering mechanism – leading to the 
formation of non-completely melted powder particles onto the 

samples’ surfaces after the fabrication of the specific layer. In 
addition, it can be observed that in the unsupported overhang 
region the surface folds up, generating an out-of-plane 
deformation and negative deviations in the CT reconstruction 
(see Figures 3d-e). However, in the same region reconstructed 
from optical measurements, deviations have wrong sign with 
respect to deviations found with CT (see Figures 3a-b); this is due 
to the perspective correction of optical images which does not 
take into account possible out-of-plane deformations, hence 
determining the errors of out-of-plane regions. 

Figures 3c and 3d compare the internal defects detected on a 
cross-section during the process and after the fabrication, 
respectively. In-process optical measurements were capable of 
detecting the three largest actual pores. However, false 
positives were found especially close to the upper borders, i.e. 
those characterized by the folded-up surface that generate a 
dark shadow on the acquired layer image.  

 
Figure 3. CAD comparison related to in-process optical reconstruction 
(a,b) and post-process CT reconstruction (d,e). Dark red regions in CT 
reconstruction are related to dross formation, which cannot be 
measured in-process. Potential internal defects measured with the 
optical setup (c) and actual defects measured by CT (f). 

4. Conclusions      

This paper presented a preliminary work focused on the 
comparison between optical in-process evaluations of defects of 
LPBF metal parts and X-ray computed tomography post-process 
measurements of actual defects. Results have shown that the 
used optical setup is capable of gathering dimensional data 
which can be used to evaluate internal defects and geometrical 
deviations with respect to the as-designed geometry. 
Differences with respect to post-process CT measurements were 
observed and their causes identified. Future works will be 
focused on improving the proposed in-process measurement 
setup and the comparison of in-process and post-process defect 
evaluations, starting from the critical aspects outlined in this 
study.  
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Abstract  
The identification and the geometrical quantification of surface imperfections resulting from the manufacturing process are relevant 
for both ensuring part conformity and process control, and additionally are of great interest for in-line applications. In many industrial 
contexts surface imperfections represent an important measurement requirement and a variety of measuring principles and systems 
can be used. Therefore, appropriate methods for evaluating the metrological performance of measuring systems are required to 
support equipment selection and monitoring. The paper presents a novel reference artefact (i.e. material measure) that is specifically 
designed to test the metrological performance in the geometrical characterization of outward surface imperfections. 
 
Surface defects; metrological performance; zero-defect manufacturing 

 
1. Introduction 

Surface imperfections on manufactured parts are in most 
cases undesirable, and they are therefore regarded as surface 
defects. Understanding if manufacturing processes generate 
such defects is then essential, and many different approaches 
and measuring techniques are available for on-line or off-line 
inspection [1]. Surface defects are relevant because they reduce 
the functionality of the part (e.g. mating performances) or have 
consequences in the application (e.g. reduce fatigue life). 
Surface topography modification due to running-in of 
mechanical parts, for example, is mainly attributed to removal 
of outward asperities, resulting in a higher contact area ratio. In 
manufacturing hip implants, it is important to reduce peaks that 
protrude from the surface because detrimental to wear 
resistance. Outward surface defects can also be detrimental in 
mating of parts and causing difficulties in assembly. 
Imperfections occurring on functional surfaces of dies and molds 
are also problematic, because they may transfer to the 
replicated part, particularly in the processing of polymers and in 
die-casting. Such replicated imperfections may have further 
consequences. For example, hot cracking of dies in casting of 
aluminum may result in burrs raising from the die-cast part 
surface to a level (in the order of 0.2 mm) that can be damaging 
other parts, e.g. perforating insulation of small electrical cables 
in connection with vibrations [2]. In more general terms, failures 
on dies and molds are an important aspect with economic 
impact in the order of hundred billions US dollars [3].  

Defects with heights in the range 50-500 μm can be quantified 
using different measuring principles that are common in surface 
metrology (e.g. confocal microscopy, focus variation) or more 
often used in coordinate metrology (e.g. fringe projection, laser 
triangulation). Related measuring systems are tested against 
calibrated artefacts [4, 5, 6] using procedures described in 
relevant standards (e.g. ISO 25178 and 10360 series). 
Unfortunately, it may be difficult to derive information on the 
system performance when measuring surface defects having a 
specific morphology and dimensional range. Additionally, for in-
line applications it is highly desirable to detect defects over the 
entire surface of the manufactured part, and this may have a size 

in a much larger scale. The aim of the on-going work 
documented in this contribution is to investigate on procedures 
to evaluate the metrological performance of a given measuring 
system when measuring the size of an outward surface defect. 
More specifically, the design of a reference specimen prototype 
is discussed and presented. 

2. Case study 

Surface defects represent a challenging scale problem, since 
the dimensions of the defects totally differ from the size of the 
manufactured part where they are located. Ideally, the entire 
physical part should be measured shortly after manufacturing 
and fully represented by a digital model having all details of 
interest, including surface defects. The model is then processed 
to concurrently perform GPS verification, CAD comparison on 
form deviations and surface imperfections analysis. Since there 
is no general solution to this problem, a case study can be helpful 
to identify the needs.  
The selected case study is the inspection of surface defects on 
an aluminium part for automotive applications, manufactured 
by high-pressure die-casting. The max height of single raising 
surface defects is relevant for maintaining full functionality of 
the product [2]. 

 

 
 

Figure 1. Example of surface defect height measurements 
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Fig.1 shows an example of results obtained using three 
different measuring systems to digitise a reference part, while 
data processing (i.e. measurand definition, filtering and 
evaluation method) was identical as previously described [2]. 
The significant differences observed in results are mainly 
attributed to the different measuring performance, however 
they are also strongly affected by the different morphology (e.g. 
overall shape, aspect ratios) of the specific defects, while little 
correlation is observed with defect heights. The case study 
highlighted, in particular, that the specific defects morphology 
affects the selection of optimal system configuration (e.g. 
measuring principle, field of view, resolution). To further 
investigate the measuring performance and to reduce the test 
uncertainty [7], a reference specimen was designed having 
geometrical features similar to relevant surface defects.  

3. Reference artefact simulating raising surface defects 

The proposed material measure aims at high similarity with 
the raising surface imperfections on aluminium die-castings, 
with a predominant dimension of the imperfection parallel to 
the surface [2]. The raising is reproduced by a prismatic 
functional element with rectangular base (i.e. defined by width 
and length) and the upper portion presenting a cusp with 
triangular profile. The proportion between length, width and 
height characterizes the similarity to typical defects as 
extrapolated from the case study. The dimensional 
characterization of the defects on the aluminium specimens 
highlighted a typical ratio between width and length (W/L= 0,4 
±20%), and height and length (H/L= 0,2 ±15%). Thus, the 
proposed artefact element dimensions are based on the 
observed ratios (H; W=2*H; L=5*H), using height as entry-data. 
The dimensions are scaled down on eight levels, resulting in 
eight functional elements (A to H) and summarised in Table 1. 
 

Table 1. Nominal dimensions of artefact functional elements (in μm) 

Element Height Width Length 
A 20 40 100 

B 30 60 150 

C 40 80 200 

D 80 160 400 

E 160 320 800 

F 320 640 1600 

G 640 1280 3200 

H 1280 2560 6400 
 

An initial concept design presented two evaluation areas. Eight 
scalar elements are distributed over a flat surface (Fig.2.a), 
which is the reference for the height evaluations. The same eight 
raising elements are also distributed over eight cylindrical 
surface portions, proportional to the element dimensions 
(Fig.2.b). These elements would test the evaluation of 
imperfections on round edges of castings, corresponding to 
notch stress points on dies, relevant for fatigue life control. 

 

 (a) (b) 
Figure 2. Early concept: elements on flat (a) and round surfaces (b) 

 

Different micromanufacturing technologies were analysed 
considering the production requirements in terms of 
dimensional accuracy and surface finish. Micro milling was 
identified as an adequate solution; however, the initial concept 
design was adapted to improve its manufacturability by micro 
milling using standard tooling. In particular, the rounded and 

tilted surfaces were discretized in a stair-like design (Fig.3.a) that 
represent a deterministic simulation of surface defects having 
different actual morphology however approximately the same 
overall dimensions. The eight different elements were 
manufactured by using an ultra-precise micro milling center 
(Kugler, Micromaster 5X) over a flat reference surface, applying 
a 2 ½ D machining strategy. The workpiece material was an 
aluminium alloy (7050-T7451) and the choice of both the micro 
milling tools and process parameters were selected to optimize 
the quality of the final artefact in terms of surface roughness and 
feasible features dimensions (Fig.3.b).  
 

  

  
(a) (b) 

Figure 3. Final design (a) and prototype (b) of the specimen  
 

4. Outlook 
The proposed reference artefact includes eight simulated 

surface defects of different size. Next activities will include how 
to calibrate and then use it for evaluating the actual metrological 
performance of different measuring systems relevant for the 
application and for supporting the equipment selection process.  

Further optimization of the prototype is on-going and will 
include surface modifications to mimic the reflectivity obtained 
by high-pressure die-casting. This is relevant for aligning the 
material measure surface properties to the real application 
aiming at in-line measurements e.g. without coating the surface 
to make it collaborative. Alternative manufacturing process are 
also under investigation. The elements geometry can be further 
optimized too. The vertical lateral faces are partially consistent 
with the real defect, and may entail constraints in calibration 
procedures. Moreover, on other consistent artefacts, the 
elements range can be extended according to the defects size to 
be tested. 

5. Conclusions 

The paper highlights the requirement of dedicated material 
measure for the metrological performances evaluation of 
measuring systems for the in-line quantification of surface 
defects. A concept design and a prototype are proposed, as basis 
for future developments. 
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Abstract 
For high-value components manufacturing, such as aerospace, automotive, ships and nuclear power parts, there is a significant 
demand for integrated traceable measurement which could provide fast feedback during the manufacturing processes. Most modern 
machine tools are equipped with a probing system, meaning that both machining and measurmenting processes could take place on 
the same machine tool. However, one of the key challenges is that the traceability of in-process measurement on a machine tool is 
not ensured yet, the measurement results are not reliable enough to provide accuracte and precise process control and product 
geometry verification. The scientific objective of this study is to evaluate the uncertainty on a machine tool measurement in different 
environments to understand the uncertainty sources.  Therefore, this paper is to test on-machine tool measurement uncertainty in 
two different conditions on shop floor environment and compare the results. 
 
Keywords: On-machine tool measurement, large machine tool, In-process inspection, uncertainty evaluation   

 

1. Introduction 

On-machine tool measurement is one of the promising 
approaches that offers potential to detect and compensate the 
errors during the sequence of machining operations. It can 
enable workpiece geometrical verification against the design 
and manufacturing standards between various steps to 
guarantee the designated tolerance of finished parts. This is 
particularly beneficial to large-volume manufacturing where it is 
highly desirable to measure in-situ or in-process. The integrated 
measurement process can significantly reduce the 
manufacturing time and cost, and prevent safety associated 
issues, by avoiding the workpiece moving from the 
manufacturing site to a temperature-controlled coordinate 
measuring machine (CMM) room.  

 
Most modern machine tools are equipped with a probing 

system, meaning that both machining and measuring processes 
could take place on the same machine tool. However, there exist 
several issues with the on-machine measurement approach. 
One of the key problems is that the machining and measuring 
processes suffer the same geometric errors because both of 
them are performed at the same machine. This will make error 
sources indistinguishable if no calibration process has been 
performed before the measurement operations [1]. Therefore, 
the traceability of the on-machine measurement process is a 
significant challenge and the measurement results are not 
reliable for process control and product geometry verification. 

2. Measurement uncertainty evaluation methods 

Three types of approaches have been considered for 
uncertainty evaluation on the machine tool. Due to the similarity 
between a CMM and machine tool, same methods can be used 
for the assessment of the uncertainty of CMM as well. 

1) Calibrated workpiece method 
The first approach is based on ISO 15530-3 [2]  and  substitutes 

the wokpiece with one calibrated reference artefact then 

evaluates the uncertainty by means of similarity between the 
dimension and shape of the artefacts. The manufacturing 
environment and measurement procedure must be similar 
during of measurement uncertainty evaluation and actual 
measurement. This approach is reliable for serial production and 
usually suitable for small and medium size components. 
However, this approach is very expensive and arduous for large 
volume metrology. 

2) Numerical simulation method 
The second approach introduced by ISO 15530-4 [3] to 

determine the task specific uncertainty of coordinate 
measurements. This method is based on a numerical simulation 
of the measuring process, which considers uncertainty 
influences and assess the influence quantities. In addition, 
Monte-Carlo simulation method can be applied for the 
estimation of measurement uncertainty [4]. 

3) Uncertainty budget method  
This type of methods based on GUM [5]and VDI 2617-11 [6]. 

In this case, uncertainty evaluation is assessed using an 
uncertainty budget where the budget should comprise the 
uncertainty sources that affect the measurement process and 
the correlation between them. 

In the presented research, the approach described in ISO 
15530-3 has been selected as the evaluation method as most of 
the uncertainty influences during the experimental trials are also 
present on a real on-machine tool measurement. Additionally, 
ISO 15530-4 and VDI 2617-11 methods require understanding 
the significance of each uncertainty contributor, which is not 
guaranteed yet in the shop floor conditions nowadays.   

3. On-machine tool measurement uncertainty budget 

In general, four type of uncertainty contributors which include 
systematic errors and random errors should be considered on 
the uncertainty budget for the on-machine tool measurement 
[7]: 

bu standard uncertainty associated with the systematic errors 

of the measurement results; 
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pu standard uncertainty associated with the random errors of 

the measurement results; 

calu standard uncertainty associated with the uncertainty of 

the workpiece calibration. 

wu standard uncertainty associated with the workpiece 

material and manufacturing conditions. 
 
Different approaches can be used to assess the systematic 

error
bu . In our work, systematic error is defined as the 

difference between calibration value 
calu  of the measurement 

results using a CMM and the mean value of the measurement 

results b  on the machine tool. 

b calu b u= −  

where  
1

1 n

i

i

b b
n =

=     

If the measurement result has not been corrected by the 

systematic error, the error 
bu  fully contributes to the 

uncertainty evaluation. 

Standard uncertainty of random errors pu  can be obtained 

using 

( )
2

1

1

1

n

p i

i

u b b
n =

= −
−
  

The calibration error of the workpiece using a CMM can be 
assessed by GUM method, which is introduced later in the 
paper. 

Workpiece material properties, form errors and roughness of 
materials considered as insignificant, due to the selection of 
material within its required limits and dimensions of the part, 

therefore, contribution of wu  is neglected in this case. The 

workpiece has been measured five times straightafter the 
machining process and also under quasi-static (no-load) 
condition, respectively. Thus, the combined uncertainty of 

measurement system msu  and  qsu  can be assessed using the 

same formula: 

2 2

ms bms pms calU u u u= + + and 
2 2

qs bqs pqs calU u u u= + +  

The expanded measurement uncertainty of the measurement 

process can be obtained by 2em mU U=  , with a coverage 

factor of k=2.  

4. Task specific uncertainty evaluation for on-machine tool 
measurement      

The "task specific uncertainty" in coordinate measurement is 
the measurement uncertainty that is computed according to the 
uncertainty evaluation methods, when a specific feature is 
measured using a specific inspection plan. By evaluating fitness-
for-purpose for dimensional measurements of workpieces using 
on-machine tools, this method will determine whether a 
machine tool is meeting accuracy specifications and is capable 
of inspecting and manufacturing features on a part with the 
required accuracy.  

The workpiece was produced and measured on the machine 
tool under investigation and calibrated afterwards using a CMM. 
The presented research work is focused on assessing the 
expanded on-machine tool measurement uncertainty in two 
conditions: after the machining process and under no-load 
condition.  

5. Experiment and data analysis 

5.1. Machine tool and materials 
The machine tool selected to perform the experimental test is 

a large scale floor type milling-boring machine tool. It is 
SORALUCE FX12000 machine tool (see Fig.1.) with volume: X= 
12,000 mm, Y= 5,300 mm, Z= 1,900 mm. The computer 
numerical control (CNC) is a SIEMENS Sinumerik 840D Solution 
Line CNC controller. The machine tool is placed in a workshop 
with roughly controlled temperature, which is about 2-3 ℃ 
variation all year round. 

 

 
 

Figure 1. SORALUCE FX12000 large scale machine tool 
 

S355 Structural steel was selected to manufacture the 
workpiece artefact because it has good mechanical properties, 
is easy to machine and is inexpensive. The design of workpiece 
standard refers to “ISO 10791-7, M1-160”, which is defined in 
the ISO 10791-7:2014 standard [8]. Due to the size of the 
machine tool, the M1-160 test piece was enlarged about four 
times to provide a more representative component. Fig. 2 shows 
the CAD model for the workpiece with measured features. A 
description of the measured features and the specified 
tolerances of the workpiece is depicted in Table 1. The total time 
consumption for workpiece manufacturing is approximately 5.5 
hours. 

 
 

Figure 2. CAD for workpiece with measured geometries 

 
Table 1 Measurement features and specified tolerance for the 
workpiece 
 

No. Feature (Unit: mm) Nominal 
Value 

Tolerance 

1 Plane A flatness 0 0.080 

2 Central Bore Diameter 100 ±0.070 

3 Central Boss Diameter 436 ±0.070 

4 Width_Lft_to_Rgt 640 ±0.100 
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5 Width_Top_to_Btm 640 ±0.100 

6 Hole-1 Diameter 70 ±0.042 

7 Hole-2 Diameter 70 ±0.042 

8 Hole-3 Diameter 70 ±0.042 

9 Hole-4 Diameter 70 ±0.042 

 
A RENISHAW OMP 600 tactile probe was employed on the 

machine tool to execute the on-machine tool measurement. The 
software used to collect and process data is HEXAGON PC DMIS-
NC. The time for one round of measurement all features, which 
is defined at Table 1, is half an hour. The measurement was 
performed five times. 
5.2. Setup      

The workpiece has been manufactured followed by on-
machine tool measurement in the same chucking using a 
RENISHAW OMP 600 tactile probe. The workpiece has been 
measured five times on the machine tool after machining. 
Additionally, the workpiece was measured five times next day 
on the machine tool under no-load conditions. In both 
conditions, the measurements results were compensated using 
integrated software. Fig. 3 shows on-machine tool 
manufacturing and measurement processes and Fig. 4 shows the 
workpiece calibration process using a CMM. 

 

  
 
Figure 3. Workpiece manufacturing and on-machine tool 

measurement    
 

 
 

Figure 4. Workpiece calibration using CMM 

 
Finally the workpieces was calibrated using a Hexagon DEA 

Global Silver CMM, the calibration uncertainty for each 
measurement feature has been assessed by means of the GUM 
method. 
5.3. Experimental uncertainty budget assessment     

(1) Systematic error uncertainty ( bu ) 

The systematic errors ( bu ) of the measurement results after 

machining and under no-load condition are shown in Fig. 5 (a) 
and (b), respectively. It depicts the mean systematic error of 
each measured feature. Experimental results show that the 
biggest systematic error is 0.05 mm, which occurs on length 

measurement (left to right, X direction), while the mean value 
for the rest of features is within 0.03 mm.  

 

 
(a) Systematic errors of the measurement after machining 

 
(b) Systematic errors of the measurement under non-load conditions 
Figure 5. Systematic errors of the measurements 
 

(2) Measurement procedure uncertainty ( pu ) 

In general, the results show a very good repeatability in both 
conditions. The maximum measurement repeatability after 
machining is 0.002 mm while the maximum repeatability under 
non-load conditions is only 0.001 mm. This means the 
compensation algorithm is very effective. Temperature variation 
has been recorded two hours before and during the 
measurement process. The maximum of variation of 
environment temperature is 2.2 °C  after machining and 1.2 °C  
under non-load conditions. The measurement procedure 
uncertainties are shown in Fig. 6. 
 

 
 
Figure 6. Measurement procedure uncertainties 

(3) Calibration uncertainty ( calu ) 

For the CMM measurements, the observed maximum 
temperature deviation from standard reference temperature 
(20°C) is 0.1°C. The combined standard uncertainty, calculated 
according to [5], is 0.001 mm. 

(4) Uncertainty budget 
Fig. 7 shows the combined task-specific uncertainty 

assessment on shop floor conditions. The  

msU   and qsU  values are shown in Table 2. Expanded 

uncertainty results are obtained by 2ems msU U=   and, for a 

coverage factor of k = 2. 
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In this test, systematic errors uncertainty (
bu ) contributor is 

the main contributor to the on-machine tool measurement 
uncertainty budget on shop floor condition. 

 

 
 

Figure 7. Combined uncertainties (
mU ) 

 
Table 2 Combined uncertainties and expanded uncertainties (k=2) 
 

No. Feature (Unit: mm) Ums Uems Uqs Ueqs 

1 Plane A flatness 0.084 0.167 0.089 0.167 

2 Central Bore 
Diameter 

0.110 0.221 0.136 0.221 

3 Central Boss 
Diameter 

0.162 0.324 0.122 0.324 

4 Width_Lft_to_Rgt 0.225 0.449 0.227 0.449 

5 Width_Top_to_Btm 0.117 0.235 0.160 0.235 

6 Hole-1 Diameter 0.035 0.069 0.117 0.069 

7 Hole-2 Diameter 0.028 0.057 0.108 0.057 

8 Hole-3 Diameter 0.042 0.085 0.105 0.085 

9 Hole-4 Diameter 0.062 0.123 0.106 0.123 

6. Conclusions       

Reliable on-machine measurements are desirable by industry 
for effective process control and quality assurance, especially for 
manufacturing of large scale components. However, the 
traceability of the on-machine tool measurement is not ensured 
yet on the shop floor conditions because the process is affected 
by multiple error sources.  

This research explored the uncertainty budgets for on-
machine tool measurement under two different conditions in a 
shop floor environment. For that purpose, the workpiece which 
is a scaled up version of an artefact referred to in the ISO 15530-
3:2011 standard, has been designed and machined as an 
experimental test artefact. In general, the uncertainty 
contributors are similar under both conditions.   

Experimental results show that systematic error uncertainty (

ub ) is the main contributor to the on-machine tool 

measurement uncertainty budget on shop floor condition, after 
calibration of probe and temperature compensation. The 

biggest systematic error ( ub ) is about 0.050 mm which happens 

in the X axis direction. This could be explained by several 
reasons: measurements are executed on the workshop with 
temperature values close to 20 °C and the temperature changes 
relatively slowly. The machining time has been also relatively 
long (minimum 5.5 hours).  In addition, both the machine tool 
and parts are large so the heat dissipation is relatively quick. 

In both conditions, the machine tool shows a good (less than 
0.002mm) repeatability and represents a minor error source on 
the presented experimental exercise. This is because the 
measuring probe has been always calibrated before inspection 
and temperature values are close to 20 °C and relatively stable. 
However, temperature variation could represent another major 
error source in a measurement scenario where large parts are 
measured in an environment with temperature values far from 
20 °C. 

Future work should focus on a fast and reliable calibration of 
the machine tool geometric errors, which would help to keep 
systematic errors under control.  
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Abstract 
Nanometer-precision freeform optical elements are utilized in science technology and industry fields. To apply these optical elements 
with nanometer precision in such fields, it is necessary to measure the three-dimensional surface profile within nanometer precision. 
As previous methods to measure the surface profile of the optical elements, there are two common methods, Fizeau interferometry 
with computer generated hologram (CGH) and Coordinate-measuring-machine (CMM). However, it is difficult to conduct absolute 
measurement of the optical elements in nanometer precision with non-contact. To solve this problem, we propose the measurement 
method based on normal vector tracing. In this method, normal vector is measured to obtain three-dimensional nano-profile by laser 
scanning in non-contact way. By using this method, the three-dimensional nano-profile of the optical elements are measured and 
the results shows good repeatability. In this study, the convex cylindrical mirror with 50 mm radius was measured by this new method. 
The repeatability was calculated by conducting the measurements 10 times. In addition, uncertainty was discussed, calculating from 
repeatability,  assembly  error,  motion  error,  etc.  The  results  shows  that  there  are  possibility  to  be  able  to  measure  the  three- 
dimensional surface profile within nanometer precision with non-contact by developing our nano-profiler based on normal vector 
tracing method.  
 
Keywords: Three-dimensional Profiler, Surface figure, Optical element, Uncertainty, Absolute measurement 
 

1. Introducion 

Advanced optical equipment often requires optical elements 
with aspheric surface to achieve miniaturization, lightweight, 
high precision and high collection efficiency. For example, 
Extreme ultraviolet lithography (EUVL)[1] and X-ray mirror need 
to use aspheric optical elements with high surface accuracy to 
obtain imaging results without effect of aberration or high 
brightness light sources.  

In order to utilize this kind of aspheric optical elements in 
science technology fields, it is necessary to measure the three-
dimensional surface profile within sub-nanometer precision. As 
common equipment to measure the three-dimensional surface 
profile of optical elements, there are Coordinate-measuring-
machine (CMM)[2-4] and Phase shifting interferometry (PSI)[5-
6] such as Fizeau interferometry with computer generated 
hologram (CGH). CMM measures the surface profile by putting 
the probe on the surface directly and scanning two-
dimensionally. It is possible to conduct freeform measurement 
by using CMM, however, it is not non-contact and the 
uncertainty is more than 100 nm, larger than desired value.  

On the other hand, PSI measures the surface form by analyzing 
interference fringes occurred from reflected light and reference 
light reflected or transmitted from the reference surface. This 
method achieves non-contact measurement and less than 1 nm 
repeatability. However, the uncertainty of this measurement 
cannot be quantified because measurement error depends on 
the shape and alignment error of the reference surface. 

Considering this background, it is necessary to develop the 
method to conduct absolute measurement for three-
dimensional profile in Nano-scale. Our research group have 

developed the three-dimensional Nano-profiler based on 
normal vector tracing method[7-8], called as 3D-NVT profiler in 
this report. This method may achieve Nano-scale absolute 
measurement for three-dimensional profile[9].  

In this research, we measure the mirror sample with the 
convex cylindrical surface with 50 mm radius 

 

2. Three-dimensional Nano-profiler based on normal vector 

tracing method 

Figure 1 shows the measurement principal and Fig. 2 shows 
the schematic view of the 3D-NVT profiler which has been 
developed by our research group. This equipment has the 
optical head unit and the sample unit. Optical head mainly has 
Laser emitter and Quadrant Photo Diode (QPD), so the optical 

 
Figure 1.  Schematic diagram of the measurement principle of the 
3D-NVT profiler. 
 

309



  

head can emit laser beam and obtain reflected laser beam from 
by using QPD sensor. During the measurement, the optical head 
and the sample are controlled by motion unit with five degree 
of freedom so that the laser beam is perpendicular to the surface 
of the sample. If the surface of the sample has ideal designed 
form, the reflected laser beam can be received at the center of 
the QPD sensor. However, the actual form is not completely 
same as the ideal designed form, and the displacement of this 
differences can be measured by QPD sensor. By conducting this 
measurement, it is possible to measure the normal vector for 
the whole surface of the sample. Using this values, three-
dimensional profile can be derived. 

 

3. Result and discussion of the measurement  

In this research, we used the mirror sample with the convex 
cylindrical surface with 50 mm radius. Figure 3 shows the 
schematic diagram of the sample form. The measurement was 
conducted by scanned in the area of 24.1 × 24.1 mm.  

Fgure 4 shows the measurement results by the 3D-NVT 
profiler. Figure error means the difference between ideal 
surface form and actual surface form. the figure shows the cross 
section view of the measured figure error in y-direction. We 
repeated this measurement and calculated the repetability of 
the result. The repeatability was 0.15 nm within the measured 
figure error has the PV (peak to valley) value as 201 nm.  

We also estimated the uncertainty of the measurement result. 
The important advantage of our developing 3D-NV profiler is 
that the uncertainty of the measuments results can be 
calculated by considering the randam error and the systematic 
error.  

The randam error can be obtained from the repeatability of 
the measurement result. And we also estimated the systematic 
error caused by the equipment. The systematic error should be 
include the assembly error, the motion error, and the encorder 
error. We caliblated and also assumed several error caused by 
some factor, The uncertainty (2σ) was estimated as 22.1 nm.  

By conducting the caliblation and measument of each factor, 
the value of the uncertainlty can be inploved as future work.  

 

4. Conclusion  

We measured the mirror sample with the convex cylindrical 
surface with 50 mm radius by 3D-NVT profiler. The figure error 
of the sample surface was measured and the repeatability was 
derived. We also estimated the uncertainty of the measurement 
results based of the caliblation result and several assumption.  
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Figure 2. Schematic view of the 3D-NVT profiler. 

 

 
Figure 3. Schematic diagram of the convex cylindrical mirror with 
the 50mm radius.  

 

 
Figure 4. Measured figure error, which means the difference 
between ideal surface form and actual surface form, of the convex 
cylindrical mirror with the 50mm radius.  
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Abstract 
Recently, optical elements with a free-form surface have been required in various fields. To manufacture such optical elements, a 
measurement method is required that can measure the absolute three-dimensional surface profile of such optical elements within 
nanometer precision. Therefore, we are developing non-contact three dimensional nano-profiler using normal vector tracing method. 
In this study, we measured an aspheric mirror surface by this method and estimated the uncertainty of measurement result. 
 
Keywords: Metrology, Three-dimensional Profiler, Form error, Free-form, Optical element, Uncertainty, Absolute measurement 

 

1. Introduction 

Recently, optical elements having a free-form surface has been 
required in various fields such as semiconductor production 
technology, etc[1]. To produce such optical elements, a 
measurement method is required that can measure the absolute 
three-dimensional surface profile of such optical elements 
within nanometer precision. As conventional method for the 
surface form measurement, coordinate-measuring-machine 
(CMM)  and phase shift interferometer are mainly used. 
However, it is difficult to measure the absolute three-
dimensional surface form of free-form optical elements by 
phase shift interferometer because it requires a reference 
surface[2]. Also, high precision CMM needs metrology frames[3]. 
This means that it is difficult to measure such optical element 
surfaces within nanometer precision, without contact, and with 
traceability.  

Therefore, we are developing the non-contact three 
dimensional nano-profiler using normal vector tracing method. 
This method can measure the absolute three-dimensional 
surface profile without any reference surfaces or metrology 
frames. In this study, we measured aspheric mirror by this 
method and estimated the uncertainty under several 
assumption. 

2. Measurement principle      

In this method, the sample surface normal vector is detected 
based on using the straightness of the laser and the highly 
accurate angle detection of the goniometer [4, 5]. The normal 
vector is equivalent to the slope of the sample surface. So, the 
three- dimensional surface form  of the sample surface can be 
obtained by integrating the slope  of the sample surface. Fig. 1 
shows the schematic diagram of the non-contact three 
dimensional nano-profiler which we have developed. The non-
contact three dimensional nano-profiler consists of an optical 
unit and a sample unit. The optical unit has two rotation stages, 
one linear stage, and an optical head. On the optical head, a laser 
light source and a quadrant photodiode (QPD) estimated 
detector, are mounted with a polarizing beam splitter (PBS). On 

the other hand, the sample unit has two rotation stages and two 
linear stages and a sample holder. When measuring a sample, 
the laser is projected on each point of the sample surface. At 
that time, assuming that the sample has the designed form, the 
five axes are numerically controlled so that the incident beam is 
normal to sample surface, and optical pass length is constant. If 
the sample has designed form, the reflected light will return to 
the center of the QPD. However, the actual reflected light 
deviates from the center of the QPD because the sample has 
different surface from designed form due to the form error. So, 
this deviation is detected as a QPD signal. The normal vector and 
coordinates at each point on the sample surface can be obtained 
from QPD signals and the outputs of the encoder for each axis. 
The normal vector is equivalent to slope  of sample surface. So, 
we obtained sample form by integrating slope  of each point. In 
this way, it is possible to measure the absolute three-
dimensional surface profile without a reference surface [6]. 

 

 
Figure. 1 The non-contact three dimensional nano-profiler 
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3. Measurement of aspheric mirror     

In this study, we measured an aspheric mirror ten times by 
raster-scanning the laser horizontally in a range of 20.1 mm x 
20.1 mm with a scan pitch of 0.1 mm. Fig. 2 shows the average 
of form error for ten measurements. Concentric form error is 
found from Fig. 2. This form error is considered to be caused by 
the cutting process during manufacturing sample. The form 
error is 29.8 nm PV, and 5.0 nm RMS. Next, we evaluated the 
repeatability of the form measurements, as shown in Fig. 3 The 
repeatability (standard deviation) is 0.271 nm(σaverage), and we 
achieved the goal of less than 1 nm. 
 

 
Figure. 2 Form error (average of ten measurements) 
 

 
Figure.3 Repeatability of the form error 
 

4. Estimating uncertainty 

Finally, we estimated the uncertainty of this measurement. In 
this method, we can calculate the uncertainty of measurement 
by simulating the influence of all error factors on the 
measurement result and measuring the amount of error. Table. 
1 shows the error budget table which shows uncertainty due to 
each error factor and combined uncertainty. In this report, the 
value 2σ when coverage factor  k=2 is defined the measurement 
uncertainty. Repeatability is evaluated by experiments (see 
Figure 3). Systematic error factors include assembly error, 
motion error, and encoder reading error. The assembly error 
was estimated from the results of previous experiments and goal 
value of uncertainty of optical lengh measurement. The motion 
error was estimated from the measured values. Encoder reading 
error was calculated from the measurement value[7]. As a result, 

the uncertainty of this measurement was estimated to be 4.8 nm, 
and we may achieve the goal of less than 10 nm. 
 
Table 1 The error budget table 

 

5. Conclusion   

In this study, we measured aspheric mirror, and estimated 
uncertainty of this measurement. The form error is 29.8 nm PV, 
and 5.0 nm RMS. The repeatability (standard deviation) is 0.271 
nm(σaverage), and we achieved the goal of less than 1 nm. Also, 
the uncertainty of this measurement was estimated to be 4.8 nm, 
and it was shown that we may achieve the goal of less than 10 
nm. 
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Error factor Std. Uncertainty 

Repeatability 0.271 nm 

Systematic error  

 

Assembly error 1.22 nm 

Motion error 2.03 nm 

Encoder reading error 0.415 nm 

Combined Uncertainty (2σ) 4.8 nm 
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Abstract 
 
In-situ metrology for surface texture and form characterisation along with quality control processes requires a high-level of reliability. 
Hence, verification of the measurement system transfer function including the amplification factor and linearity deviations is needed 
at regular intervals. This paper compares two methods of dimensional calibration for a spectral domain low coherence interferometer 
using either a reference linear interferometer versus a single material measure. Additionally, impact of dataset sparcity is shown 
along with the effect of using a singular calibration dataset for system performance when operating across different media. 
 
Low Coherence Interferometry, Metrology, Calibration        

 

1. Introduction  

On-machine metrology is a growing requirement for many 
high-value manufacturing processes, ensuring tolerances of 
complex geometric parts are adhered to and process control.  

Implementation of in-situ depth sensing modalities into the 
machining environment has been historically difficult due to the 
hostile operating conditions. However, low coherence 
interferometry (LCI) is a proven measurement technique that 
has shown promise for operating in dynamic environments, with 
a small footprint due to straight forward integration into fibre 
optic systems shown to effectively work in various media [1,2]. 

To ensure precise and accurate measurements are produced 
from such embedded sensors, there is a requirement to 
investigate how these instruments might be calibrated whilst in-
situ for multiscale (micrometric to millimetric) measurements. 
This includes to what extent the relationship between sensor 
and the measurand needs to be verified to be accurately 
represented, and how the sensor response changes to operating 
in various environments or media encountered. 

 Verification of sensor operating characteristics is needed at 
regular intervals hence such a calibration regime should be fast, 
robust, inexpensive and simple to implement. Literature has 
shown that such a regime can potentially be achieved through 
the use of multiple step heights [3] and across a user defined 
measurement volume [4].  

The work presented here investigates the calibration of a 
spectral domain fibre deployed LCI sensor via two distinct 
methodologies: Use of a linear interferometer (Renishaw XL-80) 
as a traceable reference versus a step height verified by 
measurement on a Bruker NPFLEX, with the absolute scale 
created using the verified step as a traceable position change as 
shown by Bauer et. al [4]. An investigation into the limitations of 
calibrating an LCI sensor with a sparse dataset for sensor 
application within the micrometre to millimetre range is 
presented along with exploring sensor performance across the 
operational range in air, water and paraffin along with the 
potential for translating calibration datasets for operation in 
other media. 

2. Experimental setup      

The setup shown in Fig. 1 shows an all-fibre based LCI 
operating in a Michelson configuration with a common path 
providing both the reference and sensing signals. The system 
consists of a superluminescent diode (EXS210068-01, Beratron, 
850 nm) with a 3-dB bandwidth of 58 nm and an emitting power 
of 5.14 mW at 160 mA. A single-mode fiber coupler with a 
splitting ratio of 50:50 for beam splitting and coupling. A 
spectrometer (MayaPro2000, Ocean Optics) operating at 125 Hz 
with a 2048 × 64 pixel array, starting wavelength of 756 nm and 
spectral range of 174 nm with a resolution of 0.21 nm. The 
output leg of the interferometer was held in a fixed fibre clamp 
with the fibre tip positioned perpendicular to the sample. 

 A Y-Z translation stage, (Newport, MFA-PPD) driven by a 
stepper motor with manufacturer stated microstep size of 0.1 
µm was used to translate the sample laterally and vertically. The 
step was created by ringing two tungsten carbide slip gauges 
(Opus) onto an optical flat surface. The step height was verified 
by measurement on a Bruker NPFLEX as 6.2 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. Acquisition   

The interferometric calibration was achieved by performing 
simultaneous measurement via the LCI system and linear 
interferometer of a sample during incremental translation in the 

Figure 1. Experimental setup of common-path LCI with linear 
interferometer performing simultaneously offset measurements of 
target sample. 
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z-axis to obtain the LCI system response curve. The step height 
calibration used the verified step height, measuring from the 
high to low surface and then back to the start position, a z-axis 
translation was then performed until the signal peak was at the 
same position as it was when measuring the ‘low’ surface of the 
step, this produces incremental movements related to the 
traceable step size value, allowing for a response curve to be 
created. 

3. Results and Discussion    

The residual error between the reference result and calibrated 
input for a linear fit is shown in Fig. 2. The step height calibration 
data in Fig. 2b shows a drastic reduction in residual error versus 
the dataset captured with comparison to the linear 
interferometer in Fig. 2a. This is thought to be due to a reduction 
in the signal-noise-ratio (SNR) with depth as shown through the 
variation in Fig. 2a at larger optical path differences (OPD), 
combined with the increased stability of the step height 
methodology due to the scanning mechanism across the slip 
gauges acting as an additional signal filter reducing the impact 
of random shot noise on the signal peak at larger OPD. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Although the step heights appear to provide a better set of 

results there are advantages and drawbacks to both methods as 
highlighted in Table 1.  
 
Table 1 Advantages and drawbacks of both calibration methods. 

 Interferometer Step heights 

Pros 
- Fast 
- Variable resolution 

- Inexpensive 
- Simple to use 
- Increased result stabiltiy 

Cons 

- Expensive equipment 
- Difficult to setup 
- Added complexity 

- Time consuming 
- Fixed resolution 
- Increased influence from 

mechanical system 
 
The impact of calibration dataset sparcity of overall quality of 

the calibration curve was investigated by varying the datapoint 
density on the interferometer calibration dataset in air whilst 
observing the impact on residual error across the entire 
measurement span. This is shown in Fig. 3, a convergence 
pattern appearing in the residual error standard deviation at 
both high and low calibration resolution can be seen. This 
response is due to non-linearity and the variation in residual 
error as  shown in Fig. 2a, to reduce the impact of the peaks and 
troughs a larger amount of datapoints is required. 

 
 
 
 
 
 
 
 
 
 
 
The requirement to calibrate the LCI sensor across different 

media was also investigated with the results in Table 2. 
Investigation into the impact of various media on the sensor 
performance is important if integration into the manufacturing 
environmnent is to occur. Operation in air, water and paraffin oil 
was investigated where distilled water and paraffin oil are 
commonly used as dielectric mediums for processes such as 
electro discharge machining (EDM) and emulsifiers for 
lubcrication or for flushing debris. 

 
Table 2 Calibration residual error 2σ STD across different media. 

Media 
Original calibration media (µm) 

Air Water Paraffin 
Air ± 0.13 ± 0.25 ±0.31 
Water ± 0.15 ± 0.23  ±0.27 
Paraffin ±0.12 ±0.23 ±0.22 

 
Due to a reduction in the SNR as a result of operating in 
different media the experimental setup used was able to 
operate over ~2100 µm in air, ~1400 µm in water and ~1200 
µm in paraffin. Table 2 shows similarity in residual error 
amplitude independent of the original calibration curve’s 
medium as long as the refractive index change is accounted for 
between media.  

4. Conclusion and Summary      

This work compares two methods of dimensional calibration 
for a common-path spectral domain LCI sensor. The use of a 
verified step height constructed from slip gauges is shown to be 
a valid alternative reference media for multiscale calibration. 
Dataset sparcity impact on the calibration curve is shown with a 
convergence pattern observable, demonstrating that rigorous 
knowledge of the metrology tool is required in order to set an 
appropriate number of datapoints for effective calibration. 
Finally, the use of a singular calibration dataset, in one medium, 
for use across a range of media is shown with success as long as 
the variation in refractive index is accounted for when crossing 
media accounting for the change in OPD. 
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Figure 3. Dataset sparcity impact on calibration curve residual error. 
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Abstract 
 
In recent years, additive manufacturing (AM), primarily metal AM developed rapidly. AM has advantages such as energy saving, less 
material consumption, efficient production, and so forth. In-situ inspection is an important practice during the AM process which can 

help to improve product quality and reduce material consumption. 
This paper presents the development and implementation of a layer by layer in-situ optical inspection system embedded within a 
commercial Ebeam machine. The inspection system is based on fringe projection profimometry. The system is applied for testing of 
the powder bed surfaces before melting and the solidified metal surfaces post layer processing. A novel high dynamic measurement 
method for the solidified metal surfaces was investigated. An example of high dynamic range surface during a part build is used to 
demonstrate the system capability.  
 
Key words: additive manufacturing; fringe projection; 3D measurement; high dynamic range measurement  

 

1. Introduction    

Additive manufacturing (AM) has been developed for many 
years because of its advantages in manufacturing internal 
features or complex structures. The fringe projection technique 
has advantages of full-field, high speed, high accuracy, low cost 
and large field of view. These advantages would appear to suit 
the requirements for the in-situ inspection of powder bed and 
printed parts. However, during metal AM process, metal powder 
would be solidified to metal surface whose reflection 
characteristics change from diffuse to shiny [1].  The solidified 
shiny surface and diffuse powder bed are measured 
simultaneously using fringe projection technology, which results 
in intensity saturation and data loss in shiny area from the 
captured images  called high dynamic range measurement issues. 
Hence implementation of an effective in-situ measurement 
approach for assessment of powder delivery and resolidified 
shiny part quality is essential to improve manufacturing 
accuracy and to enhance product quality. Some researchers 
have conducted a series of studies on saturation issue. Zhang [2] 
presented a method to take a sequence of fringe images with 
different exposures which can select the brightest but 
unsaturated corresponding pixel to produce the final fringe 
pattern in their structure light projection system. This method 
requires taking multiple sets of pictures, which consumes time 
and slows down the measurement. Suresh [ 3 ] proposed an 
improved multi-exposure method which, after projecting binary 
sinusoidal patterns, captured two images during the projector’s 
bright period and dark period, using different exposure times.  It 
increased measurement speed but still needed additional fringe 
patterns to obtain absolute phase. Salahieh [ 4] presented a 
multi-polarisation fringe projection imaging technique to 
eliminate saturated points and combine the results in different 
exposures to measure both dark and shiny areas. This method 
requires the application of special polarizing cameras, as well as 

the addition of polarizing film in front of the projector lens, 
which increases the hardware cost and involves the distortion 
error of the extra lens. The above methods solved the issue of 
high dynamic measurement but still have some measurement 

limitations. 

In this paper, a new method which is to solve high dynamic 
measurement issue in AM processing by using fringe projection 
profilometry is proposed. A machine learning algorithm is 
employed to classify and predict the sample under test (SUT) 
category and adaptive exposure parameters. After system 
calibration, the fringe projection system inspects solidified 
surface by adaptive exposure time during AM processing. 
Therefore, the fringe projection system realizes the intelligent 
detection capabilities of high-precision inspection, intelligent 
identification of the measured surface and in-situ high-speed 
measurement. The system is used in a commercial AM machine. 
The correct recognition rate of the inspection system was high. 
The results showed that the system had the ability to 
simultaneously measure both powder bed and metal surfaces. 

 
2. Manufacturing process 

The logic of manufacturing process as shown in figure 1 is that 
after process parameters are set, a layer of powder is dispensed 
from a powder hopper. Then the fringe projection system 
inspects the powder bed to assess if the surface is defect free 
enough to carry on with the process. If the result are good, the 
system will carry on building, namely powder fusion. Otherwise, 
the power delivery will be repeated until the surface is smooth 
enough. After the powder fusion, the fringe projection system 
will inspect the printed part to detect planar and out of plane 
error. If no problems are detected or the problem can be 
resolved the build will carry on, if a problem is detected i.e. the 
part build deviation is beyond a given threshold then the build is 
halted. Both of these two inspections need to finish 
measurement under 5 secs. 
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Figure 1. EBM Manufacture and inspection flow chart of additive 

manufacturing system 

   
2.1. The principle of fringe projection technique 

The principle of fringe projection system which consists of a 
CCD camera and a projector is triangulation measurement. The 
measurement takes place after the geometrical relationship 
between the camera and the projector is established. The 
projector projects sinusoidal fringe patterns onto the sample 
surface, and the camera captures these deformed fringes. The 
absolute height value can be calculated from the phase map, 
with the geometrical relationship model as shown in equation 1. 
High-precision phase algorithms need to be investigated.  
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The methods to obtain absolute phase information are 
generally divided into two categories, phase wrapping 
algorithms and phase unwrapping algorithms.Phase-shifting 
methods are widely used in optical metrology because of their 
speed and accuracy[5]. If a multi-step phase-shifting algorithm 
with a phase shift of δn is adopted, the intensity distributions for 
the ideal sinusoidal fringes can be described as, 

 ( , ) ( , ) ( , )cos( ), 1,2,3,...,n nI x y A x y B x y n N = + + =    (2) 

where A( , )x y is the average intensity, ( , )B x y is the intensity 

modulation, and ( , )x y the phase need to be solved for. The 

surface with uniform reflectivity can be measured by using 
equation 2, and the high dynamic range surface in this paper can 
be measured by obtaining the rough powder and the shiny metal 
surface respectively. 
The composite fringe pattern can be express as following, 

(U )
composite c metal c powder

Mask MaskI I I− −
=  +  −    (3) 

where U is a matrix with one element, Mask is  the effective 
pixels in the saturated region, ( , )c metalI x y−

 is metal region 

intensity under 255 grey level with a suitable exposure time, 

( , )c powderI x y−
is poweder region intensity under 255 grey level. 

Therefore, the wrapped phase and the unwrapped phase can be 
obtained by using the composite fringe patterns. 

 
2.2. The principle of Support Vector Machine(SVM) 
   
 We proposed a machine learning algorim to classify and predict 
SUT to solve saturation issue. Support Vector Machine(SVM) is a 
classical classification algorithm. SVM is a two-class classification 
model [6]. The basic model is a linear classifier with the largest 
interval defined in the feature space. The algorithm creates a 

line or a hyperplane which separates the data into classes [7]. 
When the different kernel functions are used for classification, 
SVM can become a nonlinear classifier. The classification 
principle of SVM is shown in figure 2. The separation hyperplane 

is 0x b


 + = , sample point is ( , )i ix y . Therefore, the 

distance from the hyperplane to the sample set is

i = ( )i i

b
y x




 



 + . By maximizing the margin (2 i ), the 

SVM model is used to solve the segmentation hyperplane 
problem. the optimal classification function can be expressed as 
equation 4, 

1

( ) sgn( ) sgn( ( ) )
n

i i i

i

f x x b y x x b    

=

= + = +
  (4) 

where 
, b

 , 
i


 are the coefficients of the optimal 

hyperplane. Therefore, the sample data can be marked, one 
class is marked by 1 and the other is -1. For the linearly indivisible 
sample data, after the kernel function is determined, the 
optimization equation becomes: 

1 1 1

1
( ) ( , )

2

N N N

i j i j i j i

i j i

L y y K x x  
= = =

= − + 
   (5) 

where ( , )i jK x x  is the kernel function. 

   

Figure 2. The classification principle of SVM - Support vectors 
delimiting the margin between classes 

  To achieve multiple classifications, the method of one-versus-
rest (OVR) method is adopted in this paper. During the training, 
based on the categories, the samples were classified into one 
category successively which is labelled by 1, and the rest of 
samples into another class which is labelled by -1. In other 
words, if there are K categories in the sample set, K classifiers 
will be obtained after classification training. The unknown 
sample is classified into the category with the maximum 
classification function value as the shown in figure 3. Therefore, 
the SVM algorithm can achieve samples classification and 
predict the appropriate exposure parameters. 

 

Figure 3. Schematic diagram of SVM multi-classification method 
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3. Training and testing   

The process of printed surface inspection as shown in figure 4, 
after Ebeam melting, the projector projects fringe patterns on to 
surface with initial exposure time.  The projected patterns 
include a set of sinosiodal patterns and a graylevel background 
intensity pattern. The sample surface is captured by the initial 
exposure time and projection intensity. Canny operator was 
used to separate the printed reflective surface and powder, and 
the unit overexposure pixel number in the reflective area was 
calculated as the input parameter 1, and the initial exposure 
time was the input parameter 2. The SVM classifier can predict 
printed surface in which class and its suitable exposure 
parameters based on these two input parameters. The system 
projects a set of fringe patterns and the camera captured them 
with  predicted exposure time for the second measurement. At 
last, the results of the two measurements are merged to 
determine whether the measured surface is qualified. 

 

 
Figure 4. The process of shiny surface inspction. 

 

In this paper, four types of manufactured surfaces as samples 
are classified and trained. According to the proposed 
classification method, four SVM classifiers can be obtained. 
According to the exposure time and saturated pixel number of 
each training surface sample, the scatter diagram is shown in 
figure 5. 
 

 
Figure 5. The scatter diagram of manufacturing surfaces 

In order to verify the accuracy of the SVM classifier, the samples 
with different input parameters were classified and the results 
shown table 1. By comparing the predicted results with the 
actual classification labels,  cross validation error of each training 
surface is 0.0887, 0.0565, 0.2016, and 0.1854 respectively. The 
correct prediction rate is 0.8629 (86%), and the false alarm rate 
is 0.0645. 
 
 

Table 1 The prediction results 
 

Class Class1 Class2 Class3 Class4 

Cross validation 
error 

0.0887 0.0565 0.2016 0.1854 

Precision rate 0.8629 

False alarm rate 0.0645 

4. Experiment 

  As shown in figure 6, a full implementation of the inspection 
system was carried out on a commercial EBM machine. The 
position of the camera and projector outside of the vacuum 
build chamber with the viewing ports. The position of the 
projector and the camera were fixed with the angle between the 
optical axes of circa 30°. The camera model is evo12040MBGEB 
from SVS with a resolution of 3016x4016 pixels. The projector is 
an industrial digital projector (Light Crafter model 4500) with a 
resolution of 912x1140 micro mirror array.  
 

Figure 6. Prototype system with fringe projection system in a new EBM 

machine 

 
(c) Fringes with long exposure time and short exposure time and 

merged fringes 
Figure 7. The captured fringes with twice measurements and the 

merged fringes 

  The projector projected 12 sinusoidal fringe patterns with 
fringe number 81 80 72 and the background pattern with 240 
grey level intensity onto the sample surface. The projected 
fringes were deformed by the shape of the surface and the 
intensity of the background pattern changed by the different 
reflective rates of the surface. The camera captured these 
deformed fringes and the texture background pattern with the 
long exposure time. The deformed fringe patterns were selected 
as the effective region by the corresponding mask as shown in 
figure 7(b). After SVM prediction, the sample surface belongs to 
training class4. Then, the corresponding exposure time of class4 
was reset, the system took the second time measurement. The 
deformed fringe patterns with the low exposure time were 
cropped to select the effective area by the mask. Therefore, 12 
unsaturated intensity patterns were merged by two 
measurements in figure 7(c). After the process of 4 steps phase-

EBM 
source 
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shifting and 3-frequency selection phase unwrapping, the 
merged absolute phase map can be obtained. 
 

 
Figure 8. The measurement result of a manufacturing square 

 

Figure 8 shows the measurement result with a high reflective 
feature and the powder bed with a low reflective rate was 
measured successfully simultaneously. And the whole process 
needs around 4 seconds with two measurements. The square 
built parts within the powder bed where edge thermal swelling 
which is shiny can be measured clearly. The threshold value 
would be set to determine the process halt or not according to 
the defect size. 

5. Conclusion       

In this paper, an in-situ monitoring technique was developed 
to facilitate inspection of the powder bed and printed surface of 
an EBM machine by using a fringe projection technique. After 
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Abstract 
In this investigation, we propose a polarizing spectrally-resolved interferometer to extend the measuring range limited by the Fourier 
method, which has the dead zone caused by the minimum measurable range. Adopting a polarization pixelated CMOS camera which 
can obtain the spatially phase-shifted four spectral interferograms, the spectral phases can be extracted with a single operation, and 
the proposed interferometer provides a fixed distances corresponding to the line of a specimen at once. By the nature of phase 
shifting technique, moreover, the directions of measured distances are identified, and the measuring range is extended twice longer 
than that of the spectrally-resolved interferometer based on the Fourier method. In the experimental results, the measuring range 
was 104 μm, and the capability to obtain a line profile of a specimen with a single operation was confirmed. 

 
Spectrally-resolved interferometer, polarization pixelated camera, spatial phase shifting, minimum measurable range, dead zone  

1. Introduction 

Spectrally-resolved interferometry (SRI) can measure a fixed 
distance with an acquisition of spectral phase without any 
mechanical or electrical moving mechanisms [1]. By using a 
dispersive elements such as a diffraction grating or a prism, an 
interference signal is spectrally resolved, and each spectral 
density of the interference signal can be detected corresponding 
to its wavelength. Typically, this spectral interference signals are 
analyzed by the Fourier method, and the distance can be 
determined from the relation between the spectral phase and 
optical frequencies [2] . However, SRI has the limitation of 
measuring range caused by a minimum measurable range 
(𝐿min). 𝐿min  is originated by the characteristics of the Fourier 
method, which cannot distinguish the signal peak purely in case 
that it is overlapped with a DC peak in the Fourier domain. 
Moreover, SRI does not have directionality of the signal, which 
means it always take the positive value of the distances [3,4]. 
Because of 𝐿min  and the direction ambiguity caused by the 
Fourier method, subsequently, the measuring range of SRI is 
significantly reduced [3,4] and it becomes only half the whole 
measuring range.  

Meanwhile, a phase shifting SRI (PS-SRI) [5] can remove the 
measuring range limitation caused by 𝐿min because the spectral 
phases are obtained by the phase shifting technique. As long as 
the phase shifting technique is applied to SRI, the spectral phase 
can be obtained at any circumstances, even the spectral 
interferogram is null. Furthermore, the directions of the 
measured distances are also determined by the direction of the 
phase increases in the phase shifting technique. However, PS-
SRI needs a phase shifting mechanism such as a mechanical or 
an electrical moving part, which needs additional measurement 
time. It malinly lowers the advantage of SRI. Besides, PS-SRI 
should compensate the phase shifting errors corresponding to 
all wavelengths [6].  

In this investigation, we propose a polarizing spectrally-
resolved interferometer to extend the measuring range, which 
are limited by the Fourier method, which has the dead zone 
caused by the minimum measurable range. Adopting a 

polarization pixelated CMOS camera which can obtain the four 
spatially phase-shifted spectral interferograms, the spectral 
phases can be extracted with a single operation, and the 
proposed interferometer provides a fixed distances 
corresponding to the line of a specimen at once. By the nature 
of phase shifting technique, moreover, the directions of 
measured distances are identified, and the measuring range is 
extended twice than that of the spectrally-resolved 
interferometer based on the Fourier method.  

2. Principle      

Figure 1 shows the optical configuration of the modified SRI in 
this investigation. As a light source, a broadband light is used and 
split into a reference and a measurement beams by a polarizing 
beam splitter (PBS) after passing through a 45° rotated linear 
polarizer (P45°).  

 
Figure 1. Optical configuration of modified SRI; L, lens; P45°, 45° rotated 
polarizer; PBS, polarizing beam splitter; QWP45°, 45° rotated quarter 
waveplate; MR, reference mirror; IL, imaging lens; IS, imaging 
spectrometer; PCMOS, polarization pixelated CMOS camera. 
 

The reference beam is reflected off by a reference mirror (MR) 
while the measurement beam is reflected off by a specimen. 
Each beam goes through a 45° rotated quarter waveplate twice 
(QWP45°) and is incident to an imaging spectrometer (IS). In front 
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of IS, another QWP45° acts as a role of converting linearly 
orthogonal polarization states of two beams into circularly 
orthogonal polarization states. Then, four phase-shifted spectral 
interferograms can be obtained in a polarization pixelated CMOS 
camera (PCMOS), which has a 0°, 45°, 90° and 135° rotated 
polarizer array [7]. The spectral interferograms of the system 
can be mathematically described as 

 
𝐼0 = 𝑠(𝜈)[1 + 𝑠𝑖𝑛𝜑(𝜈)],  
𝐼45 = 𝑠(𝜈)[1 + 𝑐𝑜𝑠𝜑(𝜈)],  
𝐼90 = 𝑠(𝜈)[1 − 𝑠𝑖𝑛𝜑(𝜈)],    (1) 
𝐼135 = 𝑠(𝜈)[1 − 𝑐𝑜𝑠𝜑(𝜈)]  
 

where I0, I45, I90 and I135 are the interferograms detected by 4 
different pixel sets of PCMOS, respectively. As known from Eq. 
(1), four interferograms are consecutively π/2 phase-shifted, 
and 𝜑(𝜈) can be extracted simply by four-step phase shifting 
algorithm [7] as 

 

𝜑(𝜈) = 𝑡𝑎𝑛−1 (
𝐼0−𝐼90

𝐼45−𝐼135
)    (2) 

 
Four PCMOS pixels are a single set to provide 𝜑(𝜈) at a specific 

𝜈 of a single point. Along the vertical axis (spectral axis) of the 
obtained image of PCMOS as shown in Fig. 2(a), 𝜑(𝜈)  is 
calculated by Eq. (2), and the optical path difference (OPD)  
between the refrence and the measurement paths, the distance  
is calculated as a linear slope of 𝜑(𝜈). Then, the same analysis is 
repeated along the horizontal axis (spatial axis) to obtain the 
heights corresponding to the line of the specimen. Based on 
spatial phase shifting technique, the proposed SRI does not have 
the measuring range limitation because 𝐿min does not exist, and 
the direction can be definitely determined. Therefore, the 
measuring range of the porposed SRI becomes longer than twice 
of the measurable range of typical SRI.  

3. Experimental result      

To confirm the extended measuring range of the proposed SRI, 
a plane mirror was used as a target and moved by a motorized 
stage with 1 μm step size. As a light source, a laser driven plasma 
light was used, and a 1x telecentric imaging lens was used to 
image the measurement line. The available spectral range was 
from 550 nm to 700 nm, and a commercial imaging 
spectrometer with 2.8 nm spectral resolution was used to obtain 
the two-dimensional spectral-spatial interferogram. A 
commercial PCMOS was used to obtain four phase-shifted 
spectral interferograms. Figure 2(a) shows an example of four 
phase shifted spectral interferograms near the OPD is around 13 

 m and Fig. 2(b) presents the calculated heights of the 
measured line. Figure 3 shows the distance measurement 
results of the proposed SRI according to the stage movements. 
At each stage position, the line profile was calculated, and their 
mean value was used as a representative position value of the 
stage. For the comparison, the measurement results by Fourier 
method in typical SRI were also presented. As shown in Fig. 3, 
the measurement results by Fourier method has dead zone of 
approximately 4 μm, and the direction was not distinguished. 
Opposed to the typical SRI, the measurement results of the 
proposed SRI clearly shows the linear relationship with the 
position of the moving stage, and there is no dead zone. As the 
result, the proposed SRI can measure the distance in the range 
of 104 μm compared to the measuring range of 50 μm in the 
typical SRI based on Fourier method.  

One of the benefits of the proposed SRI is to measure a line 
profile of the specimen at once without any mechanical or 
electrical moving parts although a lateral scanning stage is 

necessary to obtain the 3D surface profile of a specimen. 
However, the spatial phase shifting by the PCMOS should be 
rigorously calibrated to ensure the accurate phase calculation by 
Eq. (2). In this investigation, it was confirmed that each 
polarization axis of the polarizer array in the PCMOS was 
calibrated with the extreal polarization reference.  

 

 
(a) 

 
(b) 

Figure 2. (a) Four phase shifted images and (b) the calculated line profile 
of a plane mirror. 

 

 
Figure 3. Measurement result of measurable range extension.  

4. Conclusion      

We proposed and experimentally verified a modified spectrally-
resolved interferometer (SRPI) to use a polarization pixelated 
CMOS camera to extend the measuring range of the typical SRI 
based on Fourier methods. A line profile of a specimen can be 
obtained with a single operation without any mechanical or 
electric moving parts, and there is no dead zone caused by the 
minimum measurable range. In the experimental result, the 
measuring range was longer than twice that of the typical SRI, 
and direction ambiguity was avoidable.  
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Abstract 
 
Advanced manufacturing has been identified as one of the key enabling technologies (KET) with applications in multiple industries. 
Advanced manufacturing requires new and enhanced metrology methods to assure the quality of manufacturing processes and 
resulting products. However, a high-level coordination of the metrology community in Europe is currently absent in this domain and 
limits the impact of metrology developments on advanced manufacturing. This gap aims to be closed through the establishment of 
a European Metrology Network (EMN) for advanced manufacturing. Here we report on the approach, first activities and the latest 
progress to establish a EMN on advanced manufacturing within EURAMET, the European Association of National Metrology Institutes 
(NMI). The objectives of this EMN are to set up a permanent stakeholder dialogue, to develop a Strategic Research Agenda (SRA) for 
metrology input needed for advanced manufacturing technologies, to create and maintain a knowledge sharing programme and to 
implement a web-based service desk for stakeholders involved in advanced manufacturing.  
 
advanced manufacturing, metrology, European metrology networks (EMN), Strategic Research Agenda (SRA), stakeholder, Industry 4.0 

 

1. AdvManuNet: Project concept and aims   

Advanced manufacturing has been identified as one of the key 
enabling technologies (KET) with applications in multiple 
industries. The joint networking project (JNP) 19NET01 
AdvManuNet started in June 2020 and has been detailed in [1]. 
The JNP aims to accelerate the process of establishing an 
European Metrology Network (EMN) to strengthen Europe’s 
position in advanced manufacturing. The specific aims are the 
following: 

1. Creation of a single hub for stakeholder engagement across 
the landscape of various industrial sectors and including relevant 
societies and standardization bodies. 

2. Development of a Strategic Research Agenda (SRA) and 
roadmaps for advanced manufacturing metrology based on the 
stakeholder engagement activities, considering current gaps in 
metrological capabilities existing networks and roadmaps.  

3. Establish a knowledge-sharing program for advanced 
manufacturing stakeholders, promoting the dissemination and 
exploitation of the results of the project, including those from 
previous EU funded research projects.  

4. Development of a sustainable web-based platform and 
service desk for advanced manufacturing stakeholders to allow 

for easy access to European metrology capabilities and support 
the wider advanced manufacturing community with metrology-
based requirements.  

5. Develop a plan for a coordinated and sustainable European 
metrology infrastructure for advanced manufacturing via a 
European Metrology Network.   

This extended abstract details some of the recent activities of 
the JNP with the goal of establishing a sustainable EMN for 
advanced manufacturing 

 
Figure 1. Trial of a dental drilling guide produced by additive 
manufacturing and features measured by means of computed 
tomography. (Source: [2]) 
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2. Definition of Advanced Manufacturing 

For the purpose of the planned EMN on advanced 
manufacturing, a definition of advanced manufacturing was 
required due to a lack of a formal definition by ISO or CIRPedia. 
Therefore one of the first activities was a proposal for the 
following definition, based on the CIRPedia definition of 
manufacturing and taking into account information from other 
references:   

“Branch of manufacturing that exploits evolving or emerging 
knowledge, technologies, methods and capabilities to make 
and/or provide new or substantially enhanced goods or services, 
or improve production efficiency or productivity, while ensuring 
environmental and societal sustainability.”  

 This proposed definition is backed up by explanations given as 
additional notes. The complete definition is given in [3]. An 
example of an application of metrology for advanced 
manufacturing is given in Figure 1. 
 
2.1. Key industrial sectors 
 

Another task was the identification of Key Industrial Sectors 
(KIS) covered by advanced manufacturing. AdvManuNet has 
identified 13 KIS to be considered where metrology 
infrastructure is seen as an indispensable enabling technology:  
1) Metrology equipment & service 2) Machine tools & robotic 
3) Digitalized and integrated manufacturing systems  
4) Energy generation, transmission & storage  
5) Advanced materials & processing  
6) Nano- & microelectronis 7) Nano- & microtechnology   
8) Optics and photonics 9) Land and sea-based mobility  
10) Aerospace 11) Complex infrastructure & civil engineering 
12) Life science technology 13) Defense & security  

The stakeholder engagement will be focussed on these 
identified KIS in order to discuss the future metrology 
requirements within advanced manufacturing. 

3. Analysis of current metrology capabilities in Europe  

In order to assess the current capabilities of National 
Metrology Insitutes (NMIs) and the corresponding industry 
demands for advanced manufacturing, a questionnaire was sent 
to the dimensional metrology experts in EURAMET TC-L. This 
questionaire addressed the calibration capabilities and national 
requirements using the length service classifications DimVIM [4] 
definded by the Consultative Committee for Length and 
reference artefacts for advanced manufacturing [5] as 
structuring elements.  

The feedback of the questionnaire is summarised in Figure 2 
anonymously and is combined with additional information on 
participation in metrology coordination activities. There is a 
general linear trend of matching capability to requirements and 
participation in coordination and smart specialisation 
programmes.  

There are 3 groups of countries captured in the analysis: 

• countries with high number of requirements / capability 
and programme participation;  

• countries which have established a lower number of 
capabilities (mostly new EURAMET member states).  

• countries in between which are increasing their 
capabilities, national requirements and programme 
participation.  

A small number of countries were found to have a lower 
number of existing calibration capabilities compared to the 
number of national requirements. It is one aim of the planned 
EMN to help those countries firstly attain the matching 
capability to requirement relationship and secondly to increase 

the participation and activity of these NMIs in metrology for 
advanced manufacturing. 

 
Figure 2. Analysis of national calibration demands and capabilities in 
length categories in Europe on both axes in combination with the 
number of programmes in coordination and smart specialisation of 
participant EU and Non-EU counties represented in as the size of circles.    

4. Strategic Research Agenda (SRA)      

Current work is in progress on tasks related to the 
development of an SRA for advanced manufacturing metrology. 
The SRA will identify gaps in current metrological capabilities 
and consider existing networks and roadmaps.  

The second aspect is to develop a plan for a sustainable 
European metrology infrastructure for advanced manufacturing 
via an EMN. This plan has to be completed within 12 months and 
will address - amongst other topics - options for further 
coordination and smart specialisation of metrology capabilities 
related to advanced manufacturing in the European NMIs.  

5. Outlook      

Activities are now focused on developing the proposal for the 
planned EMN on advanced manufacturing and on the 
stakeholder engagement, including the establishment of a 
Stakeholder Advisory Committee (SAC) and development of the 
Strategic Research Agenda (SRA). To facilitate the stakeholder 
discussion, a workshop will be organized at euspen’s 21st 
International Conference & Exhibition in June 2021. 
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Abstract 

The advantages offered by X-ray computed tomography (XCT), e.g. the capability to inspect and measure complex geometries and 

non-accessible or internal features in a non-destructive way, are at the basis of its rapid diffusion in the field of manufacturing 

metrology. However, a large number of influence factors affect the metrological performances of XCT systems. One of the main 

variables is the material of the inspected object. In this work, the influence of the material of the artefact used for testing the XCT 

system is addressed. A reference object was developed, consisting on a hole plate which can be made out of different materials and 

used to evaluate the performances of a metrological XCT system. The position and the diameter of the holes were specifically 

designed to match with a ball plate that can be used together with the hole plate in a combined way. Experiments were carried out 

using the objects separately and combined.  

 
X-ray computed tomography, performance verification, material, dimensional metrology   

 

1. Introduction  

The capability to inspect and measure complex freeform 

surfaces and non-accessible or internal features in a non-

destructive way, are driving X-ray computed tomography (XCT) 

towards a rapid diffusion in the field of manufacturing 

metrology. However, the establishment of the metrological 

traceability represents still a challenging task as a multitude of 

factors influence the measurement results. Among those, the 

material of the object to be inspected is one of the most 

relevant. Therefore, several materials may lead to artefacts in 

the reconstructed volume and may require different scanning 

parameters that can affect the quality of the XCT results. In 

addition, it is likely in industry to scan multi material 

components, whose analyses can suffer of other issues, for 

example in the determination of the surface on the contact zone 

[1]. The metrological performance verification of industrial CT 

systems relies on the use of specific reference objects, which can 

be characterized by different materials and geometries. Since 

their use can lead to different results, the topic has been one 

point of discussion for the development of ISO 10360-11 [2,3]. It 

is therefore important to study the effects that may characterize 

the scan of different materials, including the impact on the 

process of metrological performance verification and 

acceptance testing of XCT systems.  In order to investigate the 

impact of the material on the results of the performance 

verification of XCT systems, an experimental study was designed 

and a dedicated reference object was developed. 

2. Experimental set-up      

An experimental study was developed in order to evaluate the 

impact of the artefact material in the results of performance 

verification of XCT systems, following the procedures proposed 

in the current draft of ISO 10360-11. A hole plate was designed 

for the study (see Figure 1a). 56 cylindrical features of 2.0 mm 

diameter are positioned in a way to match with the position of 

the spheres of the ball plate presented in [4], which was used in 

this study as well. A first version of the hole plate was 

manufactured out of aluminium 1050 and calibrated by tactile 

coordinate measuring machine (CMM) measurements. Three 

repeated XCT scans of the two objects (hole and ball plate) were 

performed individually and in a combined configuration at a 

fixed geometrical magnification, with a voxel size of 20 µm. The 

three different configurations (hole plate, ball plate and 

combined object) were scanned in two orientations (see Figure 

1 b and c), observing the volumetric length measurement error 

(����) and, when the ball plate was scanned, the probing error 

of size (��) and form (��). In the following, we will refer to the 

ball plate and to the hole plate as to CTBP and HPAl respectively. 

 

 
Figure 1. Hole plate used for in this work. The lines considered in the 

study are indicated in figure (a). Hole plate inclined at 45° (b) and in the 

vertical orientation at 90° (c). 

 

The experiments were performed by mean of a metrological 

CT system (Nikon Metrology MCT225), using a single set of 

scanning parameters for all the object configurations, as stated 

in Table 1. The 3D reconstruction was performed via the filtered 

backprojection algorithm implemented in the software CTPro 3D 

(Nikon Metrology, UK). The surface determination and the 

dimensional measurements (i.e. cylinder and sphere center-to-
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center distances and spheres form errors) were conducted using 

the analysis and visualization software VGStudio MAX 3.2.3 

(Volume Graphics GmbH, Germany). 

 

Table 1. XCT scanning parameters adopted in the experimental study 

Voltage / kV 110 

Current / μA 150 

Exposure time / s 1 

Frame averaging  1 

Voxel size / μm 20 

Nr. projections 1000 

3. Results      

Analysing the length measurement errors obtained using the 

CTBP and the HPAl singularly, clearly showed differences. Figure 

2 shows the values obtained with the objects in the vertical (90°) 

and inclined (45°) orientations; in particular the errors increase 

with the objects oriented at 45°, more critically considering the 

HPAl than the CTBP.   

 

 
Figure 2. Volumetric length measurement errors calculated on the CTBP 

and the HPAl scanned singularly in both the orientations (45° and 90°). 

 

Figure 3 reports the errors found in the measurements of the 

distances between the CTBP sphere centres and between the 

HPAl cylinders, scanned singularly and in combination, in the 

vertical orientation. The results show that the presence of the 

additional material leads to significant effects. In particular, a 

relevant increase can be observed in ���� when determined on 

the hole plate assembled with the ball plate.  

 

 
Figure 3. Length measurement errors calculated on the CTBP and the 

HPAl scanned singularly and assembled (Assembly) oriented at 90° 

 

With the object at 45°, the effect of the presence of the hole 

plate on the errors calculated using the ball plate is more critical, 

as indicated in Figure 4.  
 

 
Figure 4. Length measurement errors calculated on the CTBP and the 

HPAl scanned singularly and assembled (Assembly) oriented at 45° 

 

The presence of the hole plate has a significant impact on ��, 

which increases from 14.1 µm and 13.8 µm, when scanned 

singularly, to 36.8 µm and 22.6 µm in the combined 

configuration, respectively with the object inclined at 45° and 

90° (see Figure 5). Moreover, while testing the CTBP singularly 

led to similar results at 45° and 90°, the results obtained with the 

combined object showed significant differences depending on 

the object orientation.  

 

 
Figure 5. Probing error of size and form measured considering all the 

spheres of the CTBP scanned singularly and in combination with the HPAl 

for both the object orientations (45° and 90°). 

4. Conclusions      

This work is a part of a wider study that aims at evaluating the 

impact of different materials in the metrological performance 

verification of XCT systems, following the procedures currently 

being considered in the ISO 10360-11 draft standard. In this 

work, the objects design was presented and a preliminary 

experimental investigation was conducted using a ball plate and 

an aluminium hole plate. 

The results obtained allow to plan future experiments to study 

the influence of the artefact material on CT dimensional 

measurements, investigating different materials, varying the 

scanning parameters and testing different orientations. 
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Abstract 
Application of laser-based measurement systems such as LiDARs are becoming more common in a wide range of application areas. 
Many of these applications are sensitive on the performance of the positioning measurements LiDARs. The main objective of this 
paper is to describe a methodology for performance evaluation of LiDAR-based position measurement system. The proposed 
approach, based on carried out experimentation, can generally be applicable for LiDAR evaluation for large-scale position 
measurements. The methodology was developed for the characterization of volumetric error of positioning measurements in a  
three-dimensional Cartesian coordinate system with the utilization of an external laser tracker. The methodology requires a 
measurement artifact with a spherical geometry which is inspected from various distances with the LiDAR. The laser tracker 
measurements are used for validation and verification purposes. This paper presents a case study with the implementation of the 
proposed methodology for a selected commercially available LiDAR system. Positioning error identification is essential for 
performance evaluation, the measurement shown in the paper outlines the performance of the selected LiDAR system. 
 
 
LiDAR, performance evaluation, large-scale metrology, position measurement    

 
1. Introduction    
 

Due to the recent developments in the field, LiDAR technology 
is gaining more ground in civil engineering, transportation and 
in many areas of industrial applications. More sustainable cities 
and safer transport can be supported with 3D scanning that can 
deliver results quickly. In industrial applications, rugged, reliable 
and affordable high-resolution LiDAR sensors enable safer and 
faster automation in the area of mining, agricultural, forestry 
and so to climate change mitigation, construction and logistics 
industries [1]. For these applications adequate measurement 
accuracy based on LiDAR reading is crucial. The main goal of this 
paper is to develop and demonstrate a methodology to evaluate 
the positioning performance capabilities of an industrial-grade 
high resolution LiDAR system.  

2. Methodology for performance evaluation  

The following section presents a methodology for evaluating 
the performance of a LiDAR-based position measurement 
system and its results. In previous research by Lambert et al. [2] 
has been implemented about performance analysis of LiDARs for 
automated driving systems, in comparison, this paper 
concentrates more on the methodology evaluating the short and 
middle-range positioning capabilities of a LiDAR system. The 
capabilities of a commercially available low-cost, high-resolution 
32-channel LiDAR sensor are investigated in this study by using 
a Leica AT901 laser tracker as a reference measurement system 
and a spherical reference object. The radius of the reference 
object was measured by a coordinate measuring machine 
(CMM). The surface of the artifact was covered with a thin layer 
of paint with low reflectivity.   
The methodology is realized in a measurement arrangement, 
where the LiDAR was tilted to different orientations at different 
distances, in order to explore potential performance 
inhomogeneities in the near and middle operational range. After 

the initial arrangement (see Figure 1), first the position and the 
radius of the measurement artifact was measured by using the 
laser tracker and Spherically Mounted Retroreflector (SMR) Ball 
Probes. Only one two-dimensional slice of the operational range 
of the LiDAR was investigated. This step was based on the 
assumption that the scanning is performed with the same 
characteristics in all slices of the cylindrical operational range of 
the LiDAR. Two conditions were changed in the measurement 
arrangement during the implementation of the methodology. 
The first was the distance of the LiDAR from the measurement 
reference object and the second was the tilting angle of the 
LiDAR [3], with which the measurement accuracy of the middle 
and peripheral region was studied. In all positions and 
orientations, a point cloud was measured with the LiDAR. Data 
capturing was performed for 10 seconds at a horizontal 
resolution of 2048 points with 10 Hz sampling on 32 channels.  

 
Figure 1. a) The spherical reference object and the Leica AT901 laser 
tracker b) A commercially available LiDAR mounted on the tilting console 
with the SMR c) Side view of the measurement arrangement 
d) Top view of the measurement arrangement 

 
All measuring poses  of the LiDAR was recorded with the Leica 
laser tracker using SMR points in the reference coordinate 
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system. Measurements were made by tilting the LiDAR into the 
middle and side ranges at a total of 6 different distances. In each 
step, the actual pose of the LiDAR was determined based on the 
3 points recorded on the LiDAR's tilting console using the SMR 
(as can be seen in Figure 1.). After capturing the measurement 
data, the agreement between the laser tracker and the LiDAR 
was evaluated along 3 main aspects: i) the radius of the spherical 
artifact measured from different distances, ii) the distance 
between the LiDAR and the measurement artifact, and iii) the 
position measured in the (local) LiDAR coordinate system 
compared to the values measured by laser tracker in the global 
coordinate system. 
   
2.1. Data analysis    
 

 In order to quantify the aforementioned three evaluation 
aspects, the measurement data had to be analyzed. To 
determine the radius and the center point of the measurement 
artifact, a point cloud was recorded by moving the SMR along 
the surface of the spherical reference object for each condition 
in the measurement arrangement. The resulting point cloud 
data set in each case was spherically fitted using the method of 
least squares. The radius and center point are determined from 
the recorded points by minimizing the following equation: [4] 

 

∑((𝑥 − 𝑥𝑐)
2 + (𝑦 − 𝑦𝑐)

2 + (𝑧 − 𝑧𝑐)
2 − 𝑟2)2 

 
Where x, y, z are the collected data points, xc, yc, zc are the 

coordinates of the sphere's center, and r is the radius. The center 
of LiDAR was determined relative to the 3 points. By default, the 
LiDAR recorded much bigger area than what was necessary for 
the test. Therefore the point cloud was preprocessed to filter 
out the surrounding area and only contains the points measured 
on the measurement artifact surface. In the case of longer 
distances from where only one channel reached the 
measurement artifact, and there were not enough points 
available for a spherical fit, a circle was fitted in the plane of the 
measured points. 

3. Results      

 The distance, the number of channels or lines, and the 
relationship between the measured points to the artifact are 
shown in Figure 2.  

 
 
Figure 2. The relation between distance and the number of measured 
points and number of used channels  

 
The determinability of the radius is highly correlated with the 

distance, as fewer channels and thus fewer points reach the 
measurement artifact from a longer distance. It can be seen that 

from the points collected on a single channel, the determination 
of the center point during the circle fitting already results in 
significant method uncertainty. This emphasizes the need to 
increase the number of channels for applications requiring 
dimensional measurements of objects in the middle operational 
range. In the second aspect, where the accuracy of the relative 
distance measurement was examined, it can be concluded that 
the independent distance measurement of the LiDAR carries a 
lower total measurement uncertainty. This is only partially due 
to the smaller sensitivity on the method uncertainty related to 
the fitting, and more related to the position measurement for 
each sampled point on the surface of the artifact. During the 
third evaluation aspect, when the determination of the position 
was also evaluated in addition to the distance, it can be seen that 
the uncertainty of the position measurement also increases in 
proportion to the distance. The results of the three aspects are 
presented in Table 1. 
 
Table 1 Summary of measurement errors in case of different test 
conditions 

4. Summary, Conclusion      

The presented methodology can provide a basis for assessing 
the position measurement accuracy of LiDAR devices and 
explore performance inhomogeneities based on relative 
distances and orientations in the operational range of any LiDAR 
system. The methodology was implemented on a commercially 
available LiDAR. 

The method can be further developed using a larger 
measurement artifact to capture more points from a greater 
distance. This study does not cover the examination of the fit 
goodness of the LiDAR coordinate system as only one reference 
object was used, which does not give enough points to examine 
the fit of coordinate systems properly. This requires additional 
objects placed at different points simultaneously in the 
operational space. 
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Upper 734.88 -4.20 31.00 100 -8.2 476 

Lower 751.94 -4.69 56.98 93 -16.0 360 

Middle 744.83 -3.33 31.47 108 -0.8 387 

Upper 1846.50 -1.82 70.06 98 -10.8 69 

Lower 1867.50 +0.42 91.88 106 -1.9 78 

Middle 1854.70 -0.85 22.35 99 -9.5 68 

Lower 3056.70 -1.92 176.29 106 -2.0 31 

Middle 3041.20 -0.15 12.51 114 +5.0 23 

Lower 4332.80 -0.84 210.45 88 -22.8 20 

Middle 4316.10 -2.92 139.93 104 -4.5 16 

Lower 5954.20 -0.62 290.89 105 -2.8 16 

Middle 5938.80 -0.27 27.25 109 +0.7 12 

Lower 7758.70 -0.28 363.05 102 -6.5 12 

Middle 7744.60 -3.31 258.94 170 +36.3 9 

326



 

          
 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

 

 

An approach to improve accuracy and productivity of industrial CMM measurements 
at high scanning speed 
 
Aleksandar Arsovic1, Marco Menoncin1, Enrico Savio1 

 
1Department of Industrial Engineering, University of Padua, Padua, Italy 
 
aleksandar.arsovic@studenti.unipd.it; marco.menoncin@unipd.it 

 
Abstract 
Coordinate  measuring  machines  (CMM)  allow  the  geometrical  characterization  of  parts  relying  on  different  probing  principles. 
Contact  scanning  mode  represents  an  important  solution  at  industrial  level  as  it  allows  reducing  measurement  time  cycle  and 
increasing  productivity.  Scanning  may  introduce  dynamic  effects  contributing  to  measurement  uncertainty,  and  in  most  cases 
measurement errors have a significant systematic component. Considering the scanning speed as leading factor, this paper presents 
a task-specific approach for the correction of CMM measurements on industrial parts at high-scanning speed, for assuring reliable 
results and comprehensive uncertainty evaluation. The approach is illustrated using a connecting rod as a case study in the context 
of an ongoing research project. 
 
Coordinate measuring machine; measurement uncertainty; contact scanning probing mode 

1. Introduction 

Coordinate Measuring Machines (CMM) represent the most 
comprehensive solution for dimensional and geometrical 
analysis of parts in industry [1]. Beside the consolidated 
performances of discrete point probing systems, developments 
in the mechanics, electronics and control components enabled 
high reliability of continuous scanning acquisition. Compared to 
discrete points measurements, scanning allows faster 
measurement cycles and higher density of points, enabling e.g. 
a more comprehensive characterisation of free-form shaped 
parts. Furthermore, scanning can be especially beneficial for 
large parts measurements because the speed compensates for 
the drift effects typical of long measuring times related to slower 
discrete point probing mode [2]. However, a measurement point 
acquired by scanning does not represent a zero-force contact 
point and it is affected by e.g. dynamic errors, major 
contributions from probe shaft bending and variations in the 
probe head sensitivity. Many studies highlight that the scanning 
speed is the leading factor of these negative effects, 
demonstrating increasing deviations from discrete-points 
results at higher scanning speeds [3]. Indeed, despite not being 
a recognized performance indicator, CMM manufacturers 
usually define a range of recommended speeds to assure reliable 
measurements. These depend on the part geometry, feature 
size, verified specification and probing system configuration. 
Measurements performed at slow scanning speeds (e.g. 1-3 
mm/s) are quite comparable to discrete-points mode in terms of 
accuracy, and it has been recently documented that scanning 
measurements are now preferred for high-accuracy calibrations 
of complex shaped parts e.g. gears [2]. 
Unfortunately, scanning speed values in the order of few mm/s 
are somewhat limiting the productivity in industrial 
measurements for the inspection of parts in manufacturing, 
where strong focus is on number of inspected features and cycle 
time [3]. Nevertheless, it is worth noticing that by increasing the 
scanning speed, the deviation from the reference discrete-
points value prove to be task-specific and systematic [4]. 

Furthermore, the single effects of scanning are only partially 
recognizable as specific contributors to the measurement 
uncertainty [5], while the scanning speed can be considered as 
the main indicator to evaluate a comprehensive uncertainty 
contributor. Therefore, considering the common industrial 
requirement of increasing the scanning speed while assuring 
reliable results, the possibility of accounting a speed-related 
compensation represents an important goal. 
The result of a CMM measurement may be corrected as follows 

𝑦𝑐𝑜𝑟𝑟 = 𝑦 + ∑ 𝐸𝑖   (1) 
where Ei represents any known systematic error (e.g. scale, 
probing, thermal). The task-specific expanded uncertainty U 
(with k  as coverage factor for 95% confidence level) is generally 
computed as 

𝑈 = 𝑘 ∙ √∑ 𝑢𝑖
2   (2) 

where ui represents the typical uncertainty contributors linked 
to e.g. scale errors, probing errors, repeatability, thermal effects 
among others. The ui elements may be evaluated using different 
methods [6], some of which are standardised or being 
standardised within the ISO 15530 series of standards. 
Regardless the uncertainty assessment technique, the effects of 
scanning speed can be accounted for adding to (1) a correction 
ES for the known systematic error due to scanning speed and to 
(2) the related uncertainty contributor us. 
This work presents a practical approach using a case study for 
the correction of CMM measurements performed at relatively 
high scanning speed (5-20 mm/s) and the evaluation of its 
contribution to measurement uncertainty. 

2. Evaluation of CMM scanning speed effect: a case study 

An industrial case was studied to propose a quantification 
method for scanning speed effects and their contribution to the 
measurement results and uncertainty. In particular, a 
methodology relying on multiple measurements was applied, 
currently under development within the European project 
“Evaluating Uncertainty in Coordinate Measurement” 
(http://eucom-empir.eu/). It is an experimental technique and 
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includes the randomization of systematic errors by repeating 
measurements in four different orientations of the part in the 
measuring volume. The first orientation is defined as a typical 
orientation of the part; then, by rotating the part by 90° around 
each axis of the CMM, 3 more orientations are defined. The 
errors are reduced by averaging the repeated measurement 
results and the uncertainty is determined based on the variance 
of results. Additional contributors (e.g. scale, probing and 
thermal effects) are evaluated separately. 
The identified specimen is an aluminium alloy connecting rod for 
automotive application, featuring form errors in the range 5-10 
μm. The measurands here presented are the diameters of the 
two holes, acquired at the median section with 0.2 mm step 
width. The measurements were carried out using a cartesian 
CMM (Zeiss Prismo Vast 7; Vast active head; MPE = (2.2 + L/300) 
μm, L = length in mm). The acquisitions were performed at four 
different scanning speeds. The speed suggested by the CMM 
manufacturer to users (5 mm/s) was taken as starting value to 
identify the other relevant speeds. A value equal to half of the 
recommended speed (2.5 mm/s) was selected to simulate part 
calibration conditions, and the related results have been 
considered as reference values. The two additional speeds (10 
mm/s and 20 mm/s), twice and four times the recommended 
speed, represent the target scanning conditions for industrial 
applications. For each of the four speeds, the measurements 
were carried out in four different orientations of the connecting 
rod in the CMM measuring volume, repeating the measurement 
five times. Figure 1 shows the values obtained for the small end 
hole diameter. It can be noticed that, for all the orientations of 
the part, the results are characterized by high repeatability even 
at the highest speeds (0.1 μm std.dev.). An increasing shift from 
the reference value is observed at increasing speeds, quite 
independently from the part orientation. The evidence is a much 
larger effect of the scanning speed, in comparison to other 
contributors e.g. the geometrical errors of the CMM. This 
systematic behaviour opens to the possibility of high-speed 
results compensation based on the lower speed measurements. 
 

 
 

Figure 1. Case study results: repeatability of diameter measurements in 
different part orientations and at different scanning speeds (mm/s). 

3. CMM scanning speed in task-specific uncertainty evaluation 

For each tested scanning speed, the average of the complete 
measurement dataset (i.e. 5 repetitions on 4 orientations) was 
considered as measurement result. In order to further highlight 
the effects of scanning speed and the possibility to correct its 
systematic component, only the contributors referring to 
geometrical errors and repeatability have been considered in 
the uncertainty budget i.e. ignoring other effects such as scale, 
probing and thermal errors. To compare results, the normalized 
error EN [7] was computed, considering the measurement at 2.5 
mm/s as reference. The analysis shows a significant 
underestimation of the measurement uncertainty at 20 mm/s, 
due to two aspects: at that speed, the deviation from the 
reference heavily increases; additionally, in this specific 

experiment, the variance of results at 20 mm/s considering all 
orientations turns out to be even lower than those at lower 
speeds; further experiments are planned to investigate this 
unexpected result. The correction for the systematic effect ES is 
computed, using data from Orientation 1 only, as the difference 
between the mean value of the results at a target speed and the 
mean value of the results at half of that speed. In case the 
correction is applied, the uncertainty contributor us is evaluated 
as the standard deviation of the average of the dataset at half of 
the target speed.  
Figure 2 presents the final result for each scanning speed. The 
first element represents the reference value. The second dataset 
shows the results without the proposed ES correction, 
confirming the increasing EN at higher speeds. The last dataset 
includes the correction ES, highlighting full compatibility of 
results with a significant drop of EN at 20 mm/s. 
 

 
Figure 2. Comparison between corrected and uncorrected results at the 
different scanning speeds (mm/s). In red, the value of EN. Error bars 
represent only the uncertainty contributors referring to scanning speed, 
geometrical errors and repeatability. 

4. Conclusions and further developments 

A methodology for the correction of CMM measurement 
results on industrial parts at high scanning speed has been 
illustrated using a connecting rod as case study. The procedure 
relies on repeated measurements at two scanning speeds: the 
selected value for production and half of it. Experiments 
performed at three different target speeds and with four 
different part orientations delivered results that are consistent 
with the reference value. A more extensive validation is being 
planned on different and more complex parts and related 
measurands. 
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Abstract 
Lateral scanning white-light interferometry (LSWLI) is a method for topography measurements on moving surfaces. What sets it apart 
from the more commonly used vertical scanning approach is that the scanning motion is a tilted or even curved movement consisting 
of a lateral and a vertical component. This scanning is beneficial for in-process measurements in processes, which cannot be easily 
interrupted, e.g., live quality assessment of sheet metal rolling. For the evaluation of LSWLI recordings, it is essential to know the 
surface displacements between the captured image frames. In in-process environments, however, the process-internal motion 
sensors are often inaccessible for third party devices. Therefore, an in-process LSWLI system needs its own displacement 
measurement sub-system that is applicable in particular not only on rough but also on high-quality, smooth surfaces. 
The integrated displacement measurement needs to be similar in timing and location to the WLI recording. Splitting up the setup’s 
field of view into two regions of interest (ROI) using optical filters – a larger WLI-ROI for topography measurement and a smaller 
Speckle-ROI for the displacement measurement – assures that both measurements are performed simultaneously and with almost 
no spatial separation. The displacement measurement is accomplished with digital speckle correlation using laser speckles. In 
contrast to an incoherent illumination and digital image correlation, laser speckles enable displacement measurements even on 
smooth surfaces with a high contrast-to-noise ratio.  
In order to achieve topography results in the quality typically associated with white-light interferometry, the displacement has to be 
determined with sub-pixel-uncertainty. The presented approach has been experimentally validated to fulfil this uncertainty 
requirement with a Speckle-ROI of only 5 % of the total sensor area. In conclusion, the presented combination of LSWLI 
measurements with integrated speckle measurements enables a compact solution for the precise in-process inspection of rough and 
smooth surfaces. 
 
white-light interferometry, digital speckle correlation, displacement measurement, topography     

 

1. Introduction 

To satisfy the rising quality demands of smooth surfaces on 
consumer goods and industrial intermediate products, there 
needs to be metrology capable of measuring these surfaces 
quickly and accurately. The closer the measurement is to 
manufacturing the better - since early detection of defects 
reduces production costs.  

Several manufacturing processes for smoothly finished, 
delicate functional and decorative surfaces involve continuously 
rotating materials and/or tools. Therefore, there is demand for 
a precise and contactless topography measurement system on 
curved surfaces of continuously rotating objects. 

One widespread topography measurement techniques is 
white-light interferometry (WLI), which is capable of areal 
measurements with height uncertainties of < 1 nm. WLI has 
been defined in DIN EN ISO 25178 [1] and further insights on the 
typical vertical scanning WLI (VSWLI) approach can be found in 
these comprehensive review papers [2,3]. 

In measurement tasks, where the objects’ rotation cannot 
reasonable be stopped for vertical scanning, lateral scanning 
white-light interferometry (LSWLI) as introduced by Olszak[4] is 
favourable. Here, the correlograms for topography 
determination are recorded during a scan over a tilted straight 
or curved scan path of the object through the field of view (FOV) 

of the WLI optics. Setting up the LSWLI so that the scan path 
coincides with the given motion of the object, allows for 
measurements on continuously moving objects. 

Originally LSWLI was designed with translatory scan motions 
in mind, but it also works with with rotatory scan motions with 
non-negligible curvature [5]. The height ℎ12 between two 
surface points 𝑖 =  1,2, which were recorded moving through 
the FOV on a rotatory scan path, is given by  

ℎ12 =  
(X1−X2) tan(

Θ1+Θ2
2

)

cos(Θ1) −cos(Θ2)
 ⋅ (cos(Θ1) √

sin2(Θ2)

cos2(Θ1)
+ 1 − 1). (1) 

All quantities needed for the height calculation, the positions 
of interference maxima 𝑋𝑖 and the local surface tilt angles Θ𝑖, 
can be extracted from the recorded correlograms. However, the 
correlograms must be reconstructed from the raw recordings 
first, which is more complicated in LSWLI than in VSWLI, as the 
surface points move through the FOV during recording. 
Therefore, accurate tracking of the surface displacement during 
the measurement process is necessary. 

The primary design consideration for a displacement 
measurement system for LSWLI is the final achievable 
topographical height uncertainty, which ultimately depends on 
the correlogram quality. In order to maximize correlogram 
quality, the displacement measurement needs to be carried out 
as close - temporally and spatially - to the WLI recording as 
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possible. Other design considerations concern the topics of 
practical sensor combination and integration as well as the 
flexibility of the complete system for different measurement 
applications. 

The issue of the surface displacement measurement has been 
addressed in various works since the inception of LSWLI [4-7]. 
However, all of them rely on external displacement 
measurement systems or assume that the movement of the 
object is correctly and steadily following its preset value. These 
approaches have the inherent disadvantage of not being 
synchronous to the WLI measurement and not being able to 
recognize local changes in speed, e.g., due to strong deviations 
from the assumed concentric rotation. 

The aim of this article is to introduce a displacement 
measurement system that fulfils the aforementioned design 
challenges, using the approach of integrating a digital speckle 
correlation (DSC) displacement measurement system into the 
optical path of the LSWLI. With this approach, the correlogram 
and displacement measurements are carried out synchronously 
with one single camera on only slightly different regions, which  
minimizes respective synchronization deviations. 

The measurement principle of the combined LSWLI and DSC 
approach is introduced in section 2. An evaluation of the DSC-
based displacement measurements and results of a topography 
measurement using the combined LSWLI-DSC-measurement 
approach are presented and discussed in section 3. Finally, the 
findings are summarized and the conclusions are drawn in 
section 4. 

2. Materials and Methods 

2.1 Measurement principle 
The measurement approach is based on the integration of a 

DSC displacement measurement system into the optics of a WLI. 
Recording the raw signals for both DSC and WLI with the same 
camera has several practical advantages. Firstly, due to the 
global shutter of the camera, both signals are recorded 
synchronously. Secondly, both measurement sub-systems are 
perfectly aligned to each other, as they share the same pixel grid. 
Thirdly, the displacement is measured on the same pixel-scale as 
the topography, which eliminates the uncertainty due to unit 
conversions and allows for flexible use on translatory and 
rotatory scanned objects alike. The two raw signals are recorded 
in dedicated regions of interest on the camera chip. The regions 
of interest are set up physically by using optical filters. 

In the region of interest for the displacement measurement 
with DSC, the white-light for the WLI measurements is filtered 
out with a short-pass optical filter, which covers about 5 % of the 
total area of the camera sensor. DSC is a variant of the digital 
image correlation method. Here, a coherent light source is used 
instead of an incoherent illumination and the occuring laser 
speckles are used as trackable objects. Assuming a rigid surface, 
the observed displacement of a surface between two images can 
be determined by finding the maximum of the cross-correlation 
function. The digital image correlation algorithm in this article 
was published by Guizar-Sicairos et al. [8]. Using laser speckles 
allows displacement measurement even on smooth surfaces, 
which do not possess any dominant, trackable features, such as 
scratches or dust particles. 

The topography measurement with LSWLI is recorded in the 
remaining camera sensor area, where the laser light is filtered 
out with a long-pass optical filter. A basic schematic for LSWLI on 
a rotating measurement object is depicted in Figure 1. When a 
surface point passes through the coherence region on the scan 
path indicated by the blue arrow, its observed intensity is 
modulated due to white-light interference effects as shown in 
the graph at the bottom. The maximal signal is located where 

the surface point intersects the plane with zero optical path 
difference in both arms of the interferometer (zero OPD-plane). 
Note that because the scan path is curved, the frequency of the 
correlogram’s fringes decreases approaching the scan path’s 
apex. 

 

 
Figure 1. Schematic of the LSWLI principle. Blue arrow: rotatory scan 
path. Zero OPD: distance to the interferometric objective, where 
reference arm and measurement arm of the interferometer have a zero 
optical pathlength difference. The graph shows a correlogram observed 
by the LSWLI. 

The correlograms are recorded in an image series. Within this 
image series, the surface points to which the correlograms 
belong to are moving laterally through the image. Using the 
integrated DSC or an external displacement measurement 
system, the correlograms can be reconstructed. Afterwards the 
topographical heights of the surface points are calculated from 
the reconstructed correlograms. As shown in Eq. 1, two 
maximum locations and the corresponding local surface tangent 
angles are needed for the height calculation. The maximum 
locations are obtained by fitting a Gaussian curve over the 
envelope of the correlogram to find its maximum. The local 
surface tangent angles are determined with Munteanu’s 
method [6], which makes use of the frequencies of the 
correlogram’s fringes. The local frequencies are obtained 
through wavelet transformation. 

 
2.2 Experimental Setup 

The experimental setup is depicted in Figure 2. The WLI is 
equipped with a 10x/0.3 Mirau objective, a CMOS camera with 
2.3 MP and a LED with a central wavelength of 520 nm as white-
light source. The speckles are produced with a 850 nm laser 
diode. The optical filters for the regions of interest are mounted 
in a closed filter box. The WLI region is filtered with a 750 nm 
short-pass filter and the DSC region is filtered with a 650 nm 
long-pass filter. The measurement object for the experimental 
validation is a section of a linear-encoder-strip fastened on a 
cylinder section with a curvature radius of 65.3 mm. The cylinder 
is mounted on a rotation stage with a rotation encoder and is 
scanned with a continuous rotation with a circumferential speed 
of 0.17 mm/min and a frame rate of 5 fps, which results in an 
apparent surface speed of approx. 1 pixel per frame. 
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Figure 2. Experimental setup for rotatory LSWLI with integrated DSC. 

3. Experimental results 

3.1 Displacement measurement 
To examine the quality of the displacement measurement 

results obtained from the integrated DSC system, the results are 
compared to the angular displacement data retrieved from the 
rotation encoder of the rotation stage. To allow a comparison, 
the obtained angular displacements from the rotation encoder 
are converted to surface displacements in pixels using the radius 
of the scan path and the image magnification. Figure 3 shows 
the differences between the cumulative displacements of DSC 
and the displacements calculated from the encoder angle data. 

 

 
Figure 3. Difference of DSC-sourced cumulative displacements 
and encoder-sourced displacements converted from degrees to 
pixels. 

The graph contains prominent periodic saw-shaped 
deviations, which are explainable by timing jitter between the 
trigger for the camera recordings and the serial COM-
communication with the encoder to query the encoder position. 
The other, low frequency and low amplitude fluctuation of the 
deviations can be attributed to occurring velocity instabilities of 
the rotation stage or changes in the observed surface motion, 

e.g., due to eccentricity or surface waviness. The standard 
deviation of the position difference between cumulative DSC 
displacements and rotation encoder positions amounts to 
s =  0.14 pixel. This means that a reconstruction of the 
correlograms using DSC is possible with at least the same sub-
pixel accuracy as with the rotation encoder, keeping in mind that 
the true displacement is unknown and the encoder is merely 
representing the state-of-the-art for rotatory LSWLI. The 
integrated DSC, however, has the distinct advantage, that it 
works without any extra synchronisation efforts or unit 
conversion issues. 

 
3.2 Topography 

To investigate the influence of the displacement measurement 
on the resulting topography of the specimen, the LSWLI 
recording is evaluated with the DSC values and the encoder 
values. The resulting LSWLI-sourced topographies are depicted 
in Figure 4, complemented with a VSWLI measurement of the 
same surface as a reference. 

 

 
Figure 4. Results of topography measurements. Top: topography 
detail calculated using DSC displacements. Center: topography 
detail calculated using rotation encoder displacements. Bottom: 
topography detail obtained from VWLI reference measurement. 
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The characteristic stripes of the specimen are visible in both 
topographies measured with LSWLI. While the VSWLI was able 
to capture both the smooth and the rough regions of the 
specimen, the LSWLI is restricted to the smooth stripes of the 
specimen. The reason for this is the limited height measurement 
range of the LSWLI. The VSWLI has a measurement range of 
400 µm, while the LSWLI only has a range of about 15 µm. The 
limited height range is the price of the ability to measure on 
continuously moving objects. Comparing the chipped edge of 
the left smooth stripe in the two LSWLI topographies, there are 
less evaluated surface points in the encoder-based topography 
than in the DSC-based topography. This can be attributed to a 
worse correlogram reconstruction from using the encoder 
displacements. In the rough areas and especially near the edges 
of the stripes the receivable interference signal intensity is 
lower, which requires good displacement data to enable 
evaluation of these weaker signals. The standard deviations of 
the heights of the smooth stripes are used as a figure of merit 
for the estimation of the surface roughness parameter Sq. The 
surface roughness was calculated for nine smooth stripes. The 
resulting mean Sq-values and their respective standard 
deviations for each measurement method are listed in Table 1. 
Each of the three results lies in the confidence intervals of the 
others. This is an indication, that the LSWLI system is a valid 
measurement system to be used on this kind of surface, 
although it is still in an developmental status compared to the 
commercial VSWLI. 
 
Table 1. Comparison of the standard deviations of the 
differently measured surface topography as a figure of merit 
for the measured surface roughness. 

measurement approach Mean surface 

roughness Sq in 

nm 

Standard 

deviation of 

Sq in nm 

LSWLI with DSC 54.10 3.69 

LSWLI with encoder 52.16 4.55 

VSWLI as reference 57.34 6.39 

 

4. Conclusion 

The aim of this article was to introduce an integrated DSC 
displacement measurement system for LSWLI. The proposed 
measurement system is capable of providing displacement data 
with the necessary low measurement uncertainty that is 
required for rotatory LSWLI measurements. With the integrated 
DSC system the LSWLI is able to measure as a closed system 
without needing further external sensors. Compared to the 
external encoder approach, which is the state of the art, the DSC 
system can be used without calibrations, synchronisations or 
unit conversions, not only for rotatory LSWLI but for translatory 
LSWLI as well. 

Experiments showed that the displacement measurement can 
be carried out with sub-pixel resolution, allowing for accurate 
topography measurements. As an example, only single-
nanometer deviations occurred for the measured surface 
roughness using VSWLI as a reference.  

Future work will be oriented towards in-process capabilities of 
the LSWLI approach. Steps are to be taken to allow for 
measurements on quickly rotating objects and the robustness of 
the evaluation algorithm needs to be increased for the use in 
harsh industrial environments. 
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Abstract 
Today, besides the ongoing progress in the reduction of feature sizes, the measuring and fabrication of freeform surfaces with 
nanometre uncertainty, e.g. for aspheric lenses or structures with high aspect ratios, are a challenging task. Usually, dealing with 
such objects is limited by the local tilt angle between the object surface and the tool axis. There are different approaches to perform 
such measurements. In this paper, an extension of the Nano Measuring Machine NMM-1 with two rotational axes is described.  
With the proposed setup, it is possible to orientate the tool-axis perpendicular to the sample in every position, allowing larger angles 
to be measured / structured and minimising the uncertainty of the process e.g. due to the tilt dependency of the tool. Various 
machine designs are investigated and finally a solution with one rotary and one goniometer stage is integrated, preserving the existing 
machine infrastructure and allowing the addressability of a full hemisphere without limiting the measuring volume. As the tool centre 
point maintains its position during tool rotation, the Abbe principle is still fulfilled in every angular orientation. Emphasis was put on 
the metrological traceability of the whole system, including linear and rotary axes as well the tool itself. This was achieved by using 
a reference hemisphere, compensating the trajectory errors of the rotational axes. 
For the developed arrangement, the measurement uncertainty was investigated and several strategies for an in-situ-calibration of 
the additional axes are described. Finally, nanofabrication on large slopes is demonstrated. 
 
Keywords: Nanomeasuring Machine, Nanofabrication, multiaxial, 5-axis operation, sub-nanometre precision, extended working range 

 

1. Introduction  

In the optical industry, aspherical optical components play a 
central role in various applications, because by completely 
relinquishing the symmetry of the functional surface, an optical 
system can be much more flexibly designed. Depending on the 
desired accuracy, the manufacturing process of such free-form 
optics is always an iterative process of successive measuring and 
processing steps. To reduce the measurement deviation, the 
surface must be probed as orthogonally as possible. If the local 
angle between the surface and the probing direction becomes 
too large, unwanted measurement deviations will occur or the 
surface cannot be probed at all. This applies to two-dimensional 
interferometric techniques as well as pointwise probing with a 
coordinate measuring machine (CMM). Therefore, in the course 
of this paper, the Nano Measuring Machine 1 (NMM-1) [01] is to 
be extended by two rotational axes so the probe system can 
always be aligned orthogonally to the measurement surface. 
This way, the excellent metrological properties of the NMM-1 
shall be extended to heavily curved surfaces. 
In this paper, the concept of the sensor rotation is described and 
examined in the context of the overall metrological concept. The 
attempt is based on a reference measurement system that 
tracks the path deviations caused by the rotational axes, 
enabling an online correction in the machine control system. 
Furthermore, the technical and constructive implementation of 
the proposed concept in a prototype setup is described. 

2. State of the art 

2.1 Nano-CMMs 
In general, coordinate measuring machines consist of a 3-axes 
positioning system. This also applies to the Nanopositioning and 
Nanomeasuring Machines (NPMMs), which were developed in 
the last decades at the Technische Universität Ilmenau and 
resulted in three machine generations: the NMM-1 with a 
measuring volume of 25 mm x 25 mm x 5 mm [01], the NPMM-
200 with 200 mm x 200 mm x 25 mm [02] and the Nano 
Fabrication Machine NFM-100 with a cylindrical measuring 
volume of Ø 100 mm x 5 µm [03]. 
Common feature of these machines is the operation in the 
sample scanning mode, where the probe / tool and the 
measuring systems are fixed to a metrological frame and the 
sample is moved.  
Furthermore, all measuring axes (defined by the beams of the 
laser interferometers for length measurements) are arranged in 
a way, so they intersect in the tip of the probing / tooling system 
(tool centre point, TCP) at any time (fig. 1). This way, the 
compliance with the extended 3D Abbe comparator principle 
[04] in all three moving axes is guaranteed, reducing measuring 
errors to a minimum and allowing for three dimensional 
measurements with nanometre precision in the whole 
measuring volume [05].  
Focusing on fulfilling the Abbe-principle in all three measuring 
directions requires a special design of the driving, guiding and 
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measurement systems. This design lead to the first nano-CMM 
following this design principles, the NMM-1 [06].  
 

 
Figure 1. Structure of the NMM-1 with an optical probe (guiding and 
driving systems not shown): 1 probing system; 2 measuring object; 3 
corner mirror; 4 metrological frame; 5 z-interferometer; 6 y-
interferometer. 

 
Although first order measuring errors are effectively prevented 
by the described principle, form deviations of the mechanical 
roller guidings lead to tilting of the machine table. Hence, second 
order measuring errors still exist in theory. To solve this 
problem, in the NPMMs the tilting of the moving stage is 
measured by angular sensors (autocollimators or angular 
interferometers) and closed-loop controlled. This way, form 
deviations of the guiding systems can be compensated and the 
machine table can be traversed exactly parallel through the 
complete measuring volume. So, second order errors can be 
prevented and even higher positioning precision can be 
achieved. 
To preserve the inherent advantages of this design and transfer 
them to the technical realisation, additional effort needs to be 
taken. First of all, the complete machine coordinate system is 
based on the moving corner mirror which is carrying the 
measuring object. Therefore, this part is made of thermally 
stable material and the surface topography of the reference 
mirrors is calibrated after manufacturing [07] and compensated 
in the machine control system. 
 
2.2 Limitations in 3D Nano-CMMs 
The possibilities for measurements or fabrication on strongly 
curved surfaces are limited by the admissible tilt angle between 
the probe / tool working axis and the local surface normal. The 
admissible tilt angle is subject to the type and set-up of the 
utilised sensor or tool. Optical sensors rely on a signal reflected 
from the surface. With an increasing tilt angle between the 
probed surface and the optical axis of the sensor, the amount of 
light reaching the sensor will decrease. Depending on the sensor 
type and the utilised optics, measurements up to a slope of 
several degrees are still possible [08]. However, even at low tilt 
angles, systematic errors can occur. For high tilt angles, no more 
light reaches back into the sensor and the measurement 
becomes impossible. 
In tactile sensors, the mechanical probing object is usually a 
sphere. When the local slope of the measured object changes, 
the mechanical contact occurs at a different location. Therefore, 
the form deviation of the probing sphere induces a systematic 
measurement deviation which can only be compensated when 
the actual shape of the sphere is known as precisely as possible 
[09]. 
Depending on the sensor used, the measurement of curved 
surfaces with a NPMM is possible up to a certain tilt angle, but 
as the slope increases, the measurement uncertainty increases 
too, the measurement becomes impossible or even the tool can 
be damaged. 

Hence, to achieve larger angles and a minimal measurement 
uncertainty, the tool must be placed optimal (in general 
perpendicular) to the local surface. 

3. Additional degrees of freedom for the NMM-1 

As stated above, the tilt dependent behaviour of the sensor or 
fabrication tool should be compensated by additional rotational 
movements, integrated in the NMM-1. There, important aims 
were to preserve the overall machine structure, the compliance 
with the Abbe-principle (see sec. 2.1) as well as the size of the 
working volume. This leads to the demand for the additional 
rotational axes to intersect in the virtual intersection point of the 
interferometer beams, the Abbe-point. The theory for including 
additional rotational axes was extensively investigated in [10]. 
Summarised, the additional rotations must be reliable from a 
metrological point of view and a rotation of the tool is preferred 
over a rotation of the measuring object. To achieve the 
addressability of a full hemisphere while not limiting the 
measurement volume, an arrangement was chosen with two 
perpendicular axes, intersecting in the TCP/Abbe-point which 
allows a constant position of the TCP during rotation. 
However, the additional rotational axes themselves are non-
ideal and increase the uncertainty for the position of the TCP 
when rotating the sensor.  A reproducible motion error can be 
calibrated and corrected in the machine control system. 
However, random path deviations of the rotational axes are 
especially critical for fabrication processes, as they lead to 
deviations in the produced structures which might be outside 
the permissible tolerances and on top of that impossible to 
repair. For that reason, it is necessary to track the errors of the 
rotational axes by a reference system. This way, a movement of 
the TCP during a rotation can be detected and compensated by 
a counter-movement of the existing x-, y-, z- stage. Due to the 
position and arrangement of the rotation axes, the sensor 
rotates solely around the Abbe-point. Hence, the position of the 
sensor can be measured relative to a hemispherical reference 
surface concentric to the Abbe-point. This surface is currently 
realised as a hollow, turned and polished metal half-cut sphere, 
firmly connected to the metrological frame. The distance of the 
TCP to this reference surface is determined by three cartesian 
arranged distance sensors (fig. 2). 

 
Figure 2. Metrological setup of the 5 axis Nanomeasuring Machine 
NMM-1 (2D visualisation, only 2 of 3 interferometers and distance 
sensors are shown.): 1 mirror corner; 2 interferometers; 3 metrological 
frame; 4 goniometer axis; 5 rotational axis; 6 sensors of the reference 
system; 7 reference hemisphere; 8 tool; 9 measuring object. 

4. Experiments 

Systematic deviations of the reference measurement system can 
be a consequence of a non-ideal adjustment of the functional 
units shown in fig. 2. To reduce these systematic deviations, an 
in-situ calibration procedure was developed that allows the 
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calibration of the reference measuring system in the installed 
state with the aid of the available sensors. Furthermore, an 
adjustment strategy for the alignment of all components of the 
reference measurement system was developed and evaluated. 
 
4.1 Adjustment strategy for the additional axes  
When the TCP is not ideally located on the axis of the Θ 
rotational stage, it will move on a circular path in the x-y-plane 
during a rotation of axis 5 in fig. 2. To be able to measure this 
movement with existing sensors of the NMM-1, the corner 
mirror of the NMM-1 is disassembled, so the interferometer 
beams can indeed intersect in the Abbe-point. Furthermore, for 
this special examination task, the tool is replaced by a sphere 
with a refractive index n=2, also located in the Abbe-point, 
simultaneously serving as the new measuring reflector for all 
three length interferometers of the NMM-1, see fig. 3. 

 
Figure 3. Setup for in-situ calibration of the reference hemisphere with 
existing sensors (NMM-1 without corner mirror): 1 n=2 sphere; 2 
interferometer; 3 metrological frame; 4 goniometer axis; 5 rotational 
axis; 6 sensors of the reference system; 7 reference hemisphere. 
 
In the described setup, the displacement of the n=2 sphere in 
the x-y-plane is tracked by the x- and y-interferometers of the 
NMM-1 with a phase shift of π/2. The gathered length 
information of both interferometers can be used to calculate the 
radius r of the circular path when the axis is rotated 360° (fig. 4). 
When the TCP has to adjusted to be coincident with the Θ-axis, 
this is equivalent to adjust the radius of the circular path to a 
minimum, which can be easily measured with the given set-up. 
The same procedure applies for the goniometer axis (4 in fig. 2).  
A similar approach can be made to adjust the centre of the 
hemisphere to be coincident to the Abbe-point. There, the tool 
has to be rotated with the rotational as well as the goniometer 
stage. The resulting displacement of the TCP is measured by the 
x-, y- and z-interferometers of the NMM-1 and by the reference 
system (2 and 6 in fig. 2). There, the interferometers of the 
NMM-1 are considered error-free. The calculated shape of the 
hemisphere (single sectional plane shown in fig. 5) can then be 
approximated by an ideal sphere and the centre point can be 
adjusted to be coincident with the Abbe-point. 

 
Figure 4. r- and Θ-position of the TCP at different goniometer angles φ 
for a full revolution Θ of the rotational axis. The data indicates the 
distance of the perpendicular axes which should ideally be zero. 

4.2 In-situ calibration of the reference hemisphere 
The hollow hemisphere serves as a reference system for 
determining the displacement errors during a sensor rotation. 
Hence, form deviations of the hemisphere directly lead to 
systematic measuring errors in x-, y- and z-direction. To reduce 
these errors, the actual form of the hemisphere has to be 
determined and can then be compensated in the control system 
of the NMM-1. The calibration can be carried out for example 
with a special Fizeau-interferometer outside the NMM-1. There, 
the different conditions concerning orientation and fixation lead 
to systematic but unknown calibration errors. For that reason, 
the hemisphere was calibrated in-situ in this project [11]. When 
driving the newly implemented rotational axes, the lateral 
displacement is traced by two measurement systems: the 
interferometers of the NMM-1 via the n=2 sphere and the 
hemisphere reference system (fig. 3). Again, presuming the laser 
interferometers as almost error-free in this setup, all deviations 
between the positions measured by the NMM-1 and the 
spherical reference system can be ascribed to form deviations of 
the hemisphere (fig. 5). 
 

 
Figure 5. Local radius values r of the hemisphere, obtained by a single 
reference sensor taking a full revolution of the Θ-axis. 
 
4.3 Nanoimprint Lithography on Plano-Convex Lenses 
Nanoimprint lithography (NIL) is a high resolution 
nanofabrication process for fabrication of structures in the sub-
10 nm range [12]. As there is a mechanical contact between the 
stamp and the sample during the imprint process, position 
accuracy, position stability and trajectory fidelity are essential 
for a correct imprint result. Obviously, when using NIL on large 
surfaces, an exact orientation of the stamp to the sample has to 
be guaranteed and the stamp has to be positioned exactly 
perpendicularly to the imprint surface. Because the extended 
NMM-1 matches these requirements perfectly, it is a suitable 
tool for investigations of NIL on curved surfaces. 
NIL on curved surfaces without rotating the imprint tool was 
already shown in [12].  There, a compact and adjustable soft UV-
NIL process was designed, assembled and integrated into the 
NMM-1 machine. The successful implementation of the 
fundamental process created a foundation for making a NIL tool 
to be combined with extended NMM-1 with two additional 
rotational axes. The combination enables five degrees of 
freedom of motion for orthogonal moulding and demoulding on 
edges of curved substrates (fig. 6). The rotating NIL tool 
addresses the generally overlooked challenge of patterning and 
characterisation on the edges of a curved substrate.  
Regardless of restricted measurement capabilities at high 
inclinations for high resolution nanostructures, it was possible to 
perform SEM imaging of the structures on top of the lens 
substrate as well as at inclination of 45° outside the NMM-1. It 
has displayed imprinting capabilities on the edge of curved 
substrate with radius of curvature of approximately 25 mm at a 
surface normal tilted to 45°. The method enables precise 
imprinting capabilities at high inclinations, thereby presenting a 
novel approach of soft NIL on curved surfaces. 
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Figure 6. Nanoimprint on a plano-convex lens. a) Experimental setup 
with lens on NMM-1 machine table and NIL stamp, inclined by 45° to the 
z-axis. b) image of imprint result on the top of a sample (imprint at φ=0°) 
c) image of imprint result at the edge of a sample (imprint at φ=45°) 

5. Conclusion and Outlook 

Aspherical optics open up new possibilities for the design of 
optical systems. However, with an increasing slope, the 
requirements for measuring the functional surface of such 
optical parts are increasing as usual probing systems are limited 
in the acceptable angle between their tool axis and the surface 
to be probed. Several attempts were developed for measuring 
such surfaces. In this paper, the extension of the Nanomeasuring 
Machine NMM-1 is described to qualify this machine for 
measuring highly curved samples. Two additional rotational axes 
allow the rotation of the probing system around the machine 
centre point (Abbe-point) which leads to an error minimal 
configuration. The rotational concept furthermore preserves the 
basic setup of the NMM-1 and does not reduce the available 
measuring volume. The inherent motion errors of the rotational 
axes are taken into account by introducing a measuring system, 
based on a hollow hemisphere as a reference surface and three 
interferometers, probing this sphere. With this system, the 
motion errors can be measured and compensated by the 
machine control system. Furthermore, the adjustment and the 
calibration of all newly added functional units is described. 
Finally, the performance of the extended NMM-1 is 
demonstrated by realising nanoimprint lithography on large 
slopes up to 45° on a plano-convex lens. 
For the future development, the adjustment of the reference 
measuring system will be improved to reduce the measurement 
uncertainty even further. Additionally, based on the calculated 
uncertainty budget, the reference hemisphere will be replaced 
by a part made of low-thermal-expansion material with smaller 
dimensions, less form deviations and a better mechanical 
stability. 
For the NIL process, the optimisation and implementation of a 
step and repeat process for higher throughput will be the next 
task. 
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Abstract 
The currently available CAD-CAM-NC process chain involves design data to be passed from CAD environment to CAM, where an 
operator’s empirical knowledge is used to select optimal cutting parameters. At this stage the operator has only qualitative 
information of the cutting forces and the machine’s dynamic behaviour, and safe cutting parameters are a result of the operator’s 
accumulated experience. Once this part programme is executed on the machine, it is difficult to provide quality-related indicators. 
Thus, most of the produced parts, especially in performance- or safety-critical applications, pass through the CMM. For larger 
components, the post-process metrology cost can be up to 25-50 % of the total cost of the part. 
The availability of better computing and possibility to run digital-twin models presents an opportunity to estimate the quality of the 
metal cutting in parallel to the real process. The present work investigates an approach for virtual real-time quality estimation in 
metal cutting. A digital-model of the machine tool is created to realize this. For the current study, this digital-model incorporates a 
stiffness map of the machine tool augmented with models of various tools and tool holders. When this digital-model is simulated 
with the real-time data of the process—obtained from the machine controller and additional sensors—it estimates the tool 
deflection. The real-time data consists of the compensated tool position from the machine tool controller, cutting forces, and the 
tool table from the machine controller. Collectively, such data is called ‘digital-fingerprint’ or ‘digital-shadow’ of the process. This 
data is then used to generate a faceted body in real-time, called ‘in-progress digital workpiece’, which can be easily compared to the 
target CAD of the part to estimate the quality of machining. This type of workflow provides better information on the process quality 
in real-time, thereby eliminating or reducing the CMM time for manufactured parts. 
 
 
Process monitoring; Virtual metrology; Virtual quality control; Edge computing; Process parallel quality estimation; Digital shadow; Digital twin; 
Closed-loop manufacturing  

1. Introduction 

To date, the conventional CAD-CAM-NC process chain relies 
heavily on an operator’s empirical knowledge to select the safe 
cutting parameters. His decisions are based on accumulated 
experience that is guided by qualitative information regarding 
cutting forces and the machine’s dynamic behaviour, and by 
information provided by cutting tool and machine tool 
manufacturers on safe cutting parameters. 

Research efforts over the last few decades have been aiming 
to decrease the impact of the operator and consequently 
increase machining quality. Similarly, the existing techniques 
that are used to make predictions about the process 
performance rely on accurate model-based simulations [1-4], 
where the quality of the prediction can be directly linked to the 
quality of the model, e.g. [5]. While modern CAM simulations 
include the physical behaviour of a given machine tool—like NC 
controls, servo motor—to verify and optimise toolpaths, they 
have a built-in flaw—they cannot model and are hence unable to 
predict the effect of randomness of the process e.g. variation in 
process forces, tool wear, clamping conditions, etc. [6, 7]. As 
these disturbances are unknown in a-priori simulations, their 
influence on process performance can only be assessed using 
real-time process data captured during machining.  

With the availability of affordable and powerful industrial 
computers, better process monitoring is now possible by 
analysing real-time data from the machine tools. This opens up 

the avenue for the analysis of the effect of random errors on 
machining operation [3, 8]. Besides collecting data generated by 
the machine tool itself, it has been observed that by adding 
additional sensors, knowledge about random errors of the 
process can be gathered [8, 9]. However, the question remains 
on how this information can be linked to the quality of the 
produced part. 

To achieve this, a virtual machine tool model is set up, which 
contains physical models based on simulation and 
measurements (refer figure 1). This digital-model is run on an 
Edge computer and is fed by the data from the machine 
controller, like current tool position, measured tool dimensions 
from the tool table and, if possible, updated data from the in-situ 
tool setter. The digital-model also receives additional data from 
added sensors including cutting forces and vibration. Resultant 
output is then fed to a real-time material removal simulation, 
which is similar to the material removal simulation routines 
available in commercial CAM packages. The material removal 
simulation produces a high-fidelity 3D mesh of the part being 
produced on the machine. This 3D mesh includes process 
randomeness resulting from relative displacement of the tool 
and workpiece. As a final step of the quality estimation, this 3D 
mesh can be analysed against the target CAD of the part. With 
an automated comparison of the target CAD’s geometric 
dimensions and tolerances (GD&T) data and produced 3D mesh, 
an early detection of failure or process control can be achieved, 
as opposed to delayed detection after a direct measurement on 
a CMM. This workflow is outlined by Kushwaha et al. [10]. 

339

http://www.euspen.eu/


  

 

However, authors have also outlined the limitations associated 
with high computation loads associated with the high-fidelity 
material removal simulation. 

This article improves the workflow in [10], and reduces the 
reliance on the material removal simulation while producing a 
high-resolution profile of the machined surface. For 
completeness, the original workflow and improvements are 
described in the next section. The final section of the article 
shows the results obtained on machining prismatic parts. 
Concluding remarks are discussed thereafter. 

2. Digital model 

The presented in-process quality estimation on an Edge 
computer requires a digital-model of the machine tool, a 
communication topology with the machine tool, and a material 
removal simulation. This section describes these constituent 
parts in the successive sub-sections. 

The commercial quality-predictive simulation routines 
available as CAD-CAM plugins can be improved by feeding a live 
stream of data from machine encoders. Nevertheless, this kind 
of simulation fails to quantitatively identify the random 
deviation of the tool centre point from the programmed position 
due to effects like finite stiffness of the structure, thermal 
deformation and uncaptured volumetric errors. This article deals 
with the identification of the tool centre point deviation due to 
the finite stiffness of the machine tool and machining forces. To 
incorporate the information of the stiffness of the machine tool, 
a digital-model of the machine tool is created. Along with other 
dimensional parameters of the machine tool, this model 
includes the machine calibration (volumetric error 

compensation table, a look-up table) and a dynamic compliance 
map of the machine [11]. 

In order to reduce the total number of measurements 
required to obtain the frequency response function of every tool 
in the machine magazine, a compliance map of the machine is 
characterised by the receptance coupling method [12, 13]. A 
static compliance map in the x-direction of the machine tool 
with a 3 mm tungsten carbide tool shank and 8 mm overhang is 
shown in figure 2. This method of characterisation captures the 
model of every joint and coupling present in the machine 
structure with just one measurement, and approximates it as a 
linear time-invariant system. This compliance map is analogous 
to the volumetric error compensation table, except this map 
contains compliance of the machine tool. 

Referring to figure 3, this digital-model when fed with the 
tool position from the machine controller and measured process 
forces—the ‘digital-shadow’—generates the actual tool position 
during the process. 

A data exchange stream is required to feed the digital-model 
of the machine tool and the process running on an Edge 
computer, this communication is set up by industrial 
communication protocols like PROFINET. This data stream 
comprises of events on the machine tool, like the start and stop 
of the programme, coolant status, current tool number, 
controller error status etc. Event-based data is also used to 
synchronise the data stream from various data sources. 

The rate of reading data from the machine depends on the 
required resolution of the resultant 3D mesh from the material 
removal simulation and is bottle-necked by available computing 
power on the machine controller and the Edge computer. As an 
example, a programmed feed rate of 100 mm/min and tool 
position sample rate of 200 samples/second will result in a 
spatial resolution of 8.3 µm. On the machine controller, this 
sample rate is limited by the machine’s NC controller, as for an 
example, a machine running on a Sinumerik 840d SL, with an 
interpolator cycle (IPO) time of 2 ms can provide position data 
at a maximum of 500 samples/second. 

The data rate from the analog sensors and subsequent data 
processing is also performed in real-time. The cycle rate and 
data resolution should be set so that it sufficiently captures the 
required dynamic behaviour of the tool. 

The material removal routine then uses the consecutive 
actual tool centre point position and tool geometry (tool’s outer 
profile, and not cutting edge information) and runs it over a 3D 
mesh of the workpiece. A Boolean operation on geometry where 
tool-swept geometry is subtracted from the workpiece mesh 
results in the final 3D mesh of the machined part. This is the 
most expensive computation step, as the generation of high-
fidelity stl mesh demands high memory usage. It should be 
noted that improving the 3D mesh precision also increases the 
memory requirement by a power of two, along with more 
computation load. In order to reduce the reliance on the 

Figure. 1. Concept of in-process virtual quality inspection 

Figure 3. Proposed model to obtain actual tool position Figure 2. Static stiffness map 
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material removal simulation to calculate the profile of the 
prismatic parts, the calculated tool path is offset by the 
measured tool radius. The known problem associated with 
offsetting a curve and arising singularities is solved by the 
method described in [14]. This method completely eliminates 
the need to run the material removal simulation to calculate the 
profile of the manufactured part, thereby reducing the 
computation load. 

3. Experimental validation 

The methodology described in the previous section is 
employed on a DMG Sauer US 20—a five-axes milling machine—
run by Siemens Sinumerik® 840d SL controller. An industrial 
computer—Beckhoff® CX2062 powered by an eight core Intel® 
Xeon® processor and 32 GB of RAM—is added as an Edge 
computing device to the existing machine controller to receive 
the process data and run the material removal simulations.  

An adapted ISO 10791-7 2014 part as shown in figure 4 is 
machined from Titanium alloy Ti6Al4V. The cutting parameters 
and tool description are listed in Table 1. Down milling was 
employed unless specified otherwise. 

Table 1 Employed tool and cutting parameters 

Parameter Value 

Tool DIXI 7242, ϕ 6 mm, two teeth (z=2)  

Cutting speed Vc 30 m/min 

Feed per tooth fz 0.02 mm/tooth (max) 

Depth of cut ap 1 mm 

Width of cut ae 20 % tool diameter (max.) 

 
Process forces were measured using a Kistler dynamometer 

9119AA1 (figure 4 inset). Analog data is collected at 1 kHz, as the 
dynamic compliance model of the tool is validated only for the 
first 200 Hz. The tool was measured by an on-machine 
Renishaw® NC4 tool setter. It was measured before and after 
finishing every feature. Cutting conditions of the features shown 
in figure 4 are listed in Table 2. 

The material removal simulation was run with a precision of 
7.6 µm. This 3D mesh is generated as an stl file and can be 
compared against the available geometric dimensioning and 
tolerancing data from the design and quality requirements (ISO 
1101). In the current case, GOM Inspect is used to post-process 
the data and create an inspection report. In table 2, the results 
of the quality estimation by material removal simulation are 
listed and compared against the measurements on a Werth 
VideoCheck® CMM. The effect of tool wear is also shown by 
machining with and without cutter compensation. 

Table 2 Process parallel quality estimation results 

Feature Nominal 
dimension 
[mm] 

Cut type 
(cutter 
compensa
tion) 

CMM 
[mm] 
(deviation 
from 
nominal) 

Virtual 
measurements 
[mm] 
(deviation as 
compared to 
CMM) 

S1 (S11to 
S12) 

55 Down 
(On) 

55.0289 
(+0.0289) 

55.037 
(+0.0081) 

S2 (S21 
to S22) 

55 Up 
(Off) 

54.9901 
(-0.0099) 

55.001 
(+0.0109) 

D1 (dia.) 50 Down 
(On) 

50.0311 
(+0.0311) 

50.038 
(+0.0069) 

D2 (dia.) 15 Down 
(On) 

14.9659 
(-0.0341) 

14.958 
(-0.0079) 

 Mean error as compared to CMM [mm] 0.0085 

Figure 4. Machined workpiece, red arrows show the feed direction for 

the feature, inset: workpiece mounted on dynamometer on machine. 

Figure 5. Geometric deviation showing the effect of local variation of cutter engagement on the quality; left: tool path simulation performed in 
Siemens NX®, right: comparision of virtual estimation of the profile against the profile measured on CMM. 

Width of cut 𝑎𝑒 = 1 𝑚𝑚 

𝑎𝑒 = 1.8 𝑚𝑚 

341



  

 

As compared to the CMM, the process parallel quality 
estimation has a mean error of 8.5 µm, it should be noted that 
geometry discretisation of the 3D mesh was set to 7.6 µm. The 
total CPU time to simulate the material removal is only 0.4 
hours, whereas the machining time was 3.25 hours. Any further 
improvement would quadratically increase the memory 
requirement. To overcome this, the recorded tool path is offset 
by the known tool radius while removing the singularities 
associated with the curve offsetting. This method directly results 
in the locus of cutter engagement points. 

The change in cutter engagement results in variation of 
cutting forces, which in turn results in variation in tool 
displacement. A similar tool path with varying width of cut 𝑎𝑒 
was designed while machining feature D1. As shown in figure 5, 
this variation in cutter engagement effects the roundness of the 
machined feature. As can be seen, the proposed method is in 
agreement with the measurements on CMM (fibre probe on 
Werth VideoCheck®). This method also has a better estimation 
of the feature diameter—50.034 mm—a deviation of only 2.9 
μm as compared to 6.9 μm by material removal simulation. 

Based on the same methodology, a spur gear was machined 
using the machining parameters as listed in table 1. The profile 
of the face and flank of one of the gear teeth is measured by the 
fibre probe of the Werth VideoCheck®. Figure 6 shows the 
profile of the gear tooth estimated from the data obtained while 
machining, as compared to the same measured on CMM. As the 
worst case estimation error is only 3.6 μm, the proposed 
method can be employed for in-process quality estimation. 

4. Conclusion 

An in-process quality estimation method is described. This 
method is based on a digital-model constructed from measuring 

the compliance map of the machine tool. Being analogous to the 
volumetric error compensation table, this map has to be 
contructed only once during the machine calibration. 
Measurement efforts are further reduced by employing 
receptance coupling. The improvement over quality estimation 
methods based on material removal simulation is also shown. 
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Abstract 
In deep drilling, the large aspect ratio of hole depth to diameter causes problems in terms of chip formation and removal as well as 
tool vibrations. In addition, tool wear leads to a deterioration of process properties and decreasing process reliability. Therefore, 
scientific approaches aim to improve productivity and quality via a reduction of tool wear. Furthermore, methods for monitoring 
process conditions, specifically known as tool condition monitoring, contribute to an increase in performance. Superimposing 
ultrasonic vibrations to the conventional process is known as an approach with various potentials like reduced tool wear and burr 
formation or enhanced chip breaking behaviour. Aiming to realize in-process measurements to identify tool conditions, ultrasonic 
assistance enables the application of new monitoring techniques. In this context, the paper introduces a new approach to monitor 
tool wear using characteristic values of the resonant ultrasonic system coupled with the machining process. Experimental 
investigations considering deep drilling in steel 1.2311 show prove of the positive influence of ultrasonic assistance on the progress 
of tool wear. Furthermore, in-process measurements demonstrate that the new approach is able to monitor tool wear. 
 
Deep hole drilling, In-process measurement, Monitoring, Ultrasonic   

 

1. Introduction 

Deep drilling with single lip tools is a well-established precision 
machining process to produce holes with a high aspect ratio of 
hole depth to diameter, e.g. for manufacturing dies or medical 
components. Compared to alternative processes, for example 
electrical discharge machining (EDM), deep drilling provides high 
productivity and hole quality especially low surface roughness. 
The process is limited due to problems regarding tool vibration 
as well as chip formation and removal, that increase with 
progressing tool wear. Therefore, methods to reduce tool wear 
lead to enhanced process performance in terms of productivity, 
quality and cost efficiency. Furthermore, in-process monitoring 
of tool wear enables optimal utilisation of tool life, high process 
reliability and the application of adaptive process control.  

Ultrasonic-assisted drilling (UAD) is a known approach to 
improve process performance through enhanced chip breaking 
[1, 2], reduced burrs [3, 4], process forces [5, 6] or tool wear [7, 
8]. With regard to ultrasonic-assisted deep drilling (UADD) 
Potthast et al. [9] highlight the particular suitability of the 
approach due to addressing the characteristic problems of the 
process directly. Nevertheless, there are only few investigations 
of UADD with single lip drills. Heisel et al. [10] prove the positive 
affect on chip breaking behaviour and drilling torque in copper 
E-CU57. Neugebauer et al. [11] investigate UADD in cast iron EN-
GJS-800 with minimum quantity lubrication. The experimental 
results show improved chip removal and the potential to 
increase of tool life. In summary, the effects of UADD with single 
lip drill are not well investigated.  

Regarding monitoring of machining processes tool condition is 
a key issue. Jantunen [12], Rehorn et al. [13] and Teti et al. [14] 
summarize methods for tool condition monitoring. Considering 
tool wear, the techniques use the effect of increasing process 
forces or vibrations over tool life. In this context, forces and 
torque are measured directly with dynamometers [15] or 
indirectly with the use of spindle current [16]. Additionally, the 

use of acoustic emission (AE) is a suitable approach to identify 
tool condition [17]. In summary, the existing approaches are 
limited in terms of their integration effort as well as their 
sensitivity and their flexibility to different machining properties 
and especially their suitability for deep drilling with small 
diameters. 

Therefore, the paper aims to investigate the influence of 
UADD with single lip drills on machining properties especially 
tool wear. Furthermore, characteristic values of the ultrasonic 
vibration are used to develop a new method for in-process tool 
condition monitoring. Thus, the paper outlines the theoretical 
background of the monitoring approach. Experimental 
investigations of UADD in steel 1.2311 with a single lip drill 
(diameter 6 mm) are carried out and evaluated considering chip 
breaking, tool wear and the suitability of the monitoring 
approach. 

2. Approach for tool wear monitoring 

Transducers for the excitation of ultrasonic systems usually 
contain piezoelectric elements to perform the 
electromechanical transformation of electric energy into the 
ultrasonic vibration. Ultrasonic systems operate in resonance to 
generate sufficient amplitudes. Moreover, modern devices also 
include a closed loop control for frequency and amplitude to 
ensure resonance excitation and a constant vibration amplitude. 

According to the research of Littmann [18], the operating 
behaviour of ultrasonic piezoelectric tranducers near resonance 
can be described with an electromechanical four-pole model 
(Figure 1) including voltage 𝑈, current 𝐼, ultrasonic velocity 𝑣 and 

force 𝐹. The electric domain contains the resistance 𝑅𝑝 and 

capacity 𝐶𝑝 of the piezoelectric element. The mechanical 

domain includes the row circuit of the one dimensional 
resonance system expressed by a damper 𝑑, a mass 𝑚 and a 
stiffness 𝑐. Both domains are connected via an ideal 
transformator displaying the electromechanical transformation 
with the coefficient 𝑛. In addition, the mechanical load during 
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operation can be linearized and expressed by the process 
damping 𝑑𝐿  and stiffness 𝑐𝐿.  

 

 
Figure 1. Electromechanical model of a transducer [18] 
 

The stiffness 𝑐𝐿  causes an increase of the resonance frequency 
and therefore also of the operating frequency of the ultrasonic 
system from the unloaded frequency 𝑓𝑈𝑆,𝐹  to the loaded 

frequency 𝑓𝑈𝑆,𝐿. Regarding UAD, 𝑐𝐿  defines the contact stiffness 

of the tool including the cutting edge to the material of the 
workpiece. In this context, the value depends on the contact 
surface as well as on the static contact force. With respect to 
monitor tool wear in cutting processes, especially in deep 
drilling, 𝑐𝐿  is a suitable key value to represent the wear progress, 
which causes increased process forces as well as a change of the 
contact surface. Based on equation (1) [18], 𝑐𝐿  is defined by the 
stiffness 𝑐 and the frequency of the unloaded condition 𝑓𝑈𝑆,𝐹  

and the loaded condition 𝑓𝑈𝑆,𝐿. 

𝑐𝐿

𝑐
=

𝑓𝑈𝑆,𝐿
2

𝑓𝑈𝑆,𝐹
2 − 1 

(1) 

Figure 2 shows a typical graph of the operating frequency in 
UADD. The ultrasonic generator starts in section I with a scan to 
find the resonance frequency, which is constant for the 
unloaded tool condition in section II. When starting the drilling 
process in section III, the frequency increases. After the first part 
of the hole, which is, especially for deep drilling, defined by a 
specific parameter regime, the drilling parameters are constant 
and the operating frequency reaches a constant level 
representing the loaded condition.  

 

 
Figure 2. Typical frequency course in UADD 
 

To avoid the parameter identification procedure of the entire 
values of the electromechnical modell the approach for in-
process tool wear monitoring focusses on tracing of the 
resonance respectively the operating frequency. In this context, 
the increase of the operationg frequency ∆𝑓𝑈𝑆 according to 
equation (2) is suitable to represent the tool load as well as the 
wear status. 

∆𝑓𝑈𝑆 = 𝑓𝑈𝑆,𝐿 − 𝑓𝑈𝑆,𝐹  (2) 

In practical application there are different ways to measure 
and calculate the operation frequency. Ultrasonic generators 
provide a log function. Aiming to develop an in-process 

measurement system with a high resolution output voltage or 
current of the generator are suitable measurement values, 
because the sinusoidal courses contain the frequency 
information. Considering the limitation of previous monitoring 
techniques this new approach provides a value that is 
representative for tool load and wear directly in the process 
zone without the implementation of additional sensors inside 
the working area of the machine tool. 

3. Experimental setup and design of experiments 

Figure 3 shows the experimental setup with the used deep 
drilling machine (AX1 TL, Ermafa GmbH Auerbach) including the 
ultrasonic tool holder to superimpose the vibration in feed 
direction. The self-developed system consists of an ultrasonic 
generator, an inductive energy transmission and a tool holder 
with an integrated piezoelectric tranducer. The closed loop 
control of resonance frequency and amplitude is based on a 
sensor measuring the mechanical vibration inside the 
transducer. A radio transmission unit sends the signal to the 
generator, which performs the closed loop control.  

 

 

Figure 3. Experimental Setup 
 
The tool was a solid carbide single lip drill with a diameter of 

6 mm. The workpiece material was steel 1.2311. The deep 
drilling experiments included two test series. The first one 
compared conventional deep drilling (CDD) with ultrasonic-
assisted deep drilling. Table 1 shows the parameters of the test 
series, which contained a variation of the feed velocity 𝑣𝑓  

between 100 mm/min and 300 mm/min in steps of 25 mm/min. 
While 125 mm/min defines the industrial standard, the 
objective of the parameter variation was to compare CDD and 
UADD regarding chip breaking behaviour and process stability. 
Furthermore, for UADD an evaluation of the correlation 
between feed rate and increase of the operation frequency ∆𝑓𝑈𝑆 
aimed to indicate the capability of the monitoring approach to 
represent the process load. 

 
Table 1 Parameters of test series 1 

 CDD UADD 

Tool diameter x length / mm 6 x 300 6 x 300 

Drilling depth / mm 160 160 

Spindle speed / min-1 2700 2700 

Cutting speed / m/min 51 51 

Feed velocity / mm/min  100…300 100…300 

Feed rate / mm 0,037…0,111 0,037…0,111 

Lubrication pressure / bar oil ≈100 oil ≈100 

Vibration amplitude / µm 0 5,7  
(peak-peak) 

 
The second test series used fixed parameters within a feed 

velocity of 125 mm/min according to Table 1 and aimed to 
compare tool wear in CDD and UADD. For this purpose, the tool 
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wear, especially the wear marks on the flank, was evaluated with 
an optical microscope over 110 holes each. Additionally, for 
UADD, the progress of tool wear and ∆𝑓𝑈𝑆 were investigated to 
evaluate the suitability of the monitoring approach.  

In order to calculate the operating frequency, the output 
voltage of the ultrasonic generator was measured with a 
differencial probe TT-SI9110 from Testec Elektronik Gmbh. The 
analog signal was digitalized with an APOLLO Box from SINUS 
Messtechnik GmbH and a sample rate of 200 kHz. The signal 
processing was performed in MATLAB®, which also provides an 
interface for real-time calculation in combination with the 
measuring device. To identify the ultrasonic frequency a Short-
time Fast Fourier Transformation (STFFT) was used. In frequency 
domain, the highest amplitude indicates the operating 
frequency. In addition, the unloaded and loaded operating 
frequency were calculated as mean values over the according 
section II and III. The increase of the frequency ∆𝑓𝑈𝑆 was 
calcaulated with equation (2). 

4. Experimental results and discussion 

4.1. Feed rate test series 
During feed rate tests, the results indicate that UADD leads to 

higher process stability. This is related to subjective perception 
of audible noise. During UADD the characteristic noise of the 
deep drilling process disappears. Further measurements with an 
acceleration sensor, not included in this paper, prove the 
assumption of the disappearance of tool vibrations. Figure 4 
shows chips produced by CDD and UADD. Especially for these 
parameters UADD leads to significantly shorter chips with an 
improved ability for chip removal, which prevents chip jamming 
and process instabilities. This effect corresponds to previous 
investigations of UADD and is beneficial particularly for the 
drilling of deep holes. 

 

 
Figure 4. Comparison of chips in CDD and UADD 
 

The theory of cutting technology outlines a clear correlation 
between feed rate and process forces. Aiming to identify the 
capability of the monitoring approach to represent the process 
load, Figure 5 shows the relation between ∆𝑓𝑈𝑆 and feed velocity 
𝑣𝑓. The graph shows a clear correlation. Higher values of 𝑣𝑓  

cause an increase of ∆𝑓𝑈𝑆. This indicates that ∆𝑓𝑈𝑆 is sensitive to 
the process load and suitable for the monitoring of tool wear. 

 
 

 

Figure 5. Relation between ∆𝑓𝑈𝑆 and 𝑣𝑓  for UADD 

 
4.2. Tool wear test series 

The evaluation of tool wear focused the marks on the flank 
face of the outer part of the main cutting edge. Figure 6 shows 
pictures of the flank face for CDD and UADD for the new tool and 
after 40 holes. Figure 7 shows the tools after 80 and 110 holes. 
Regarding the progress of tool wear clear trends are visible. The 
wear marks of UADD are significantely smaller than in CDD. 
Furthermore, the build-up edge is reduced. In addition, for CDD 
a small chipping occured at the centre of the tool after 20 holes.  

 

 
Figure 6. New tool and flank wear after 40 holes 

 

 
Figure 7. Flank wear after 80 and 110 holes 
 

Additionally, the width of the wear marks was measured to 
describe the maximum value 𝑉𝐵𝑚𝑎𝑥  as well as the mean value 
𝑉𝐵𝑚𝑒𝑎𝑛, consisting of five measuring points at the outer part of 
the flank. After 110 holes the CDD tool showed values of  
𝑉𝐵𝑚𝑒𝑎𝑛 = 116,2 µ𝑚 and 𝑉𝐵𝑚𝑎𝑥 = 286 µ𝑚. The UADD tool had 
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values of 𝑉𝐵𝑚𝑒𝑎𝑛 = 75,6 µ𝑚 and 𝑉𝐵𝑚𝑎𝑥 = 156 µ𝑚. In 
comparison to CDD, UADD leads to a reduction of the mean 
width of 35 % and of the maximum flank wear of 45 %. Figure 8 
shows the progress of 𝑉𝐵𝑚𝑎𝑥  over the number of holes. The 
results clearly show that UADD leads to a significant reduction in 
tool wear and therefore contributes to enhanced process 
properties and cost efficiency of deep drilling with single lip 
tools. 

 

 
Figure 8. Comparison of 𝑉𝐵𝑚𝑎𝑥  over the number of holes 
 

Second objective of the tool wear analysis was to compare the 
results with the behaviour of the frequency value ∆𝑓𝑈𝑆. Figure 9 
shows the progress of ∆𝑓𝑈𝑆 over the number of holes and 
Figure 10 the relation between ∆𝑓𝑈𝑆 and the flank wear 𝑉𝐵𝑚𝑒𝑎𝑛. 

 

 
Figure 9. Increase of operating frequency over number of holes 
 

 
Figure 10. Increase of operating frequency over flank wear 
 

Considering the overall trend, the frequency increases over 
the number of holes with a good correlation to a linear relation, 
comparable to the progress of flank wear. The results in Figure 
10 indicate a clear connection between ∆𝑓𝑈𝑆 and the mean value 
of the flank wear 𝑉𝐵𝑚𝑒𝑎𝑛 , which is required for a key value of a 
monitoring system. In good agreement, this relationship can be 
well represented by a linear trend. This proves the suitability of 
the novel approach using the resonance respectively the 
operating frequency of the ultrasonic system for in-process 

monitoring of tool wear. It should be noted that the use of this 
approach relies on frequency control and therefore requires 
reliable control behavior. By using this method, no additional 
sensors need to be integrated into the machine although, in 
relation to the contact stiffness 𝑐𝐿, the measuring point is 
located directly in the process zone respectively on the tool tip. 

5. Conclusion 

This study aimed to investigate the influence of ultrasonic 
assistance on the tool wear in deep drilling of steel 1.2311. 
Furthermore, a new approach for in-process monitoring of tool 
wear using the coupling of the resonance vibration system with 
the cutting process was presented and evaluated regarding its 
suitability. Experimental test series showed that UADD leads to 
significantly shorter chips, improving the chip removal as a key 
issue in deep drilling. Additionally, UADD had a strong impact on 
tool wear. Compared to CDD, after 110 holes the mean width of 
the flank wear was reduced by 35 % and the maximum width by 
45 %. Based on these observations, it was demonstrated that 
ultrasonic assistance contributes to a significant improvement of 
the deep drilling process. The introduced approach to use the 
operation frequency for process monitoring showed satisfying 
results. The value is sensitive to feed rate and process load. The 
correlation, especially the good agreement with a linear relation, 
to the mean value of the flank wear width proves the suitability 
for in-process tool condition monitoring.  

Future research should focus on wide parameter studies of 
UADD to confirm the results for different applications. 
Furthermore, the process monitoring approach should be 
subjected to a detailed sensitivity analysis, especially of the 
dependencies to the process forces, the contact surfaces of the 
tool and the behaviour of the frequency control. 
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Abstract 
High-entropy alloys (HEAs) represent a relatively new material group with advantages like a high resistance to corrosion and wear. 
Concerning these properties and the elevated material costs their use as protection layers is aspired. In this regard, thermal spraying 
enables a wide range of different geometries. Due to the high initial roughness of the coatings, finishing is required. 
For the investigations, layers of the HEAs CoCrFeNi, Al0.3CoCrFeNi, and Al0.3CoCrFeNiMo0.2 are generated by high velocity oxygen fuel 
(HVOF) spraying. Finishing of the coatings is realised by face turning with different cutting speeds in the range of 100 m/min to 400 
m/min. Furthermore, experimental investigations regarding the surface modification by diamond smoothing with constant force 
(100 N) are carried out. After machining the cutting tool wear is analysed microscopically. The geometrical surface properties are 
determined using 3D laser scanning microscopy and tactile measurement. Additionally, the surface hardness is analysed.  
Depending on the material composition a slight decrease of the surface roughness depth with increasing cutting speed can be 
detected. Simultaneously, the tool wear rises. Additionally, for the alloy compositions considered a strong decrease of the roughness 
values Ra and Rz as well as an increase of the surface hardness can be realised by diamond smoothing. The research expands the 
field of machining thermally sprayed HEAs. This promotes the use of these layers for wear or corrosion protection. 
 
 
Diamond smoothing; High-entropy alloy; Thermal spraying; Turning   

 

1. Introduction 

HEAs are characterised by four or more elements with nearly 
equimolar proportions. Due to their high resistance to wear and 
corrosion and the comparatively high material costs wear 
protection layers are a possible field of application. Regarding 
the initial roughness after the coating process finish machining 
of the coatings is necessary to reach adequate tribological 
properties. Cutting processes with geometrically defined cutting 
edges enable a fast machining and a high geometrical flexibility. 
Besides the adaptions of the geometrical properties, an 
adjustment of the physical surface properties (e. g. hardness, 
residual stresses) is also possible. Subsequent smoothing allows 
for a further decrease of the surface roughness values, strong 
compressive residual stresses, and a grain refinement of the 
near-surface layer. 

Machining of HEAs with geometrically defined cutting edges is 
rarely regarded until now. Guo et al. [1] analysed the 
machinability of selectively laser melted CoCrFeMnNi HEAs by 
different finishing processes. The initial roughness Ra of 30 µm 
could be reduced by grinding (to 4 µm), by EDM (to 3 µm), and 
also by milling (to 1 µm). The finishing processes also influenced 
the surface layer properties. Grinding resulted in a surface 
hardness of 350 HV, EDM led to about 400 HV, and milling 
entailed a hardness of about 450 HV. Due to the forces and the 
deformation while machining after milling (-700 MPa) and 
grinding (-400 MPa) respectively compressive residual stresses 
were detected. Clauß et al. [2] analysed the influence of the 

cutting speed and the feed in turning of an AlCoCrFeNiTi 
thermally sprayed HEA. Increasing the cutting speed in the range 
of 100 m/min to 400 m/min resulted in a decrease of the surface 
roughness values due to the reduced proportion of pulled-out 
coating material. However, for the range of 200 m/min to 
400 m/min similar roughness values were measured. 
Additionally, the absolute values of the compressive residual 
stresses in the direction of feed motion rose with increasing 
cutting speed. 

Burnishing or machine hammer peening of thermally sprayed 
coatings are rarely regarded until now. Rausch et al. [3] realised 
a surface modification of arc sprayed coatings (FeCrCMnSi with 
included WC particles) by machine hammer peening. As a result, 
the surface roughness values and the near-surface porosity were 
reduced. Additionally, the wear resistance of the coatings could 
be increased. Among others this was an effect of the strong 
compressive residual stresses introduced by the machine 
hammer peening process. Other researchers [4] machined 
atmospheric plasma sprayed iron-based coatings by turning and 
subsequent diamond smoothing. For the range of the smoothing 
force between 50 N and 150 N similar surface roughness values 
could be achieved for all feeds applied in pre-machining 
(0.05 mm – 0.15 mm). A further increase of the force resulted in 
higher values for Ra and Rz due to surface microcracks. 
Additionally, the absolute values of the compressive residual 
stresses in the surface layer could be increasingly enhanced with 
raising smoothing forces. 

Currently, only a few studies regarding machining of HEAs are 
available. Heretofore, the influence of the specimens’ chemical 
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composition on the cutting process is not analysed. Smoothing 
processes enable a predefined modification of the surface 
properties. Until now there is almost no focus on thermally 
sprayed coatings in regard to HEAs. In addition to the influence 
of the cutting speed in turning the paper addresses the 
capability of diamond smoothing for machining of thermally 
sprayed HEAs. 

2. Experiments      

2.1. Specimens     
In the experimental investigations circular disc substrates of 

the steel EN 1.4404 (AISI 316L) characterised by a diameter of 
40 mm and a thickness of 10 mm were used. To generate an 
adequate adhesive tensile strength between the substrate and 
the coating the discs were roughened by grit blasting at the 
plane surfaces. Afterwards, the coatings were applied by high 
velocity oxygen fuel (HVOF) thermal spraying according to 
Table 1. Inert gas atomised feedstock powder with a grain size 
of the fraction -50 + 20 µm of three different compositions 
(CoCrFeNi, Al0.3CoCrFeNi (referred to as AlCoCrFeNi in the 
following text), Al0.3CoCrFeNiMo0.2 (referred to as 
AlCoCrFeNiMo in the subsequent text)) was processed. A final 
layer thickness of approximately 500 µm was adjusted for all 
coatings. The coatings were characterised by a porosity of less 
than 1 %. The hardness of the coatings increased with higher 
number of elements (see chapter 3.3.) as a result of solid 
solution hardening. 

 

Table 1 HVOF thermal spray coating parameters 
 

Parameter Value 

O2 850 l/min 

Kerosene 22.5 l/h 

Ar 2 x 11 l/min 

Powder feed rate 2 x 35 g/min 

Spraying distance 360 mm 

Relative traverse speed 1.0 m/s 

Spray path offset 5 mm 
 

2.2. Tools      
For face turning (pre- and finish machining) CBN-tipped (cubic 

boron nitride) indexable inserts were used. The cutting material 
consisted of 90 % - 95 % boron nitride particles with a grain size 
of 1 µm and a cobalt binder. The tools of the type CCGW 09T304 
were characterised by a nominal rake angle of 0° and a sharp 
cutting edge (rounding < 5 µm). In connection with the tool 
holder used the cutting edge angle of the minor cutting edge was 
5°. For diamond smoothing a tool with a MCD (monocrystalline 
diamond) spherical body exhibiting a radius of 2 mm was used. 

 

2.3. Experimental Investigations 
The finish machining experiments were carried out by face 

turning on a precision lathe SPINNER PD 32. Some of the 
specimens were diamond smoothed (DS) subsequently using the 
same machine tool. Regarding the initial roughness of the 
coatings pre-machining was also done by face turning. To 
provide a constant cutting speed during machining the 
specimens were prepared by drilling and internal turning 
between the axis of rotation and a diameter of 25 mm. Hence, 
in the experiments an annular area with a width of 7.5 mm 
(between the outer (40 mm) and the inner (25 mm) diameter) 
was machined. Additionally, the rotational speed was adapted 
to the actual diameter to keep the cutting speed unchanged 
while machining. For finish turning and turning prior to diamond 
smoothing the feed (0.05 mm) and the depth of cut (0.1 mm) 
were kept constant. Cutting was realised with different cutting 
speeds (vc) in the range between 100 m/min and 400 m/min 
according to Table 2. For turning of the specimens used in 

diamond smoothing a cutting speed of 200 m/min was applied. 
Face turning was performed without cooling lubricant. For every 
experimental combination of material composition and cutting 
speed an unworn tool was used. The respective two specimens 
were machined without changing the tool. 

Diamond smoothing was performed with the same feed like in 
turning experiments (0.05 mm). The smoothing force of about 
100 N, which acts perpendicular to the machined surface, and 
the smoothing speed of 70 m/min were kept unchanged. To 
improve the sliding behaviour between the MCD tool and the 
specimens emulsion flood cooling was used. During finish 
machining the components of the resultant force were recorded 
by a three-axis dynamometer Kistler type 9257A. 

 

Table 2 Number of machined specimens for turning experiments with 
different cutting speeds vc and diamond smoothing (DS) 
 

 CoCrFeNi AlCoCrFeNi AlCoCrFeNiMo 

100 m/min 2 2 2 

200 m/min 2 2 2 

300 m/min 2 2 2 

400 m/min 2 2 2 

DS 1 1 1 
 

2.4. Analysing of the experiments 
The geometrical surface properties of all specimens machined 

were detected using a stylus instrument Mahr type LD 120. The 
roughness was measured in the direction of feed motion at five 
different sectors on the machined surface. The stylus used was 
characterised by a radius of 2 µm. The measuring length was 
4 mm and the filtering of the profile was done in accordance to 
ISO 11562. Additionally, each specimen machined was 
measured at two different areas using a 3D laser scanning 
microscope (3D LSM) Keyence type VK-9700. The size of the 
analysed areas was 1 mm × 1 mm. The tool wear was detected  
by a Nikon measuring microscope type MM-400. 

The surface hardness before and after machining was 
measured using a micro-hardness tester type TUKON 1102 with 
a Vickers indenter. For each indent, a load of 4.905 N (0.5 kp) 
was applied for a time of 10 s. The resulting Vickers hardness 
values were calculated using the diagonal lengths of the indents. 
Each hardness value presented corresponds to the mean value 
of 10 indents, uniformly arranged on a defined radius of the 
machined surface. Regarding the coating thickness after 
machining of about 200 µm and the indentation depth of about 
12 µm no significant influences of the substrate material and the 
surface roughness on the hardness measurements were 
expected. The hardness of the unmachined specimens was 
measured at ground surfaces. 

3. Results and discussion      

3.1. Tool wear and components of the resultant force 
The tool wear after machining two specimens by face turning 

is summarised in Table 3. For the specimens from all alloys 
machined, an increase of the cutting speed results in a larger 
flank wear land width. This occurs due to two dominant effects. 
Firstly, increasing the cutting speed entails a rise of the shear 
zone temperature as a consequence of the higher cutting power. 
Hence, the strength of cutting material, especially the binder, is 
reduced. These effects were also shown in [5, 6], where a 
constant decrease of the cutting material hardness and strength 
with increasing temperature was detected. Furthermore, this 
decrease is stronger in the case of using CBN with a metallic 
compared to a ceramic binder. Secondly, the kinetic energy of 
the coating particles including hard phases (e. g. oxides) raises. 
Both simultaneously acting mechanisms generally result in a 
growth of the tool wear with increasing cutting speed. 
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Table 3 Influence of the cutting material and the cutting speed on the 
flank wear land width (in µm), occurance of built-up edges (BE) and 
cutting edge chipping (C) after machining two specimens 

 

vc (m/min) CoCrFeNi AlCoCrFeNi AlCoCrFeNiMo 

100 25 (BE + C) 10 5 

200 35 (BE + C) 25 20 (BE) 

300 30 (BE) 65 (BE) 20 (BE + C) 

400 55 (BE + C) 100 (BE + C) 75 (BE + C) 
 

For all cutting speeds, after machining CoCrFeNi specimens 
built-up edges occur due to the least hardness of the alloys 
regarded. For low cutting speeds the highest tool wear was 
detected after machining this thermally sprayed coating. 
However, the increase of the flank wear land width with rising 
cutting speed is smaller compared to machining of AlCoCrFeNi 
and AlCoCrFeNiMo. This slighter rise of the tool wear is a result 
of the lower hardness of the coating consisting of four alloy 
elements. Comparing the two harder coating layers, in the 
analysed range of the cutting speed a higher flank wear land 
width occurs after machining of two specimens of the alloy 
AlCoCrFeNi. Besides the abrasive wear diffusion effects between 
the cobalt binder and the iron of the alloy depending on the iron 
content have also to be considered, but were not detected. 
Furthermore, the highest flank wear land width is measured 
after machining the AlCoCrFeNi alloy with a cutting speed of 
400 m/min. In this case, besides the already mentioned effects 
the strongest increase in hardness after machining is detected 
(see chapter 3.3.), which results in a higher tool wear. Generally, 
regarding the total cutting length of about 30.8 m the wear is 
comparatively high. Concerning the similar surface properties 
after facing (see chapter 3.2 and 3.3) if possible a lower cutting 
speed should be chosen.   

While machining the components of the resultant force were 
detected. The three single values are calculated in the range of 
theoretically constant cross-section of undeformed chip. The 
cutting force represents the highest component of the resultant 
force with mean values between 14.2 N to 18.5 N, followed by 
the passive force (12.3 N – 15.1 N), and the feed force (4 N – 
5.4 N). For all three components no clear influence of the 
material composition and the cutting speed is visible. Generally, 
a slight decrease of the components of the resultant force with 
increasing cutting speed as a result of the raising shear zone 
temperature and concomitant softening of the material is 
expected. Additionally, growing tool wear with increasing 
cutting speed involves an increase of the respective 
components. These simultaneously acting mechanisms result in 
the nearly constant values for the different cutting speeds and 
materials machined. 

 

3.2. Geometrical surface properties 
Figure 1 represents the influence of the cutting speed on the 

arithmetic mean surface roughness Ra and the surface 
roughness depth Rz depending on the alloy composition. The 
mean values are calculated from all tactile measurements of the 
specimens machined with the same conditions. The standard 
deviation is represented by the error bars. Generally the surface 
roughness after turning is higher than the calculated kinematic 
roughness (0.78 µm). This is a result of the cutting edge chipping 
in consequence to the tool wear and the specific morphology of 
thermally sprayed coatings. The particle structure of the coating 
layers and the microstructure inherent pores lead to effects like 
opening of pores, pull-out of coating material while machining 
(see Figure 2), and the occurrence of microcracks. However, due 
to the low porosity, the effect of the pore-opening on the 
surface roughness should be minor.   

 
 

Figure 1. Influence of the material and the cutting speed in face turning 
as well as the effect of diamond smoothing on Ra and Rz 
 

Regarding the mean values of Rz a slight tendency of 
decreasing with increasing cutting speed is visible for machining 
CoCrFeNi. This could be the result of the lower proportion of 
pulled-out coating particles, which is also visible in Figure 2, due 
to an increased shear zone temperature and shear angle. 
Excepting the values after machining with a cutting speed of 
200 m/min, the slight trend is also recognisable for AlCoCrFeNi. 
Regarding the alloy with additional molybdenum this 
relationship is not noticeable, maybe due to the increased 
hardness. Summarising and especially taking the deviations into 
account similar surface roughness values are measured in the 
analysed range of cutting speed for all coating materials. 
Additionally, the weak tendencies mentioned are only partly 
visible regarding the values for Ra. 

 

 
 

Figure 2. Surfaces detected by 3D LSM after machining CoCrFeNi with a 
cutting speed of 100 m/min (left) and 400 m/min (right) 
 

For all alloys regarded, a significant decrease of the Ra and Rz 
values is reached by diamond smoothing. While machining the 
peaks of the roughness profile are lowered by plastic 
deformation and the valleys of this profile are lifted. 
Additionally, the specific microstructure of thermally sprayed 
coatings also enables a compaction of the material by reducing 
the near-surface porosity. The surfaces after smoothing are 
shown in Figure 3. Generally, the waviness is similar to turning. 
Only for diamond smoothing of CoCrFeNi the waviness is slightly 
higher compared to facing the softest alloy specimens. However, 
a small adjustment in smoothing force should lead to 
comparable results. The Rz values after diamond smoothing of 
AlCoCrFeNiMo coatings are considerably higher (0.497 µm) than 
after smoothing of the two other alloys regarded (0.356 µm and 
0.367 µm). This is a consequence of the higher hardness and the 
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expected higher strength of the alloy consisting of six alloy 
elements. Thus, smoothing results in a lower deformation. The 
surface profile of the smoothed CoCrFeNi specimen (Figure 3a) 
is characterised by valleys corresponding to the radius of the 
tool used (2 mm) and a distance corresponding to the feed. 
Additionally, smeared coating material is also visible which 
results in an increase of the surface roughness values. By 
diamond smoothing of AlCoCrFeNi the kinematic roughness 
profile after turning is hardly visible. The peaks and valleys of the 
turning profile are nearly completely deformed. However, the 
mentioned smoothing profile, characterised by the tool 
diameter and the feed is not completely visible. After diamond 
smoothing of the hardest coating the largest heights of the 
profile are measured. With the smoothing force chosen the 
peaks and valleys of the kinematic roughness profile are not 
completely lifted or lowered. To reach comparable results to 
CoCrFeNi and the expected smoothing profile an increased 
smoothing force is required. Furthermore, the results of the 
smoothing process depend on the surface properties after 
turning (shown in [4]). Surface imperfections, like pulled-out 
particles after turning cannot or only partly be compensated or 
closed by smoothing. 

 

 
 

Figure 3. Surfaces detected by 3D LSM after diamond smoothing of 
CoCrFeNi (a), AlCoCrFeNi (b), and AlCoCrFeNiMo (c) (2D profiles are 
detected in the direction of feed motion) 
 

3.3. Hardness 
The results of the hardness measurements at the surfaces are 

summarised in Table 4. For the analysed coatings an increase of 
the number of alloy elements results in a higher hardness. 
Generally, there is a higher variation of the values in the initial 
state and after turning compared to smoothing. Regarding the 
alloy CoCrFeNi a raise of the surface hardness after turning is 
visible. In the analysed range of cutting speed similar hardness 
values are reached. The hardness increase during machining of 
sprayed coatings is based on simultaneously acting mechanisms. 
The components of the resultant force, especially the passive 
force lead to a deformation of the near-surface particles and a 
material compaction. Additionally, the temperatures in the 
shear zone while machining and the subsequent cooling could 
result in a raising hardness, e. g. due to strain hardening. For the 
coatings consisting of five or six alloy elements no hardening 
effect by turning (except AlCoCrFeNi with vc = 400 m/min) is 
detected. This could be a consequence of the higher initial 
hardness and the lower deformation while facing in connection 
with the highest cutting speed and shear zone temperature. For 
all alloys smoothing resulted in a hardness increase. The force 
acting perpendicular to the surface is significantly higher than 

during turning. While sliding only a minor heating is expected. 
Due to the stronger deformation and compaction while 
smoothing the hardness increase shown can be explained. 

 

Table 4 Influence of the material, the cutting speed in turning, and the 
effect of diamond smoothing (DS) on the surface hardness (mean value 
and standard deviation) compared to the initial state (IS) (in HV 0.5)  
 

 CoCrFeNi AlCoCrFeNi AlCoCrFeNiMo 

IS 349 ± 17 373 ± 13 402 ± 25 

100 m/min 378 ± 9 385 ± 17 414 ± 7 

200 m/min 375 ± 12 370 ± 29 396 ± 20 

300 m/min 368 ± 5 368 ± 23 393 ± 16 

400 m/min 370 ± 13 406 ± 20 392 ± 27 

DS 427 ± 5 447 ± 8 472 ± 4 

4. Summary and outlook      

The experimental investigations shown represent the first 
results published analysing the influence of the composition of 
thermally sprayed HEAs in turning and diamond smoothing. 
Considering the tool wear a general increase of the flank wear 
land width with raising cutting speed is detected. In the cutting 
speed range regarded similar mean values of Ra and Rz are 
reached after machining. However, a small decrease of the 
mean values of Rz with increasing cutting speed could be 
detected for the alloys CoCrFeNi and AlCoCrFeNi. For all HEAs a 
significant reduction of the surface roughness values by 
diamond smoothing is possible. However, differences in the 
resulting surface profiles and roughness values due to the 
coating hardness are visible. Additionally, an increase of the 
surface hardness after diamond smoothing is determined. 

Further analyses include residual stress measurements and an 
analysis of the microstructure at cross-sections for an enhanced 
understanding of the mechanisms in turning and diamond 
smoothing of HEA coatings. Additionally, enlarged experimental 
investigations regarding the process parameters in diamond 
smoothing should indicate the potentials and achievable 
properties. The results shown represent a next step for the 
industrial application of HEAs as protection layers. 
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Abstract 
Increasing precision requirements motivate research on the system perspective of machining systems. Virtual environments for the 
prediction of the Process Machine Interaction (PMI) are one key to obtain a priori understanding of machining accuracy, save 
expensive testing and planning time of industrial users, and increase the overall resource utilization. This paper introduces the 
modular node-based software platform SharpCut (#cut). The platform follows a sequential modeling approach of manufacturing 
processes and machine tools by using nodes. The novelty of the method lies in its open architecture with a strong focus on 
extendibility, adaptability, and research applicability. 

Besides the node-based modeling approach, four implemented software modules are described. The four modules are the 
workpiece discretization, the tool and cutting inserts, the material removal, and the system's kinematics. The machine tool's motion 
and kinematic errors are modeled with Homogeneous Transformation Matrices (HTMs). The workpiece discretization is performed 
with a memory-efficient implementation of Depth Elements (Dexels). The material removal follows from the modelling of the Tool-
Workpiece Engagement (TWE) with a generic model of the tool and the computationally efficient MÖLLER-TRUMBORE ray-triangle 
intersection algorithm. With the presented modules, it is possible to predict the results of machining processes and perform 
sensitivity or root cause analyses. The paper concludes with an example model and simulation of a face-milling process. 
 
 
Virtual Machine Tool, Virtual Machining, Process Simulation      

 

1. Introduction 

Physics-based domain knowledge on the kinematic, static, 
dynamic, and thermo-elastic behavior is vital for understanding 
the structural behavior of machine tools [1]. However, a holistic 
approach also needs to consider the superposition of the static 
sequential deviation effects of each machine tool component as 
well as the dynamic effects in the structural feedback loop of the 
tool-workpiece engagement (TWE), i.e., the Process-Machine-
Interaction (PMI) [2, 3]. 

Besides the process dynamics, also the Computer Numerical 
Control (CNC) capabilities affect the feedback loop. Previous 
approaches by FESPERMAN et al. [4] use a generalized machine 
tool model and include the kinematics as well as the controller. 
THEISSEN et al. [5] present a similar approach and include the 

static behavior of machine tools. SCHÜTZER et al. [8] present a 
virtual machine tool for the holistic simulation of micro-milling 
processes by incorporating different modules for the respective 
physical domains. 

BRECHER and TROFIMOV [6] use machine and process models for 
the simulation of the parallel milling with two spindles. HÖMBERG 
et al. [7] present an approach to use virtual machine tools for 
the prediction of the process stability. OKAFOR [9] gives a recent 
overview on the state of the art as well as modeling examples 
for kinematic errors of three different machines with a virtual 
CNC machine tool. 

The previous works highlight the deep understanding of the 
underlying physics for modelling and simulating the machine 
tool mechanics. This paper builds on top of this knowledge and 
presents an intuitive way of building research-oriented machine 
tool models based on nodes.  

 

Figure 1. Function block diagram of static and dynamic effects during the machining 
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2. Methodology 

Fig. 1 displays the function block diagram of the machining 
process. The ideal interaction zone's definition consists of the 
spatial position of the tool geometry, the generated tool path, 
and the machine tool kinematics including the axis deviations. 
The TWE is a dynamic effect that requires the modeling of the 
PMI together with a material removal simulation. The PMI is not 
within the scope of this paper but is exemplified here for 
completeness. 

 
2.1. Node-based modeling 

The #cut platform implements a node editor to represent the 
different modules' connectivity, also referred to as nodes. The 
node editor is based on the open-source qtpynodeeditor 

framework written by Ken LAUER. Commercial simulation 
environments such as ANSYS Workbench and MATLAB Simulink 
inspired the user interface.  

Node-based modeling approaches are especially suited for 
machining simulations, as they force system thinking and 
emphasize the sequential character of the various contributors. 
As a research-oriented approach, the focus is on extendibility 
and root cause investigations.  

Generic mathematical nodes accompany the machining-
specific nodes to increase the customizability of the models, 
e.g., to model spindle imbalances, tool wear, or environmental 
disturbances. Fig. 2 displays the node editor with the 
mathematical nodes and the context menu for modeling 
machine tools and machining processes. The machining-specific 
nodes are described in the subsequent Sec. 2.2. 

 
2.2. Physics-based modelling nodes 
 
2.2.1 Kinematics 

Homogeneous Transformation Matrices (HTMs) are suitable 
for the modeling of kinematic chains as well as component and 
location errors. The approach is well-known in the field of 
robotics and machine tools, and many researchers successfully 
applied it for the modeling of kinematics, see [10] for further 
details and references in the literature. 

The HTM transforms a vector from one coordinate system 𝑎 
into another coordinate system 𝑏, see Eq. 1. It consists of a linear 
transformation matrix 𝑻 and a rotation matrix 𝑹. 

𝑯𝑻𝑴𝑎
𝑏 = [

𝑹 𝑻
0 1

] (1) 

The multiplication of the HTM in Eq. 1 allows for the sequential 
transformation through multiple coordinate systems. Hence, in 
practice, the machine tool kinematics are modeled by building a 
chain of different static and variable transformations in the form 
of the Eq. 1. 

For variable transformations, e.g., actuated drives, the #cut 
implementation uses a variable representation of the 
components in the rotary and linear transformation parts of the 
HTM in Eq. 1.  The function is implemented in the drive node.  

Besides the source transformation, the variable 
transformation also has an additional input to load different 
drive commands as well as the axis' location and component 
errors, 𝑳𝑶𝑪 and 𝑪𝑶𝑴, respectively. These errors are internally 
also modeled with HTMs, see Eq. 2.  

𝑯𝑻𝑴𝑎
𝑏 = 𝑳𝑶𝑪𝑏

𝑎  𝑪𝑶𝑴𝑏
𝑎  (2) 

Frist, a basic G-code (ISO 6983) parser extracts the motion 
commands and generates the drive commands. Second, a 
motion generator interpolates the respective axes' inputs 
according to the selected triangular or trapezoidal motion 
profile. Fig. 3 exemplary depicts the implementation of the 
modeling nodes and a generated toolpath. 

2.2.2 Cutting inserts and tools 
KAYMAKCI, KILIC, and ALTINTAS [11] introduce a unified cutting 

force model alongside procedures for the modeling of tools and 
inserts. The model describes the cutting edge geometry with 
analytical equations based on standardized tool and insert 
geometry data (ISO 13399), and positions the cutting insert in 
the tool with HTMs. #cut uses the same approach but also allows 
for the direct extraction of the cutting edge when the tool's and 
the insert's Computer-Aided Design (CAD) data is available.  

 

Figure 2. Context menu with generic mathematical functions for the 
custom model generation 

 

Figure 3. Modeling of kinematics; a) G-code source for motion 
generation, b) node schematic of three-axis machine tool kinematic 
(excerpt) with loaded geometric errors, c) visualizations of the y-axis 
motion state variables and the generated 3D tool trajectory  

 
Figure 4. Tool and insert definition; a) node schematic in the node editor, 
b) 3D plot of the tool, c) 2D plot of the cutting edge discretization,  
d) visualization of the rake face triangulation 
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After extracting the cutting edge geometry, #cut performs a 
line discretization and builds a triangulated model of the insert's 
rake face. The triangulation is based on the open-source library 
Triangle written by Jonathan SHEWCHUK. The triangulation 

refines automatically towards the tool radius to improve the 
approximation of the round edge.  

Whenever the insert is spatially repositioned, the module 
automatically produces a triangulated flank face on the output. 
Fig. 4 depicts the node's implementation together with the 
generated insert and tool model as well as the rake face 
triangulation. 

2.2.3 Workpiece discretization 
The discretization of the workpiece is an important step for the 

simulation of the material removal during machining. Previous 
researchers present approaches based on the voxelization of the 
workpiece surface [12] or the use of depth-elements [13] 
(Dexels). The #cut platform follows a similar path as described 
in [14], which models the workpiece with a structured grid of 

parallel vectors 𝒅in
out, spanning from a dexelization plane outside 

the workpiece into the material volume, see Fig. 5 for a 
depiction of the approach. 

The discretization is based on a parallel implementation of the 
MÖLLER-TRUMBORE raycasting algorithm [15], which is widely used 
in computer graphics for calculating ray-triangle intersections. In 
this case, the Dexel itself is the ray, and a triangulated surface, 
e.g., from CAD data in the form of Standard Triangulation 
Language (STL) files, is used to locate the material of the 
workpiece. 

One advantage of a structured grid over an unstructured grid 
is the efficient storage in the computer memory. The spatial 
position of each Dexel 𝑖, 𝑗 is known from the grid size 𝑠 , and only 
scalars for the span covering the workpiece material are stored 
or updated during the material removal simulation, see Eq. 3 
and Eq. 4. 

𝒅𝑖𝑗in

out = 𝒅𝒌in
out = [𝑥𝑖𝑛,1 𝑥out,1 … 𝑥in,𝑛 𝑥out,𝑛] (3) 

𝑘 = 𝑓(𝑖, 𝑗) = 𝑖 +  𝑠 ∙ 𝑗 (4) 

To decrease the sensitivity to discretization errors, #cut 
implements a multi-Dexel approach allowing for up to three 
perpendicular dexelization planes and variable resolutions along 
the 𝑖, 𝑗 axes of the planes. Fig. 6 depicts the node 
implementation with a workpiece blank loaded from CAD data 
and a single axis discretization. Within the discretization 
settings, the user can specify the Dexel grid's resolution per unit 
length (typically in mm) and select a subset of the CAD geometry 
for the discretization. 

2.2.4 Tool-workpiece engagement 
The TWE describes the actual material removal during the 

machining process. The goal is to translate the cutting edge 
trajectory into a change in the discretized workpiece contour. 
The #cut approach implements an interaction node, which uses 
the above referenced MÖLLER-TRUMBORE algorithm to check the 
intersection of the stored Dexels with the rake and flank faces of 
an insert triangulation.  

The material removal is estimated by analyzing the Dexels in 
and out coordinates during a raycast along each Dexel. There are 
five possible cases detected which then transmit a respective 
output signal for the update of the workpiece discretization. The 
cases are depicted in Fig. 7. 

The detected Dexel-insert interactions are clustered in point 
clouds on the cutting inserts' rake and flank faces to estimate 
the instantaneous chip area. Then, the respective alpha shapes 
are calculated and sent to the output port of the interaction 
node. This output could be further processed by connection to, 
e.g., mechanistic cutting models, which is not within the scope 
of this paper. Together with dynamic models of the machine tool 
structure and the CNC, this information would allow for the 
modeling and simulation of the PMI as shown in Fig. 1. 

3. Exemplary use case 

A face-milling process of a cylinder block is selected to 
demonstrate the #cut modeling approach. The cylinder block is 
a CAD model of a Suzuki Hayabusa made by Samu SUOJANEN. 
Fig. 8 depicts the generated node schematic for modeling a basic 
three-axis milling machine tool type AFM R1000 by the company 
AFM, Andrychów, Poland, and the material removal simulation 
of a face-milling process. 

 

Figure 5. Depiction of the dexelization approach for the discretization of 
workpieces in the 𝑖, 𝑗 plane 

 

Figure 6. Workpiece discretization; a) node schematic in the node editor, 
b) discretization settings, c) single-axis discretization 

 

Figure 7. Dexel-insert interaction with their respective signals for the 
implementation of material removal 

353



  

The first modeling step is the generation of the machine tool 
kinematics as depicted in Fig. 8a) and c). The motion is then 
transmitted to the axes and spindle, see Fig. 8b) and d).  Fig. 8e) 
shows the discretization of the workpiece from CAD data, Fig. 8f) 
is the modeling of the insert and the tool. The outputs are finally 
fed to the TWE node, see Fig. 8g). Fig. 9 shows the results of the 
simulation of the cut surface. As no dynamics are involved in this 
example, the results can be understood as the ideal cutting 
surface resulting solely from the machine tool axes errors, the 
cutting process parameters, and the chosen cutting insert. 

4. Summary and outlook 

Modular, node-based modeling platforms are very well suited 
for the modeling and simulation of machine tools and machining 
processes. The interaction of the relevant physical domains can 
be modeled via a chain of function blocks. These function blocks 
are visualized as nodes and allow for the visual scripting of 
machine tool and process models. The software architecture is 
highly extensible and allows for the implementation of new 
custom nodes. The same nodes can also be used to model other 
machines, e.g., industrial manipulators. 

The presented #cut framework compiles previous research 
work in reusable modules and accommodates the machine-
specific modeling functions with general mathematical modeling 
nodes for the exploration of design changes, root causes or 
process parameters. The future work will focus on the realistic 
verification of manufacturing processes. Therefore, new nodes 
for the dynamic effects are required for the modeling of the PMI 
as described in Fig. 1. The node editor will be extended to 
support feedback loops and use ordinary differential equation 
solvers. 

In its current state, #cut does not offer the reliability and 
simplicity expected from industry-viable software. However, 
after further maturing, it is planned to eventually release the 
modeling platform as an open-source research tool in the 
upcoming years.  
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Figure 8. Node schematic of the exemplary face-milling of a cylinder block in a three-axis milling machine tool; a) World Coordinate System,  
b) motion generators for G-code interpolation, c) linear axis models, d) spindle model and TCP kinematic terminator, e) Computer-Aided Design 
data loading and Dexel discretization, f) insert and tool model (CoroMill R365 with R365-1505ZNE-PM 4220 insert by company SANDVIK COROMANT, 
Sandviken, Sweden), g) tool-workpiece engagement 

 

Figure 9. Visualization of the simulated cutting surface (ideal roughness, 
as only kinematics data is used in this simulation) 
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Abstract 
Cost effective production of high-quality surfaces is in a constant contrast with rising requirements to surface finish. While 
monocrystalline diamond ball milling is a widely used and well understood superfinishing process, vibration and the inherent nature 
of an interrupted cut limit the achievable surface quality and process speed. A similar process is the scribing of the surface with a 
diamond tool. While this process is widely used in diamond turning on ultra-precision machines, form preparation speed and 
availability of these machines reduces the cost effectiveness of the overall process. 
The paper proposes a novel approach of scribing a high-quality surface in nonferrous metal on an industrial milling machine. For this, 
a series of Taguchi experiments were undertaken to minimize the sample roughness. A survey of the parameters feed rate, angulation 
of the cutting edge, stepover and depth of cut showed improvements by finetuning both feed rate and stepover. The surface 
roughness was analysed via bifocal laser microscopy, and the topography with SEM imagery. Chip formation processes were analysed 
experimentally based on SEM pictures taken. Tool wear was monitored via SEM and EDS analysis. A Ra of ten nanometre was achieved 
in a very competitive time frame. 
 
Diamond scribing, freeform milling, high precision, surface finishing      

 

1. Introduction   

The market for optical elements has been valued at $ 3.6billion 
in 2012, and has been forecast to reach $ 12.3 billion by 2019 
[1]. Rising requirements to the finished surface inevitable lead 
to higher part cost, as the required machine tool, tooling and 
process time increase the overall cost dramatically. 

Similar to what Moore’s law proposed in the semiconductor 
world, Taniguchi published a development curve for the 
advancement of machine tool capabilities (see fig. 1) [2], [3]. 
Taniguchi divides the quality of the machining process into 
normal, precision and ultra precision. The accuracy of precision 
milling machines is approaching what used to be reserved for 
ultra precision milling (UPM) machines, opening possibilities for 
highly productive surface finishing. 

 
Figure 1: The machining capabilities of different precision classes, after 
Taniguchi. 

UPM machining can in theory reduce the cost associated with 
a finished product, as the higher quality molds require less 
finishing of the specimen produced [4]. Still, a major cost factor 
is the UPM machine; often characterized by a low productivity, 
as well as the need for a separate machine to rough and semi 
finish the material in preparation for the superfinish. It is 

generally agreed upon, that the overall efficiency of an ultra-
precision finishing machine is low [5]. 

Modern subtractive super finishing methods can be classified 
into polishing, grinding and turning or milling. Moreover, 
chemically or electric assisted processes such as electro 
rheological fluid assisted polishing are used to produce high 
quality surfaces [6]. These processes can be, more easily 
applicable for this paper, divided into a cutting process with 
geometric defined cutting edge (turning, milling) and those with 
stochastic material removal processes (grinding, polishing). In 
the last 20 years, single point diamond turning (SPDT) has been 
the surface finish process of choice for high form accuracies with 
a smooth surface, easily visible on the availability of these 
machines as well as the general research in this field [7], [8], [9], 
[10]. The use of a small diamond tool on a milling machine is 
usually described as diamond chisseling, and aims at the 
creation of high accuracy microstructures [11], [12] or the 
creation of discontinuous surfaces [13], leaving the productive 
production of high quality freeform surfaces unresearched.  

This paper proposes a novel application of an high precision 
cnc milling machine, where the process of diamond scribing is 
used in a highly productive way to create optical shapes. 
Thereby, surfaces bordering on UPM quality are produced at one 
order of magnitude faster production times. Moreover, the full 
process from the raw stock material to the finished part can be 
handled by a single machine, reducing the total number of 
machines needed, which holds advantages in the regard of 
footprint, availability, synchronization and investment cost. 

2. Methodology      

The milling experiments were performed on a Kern Micro HD 
precision cnc machining centre. It features micro gap hydrostatic 
guideways, linear motors and glass scales with nanometric 

355

http://www.euspen.eu/


  

resolution, enabling a positional accuracy well below 1 µm. The 
machine was equipped with an HSK 40 spindle manufactured by 
Fischer, having a maximum rotational speed of 42.000 min-1 and 
a rated power of 15.6 kW. 

The sample specimen was held in a vise. The material used is 
standard cnc quality brass (CW614N, composition CuZn39Pb3, 
tempered tension free). Roughing and semi finishing was 
undertaken with a generic DLC coated flat end mill. The used NC 
code was written in Heidenhain plain text on the TNC 640 
control. A contour smoothing cycle of 0.001 mm was active 
during the operation. The coolant used is a mineral oil (Wilke 
Wicoil 5045). The monocrystalline diamond ball end mill (6 mm 
diameter) was produced by Matzdorf. The tool was held in a 
Regofix PowRgrip toolholder, having a laser measured run out of 
below 1 µm. Tests were performed in a temperature-controlled 
environment. If the spindle was rotated, a spindle warm-up 
period of 5 minutes was completed before cutting, to reduce 
thermal influences. The work piece temperature was further 
stabilized by application of the tempered flood coolant for 10 
minutes before the experiment. Measurements were taken 
after the sample was cleaned with isopropyl alcohol. All 
quantitative measurements were recorded with a confocal laser 
scanning microscope (CLSM) from Confovis. This enables the 
recording of areal scans and ISO 25178 conform noncontact 
measurements of surface roughness. A 50x magnification 
objective lens was used, and all surfaces recorded as raw 3D 
data. The data was evaluated in the software MountainsMap, 
applying ISO 4278 appropriate filtering and selection 
techniques. First, the sample data is flattened via a least square’s 
algorithm. The upper and lower 0.1 percentile of measurement 
points are cut off to accord for dust on the sample specimen. A 
2D path, zig-zagging along the sample profile, perpendicular to 
the direction of cut is recorded with a sampling length of at least 
4 mm. The waviness is removed with a gaussian filter setting of 
0.08 mm. Because the CLSM is proven to be able to return 2D 
profiles, the Ra instead of Sa values were used, as these are still 
the more commonly used and better comparable with previous 
research. Qualitative analysis was done with a Phenom XL 
scanning electron microscope. Runout of the tool was measured 
via the built in BLUM LC50 laser.  

3. Experimental      

In order to accurately examine the performance of the 
proposed diamond freeform scribing, 3 different experiments 
(see table 1) were undertaken. By using a Taguchi-based Design 
of Experiment, a variety of parameters were analysed in two 
different experiment series. A third series of experiments was 
undertaken by rotating the tool, giving a base measurement of 
the performance of diamond freeform milling and enabling a 
comparison of both surface finish quality and time. The depth of 
cut (DOC) is here the engagement into the material, whereas the 
width of cut (WOC) is the spacing between the individual lines. 

 
Table 1: The experiment series with the examined process parameters. 

Parameter Experiment 1 Experiment 2 Experiment 3 

Cutting mode Scribing Scribing Milling 

Parameter 1 Feed rate Feed rate Feed rate 

Parameter 2 Angulation Ap RPM 

Parameter 3 DOC - DOC 

Parameter 4 WOC - WOC 

 
 

3.1. Process kinematics     

While in theory, using the 5 kinematic axis of the machine (2 
rotational and 3 linear) and operating the spindle as a 6th 

actuated axis, every shape could be manufactured; the 
experiments were conducted by scraping a flat face. The reason 
for this is the easy programming, reduced amount of noise by 
fewer moving axis, and the less error-prone optical 
measurement of the surface quality. 

For the scribing experiments, the spindle and tool are oriented 
in a fixed direction. The workpiece is angulated via B and C axis 
at 30° relative to the Z axis. A linear movement, starting 10 mm 
before the sample specimen and ending an equal distance 
behind it, is executed along the Y-axis of the machine. The tool 
then lifts up along Z and travels at rapid speed to the starting 
point while shifting the width of cut along the X axis. For the 
milling experiments, an identical movement was undertaken, 
but the tool rotated instead of angulated at a fixed position. 
Figure 2 shows the schematic view of the tool-workpiece 
configuration. 

 
Figure 2:  Schematic view of the process kinematics 

 

3.2. Experiment series 1 & 2 – scribing  

From a plethora of influencing factors, four parameters have 
been selected to be evaluated during the first experiment series, 
as they were judged to have the largest impact and can be most 
easily influenced on the resulting surface. To act economically 
and sustainably, a design of experiments approach modelled 
after Taguchi was used. Table 2 lists the used parameters in the 
first experiment. In order to quickly sight the influencing 
parameters and their impact on the result, classic process 
parameters such as feed rate, depth of cut and width of cut were 
analysed. Moreover, to see whether an exact angular 
positioning of the cutting edge has an impact on the surface 
quality, the cutting-edge angle relative to the material was 
varied, giving results at positive, negative and neutral rake 
angles. 

 
Table 2: Parameters and Levels used in the first experiment. 

Parameter Level 1 Level 2 Level 3 

F in mm/min 500 1000 1500 

Angulation in ° -3 0 3 

DOC in µm 2 5 7 

WOC in µm 25 50 75 

 
All experiments were conducted in a row, and afterwards 

batch measured for their respective roughness on a CLSM. 
The results are listed in figure 3. The error bars are defined 

from the general measuring uncertainty of the used CLSM, 
which has been tested repeatedly to +/- 7 nm. A sample length 
of > 4 mm was used. Afterwards, the resulting surface roughness 
was used as a quality parameter for an ANOVA analysis. The 
analysis was undertaken with the software package "R".[14] 
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Relating to the brevity of the experimental scope, only first order 
interactions were analysed. The only significant influencing 
parameter is the width of cut, having a Pr(>F) of 2.55e-08. 

 

 
Figure 3: The resulting arithmetic roughness Ra for the first experiment 
series. 
 

Building on the first experimental series, the parameters feed 
rate and depth of cut were further analysed, with the goal of 
possibly separating the influence from the overall noise in the 
first experiment. Especially the parameter feed rate is of higher 
interest, as it is not only the relative movement speed of the tool 
to the material, but in the case of scribing also the cutting speed 
Vc. In theory, the surface quality can improve with a higher 
cutting speed. Opposing this effect, the machine frame, 
movement system and tool deflection increase with higher 
movement speeds. 

 
Table 3: Parameters and Levels used in the second experiment 

Parameter L1 L2 L3 L4 L5 L6 

F in mm/min 250 500 1000 1500 2000 3000 

DOC in µm 2 4 6 8 10 12 

 
The tool was kept at a neutral angulation for this experiment. 

A general width of cut of 25 µm was used for all experiments. 
Table 3 lists the used levels for the parameters depth of cut and 
feed rate. All experiments were milled in a row, analysis on a 
CLSM was undertaken for the specific roughness after the 
sample was cleaned. The resulting measured arithmetic 
roughness Ra is shown in figure 4. 

 

 
Figure 4: The resulting arithmetic roughness Ra for the second 
experiment series. 
 

The roughness was used as a quality parameter to conduct an 
ANOVA. No significant influences on the roughness could be 
detected. 

3.3. Experiment series 3 – diamond milling  

In order to supply a baseline on which to compare the other 
experiments, a ball milling experiment series was undertaken. A 
similar experimental design in comparison to the series 1 was 
undertaken, taking into account the feed rate limitation 
stemming from the maximum allowable feed per tooth. Table 4 
lists the used parameters and levels. The same tool as in the 
previous experiments was used, holding the surfaces 
comparable.  

 

Table 4: Parameters and Levels used in the second experiment 
Parameter Level 1 Level 2 Level 3 

F in mm/min 250 500 750 

RPM in kmin-1 25 27.5 30 

DOC in µm 2 5 7 

WOC in µm 25 50 75 

 
All experiments were milled in a row, analysis was undertaken 

after the sample was cleaned on a CLSM for the specific 
roughness. Figure 5 shows the achieved arithmetic roughness 
Ra. 

 
Figure 5: The resulting arithmetic roughness Ra for the third experiment 
series. 

 
An ANOVA was undertaken by using the roughness as a quality 

parameter. The width of cut shows a significant influence (Pr(>F) 
3.7e-03) on the surface roughness, whereas all other parameters 
do not reject the null hypothesis. 

 

4. Results & Discussion      

The initial parameter survey produced a smooth, glossy 
surface without visible tool marks. The surface has no 
discernible higher order surface defects such as orange peel or 
harmonic vibrations. The measured surface roughness Ra is 
mainly dependent on the width of cut, the other parameters do 
not have a significant influence on the surface quality. The 
measured values vary between Ra 0.013 and 0.04 µm. 
Correlating the roughness with the theoretic kinematic 
roughness (Rth) of the process parameters and tooling diameter 
(d) used with equation 1 shows that the achieved surface 
roughness is close to the theoretical value of 0.017 µm. 
Moreover, all other parameters do not significantly affect the 
surface roughness, showing that the process time is mainly 
limited by the step over. A likely reason why the surface 
roughness is measured below the theoretical value stems from 
the low depth of cut, flattening out the peaks of the theoretical, 
kinematic roughness. The equation of the theoretical roughness 
is easily derived from a geometric consideration. 

𝑅𝑡ℎ =
𝑑

2
− √

𝑑2−𝑤𝑜𝑐2

4
 (1) 

 
The second experiment series shows a stable process. The 

parameter variation does not significantly influence the result. 
Therefore, it can be concluded that especially with productivity 
in mind, a higher feed rate is preferable. A best-case roughness 
Ra of 0.011 µm was achieved. Further tests have shown that the 
surface roughness stays in this stable region, even with higher 
feed rates, up to the point where machine frame vibrations 
become visible on the surface. 
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Figure 6: A diamond milled sample specimen. The vertical lines stem 
from the division of one piece of stock material into multiple 
parameter variations. 

 
As a baseline comparative to the undertaken scribing 

experiments, an experiment series with the spindle in rotation 
was undertaken. The milled surfaces also exhibit a high gloss. 
The smooth appearance gets noticeable dimpled with higher 
feed per tooth. Moreover, a moiré-like pattern can be seen from 
certain angles, stemming from the phase shift between the 
tooth entry position of one tool path line to the next. The 
measured Ra vary between best case 0.014 µm and worst case 
0.037 µm. The maximum allowed feed rate to not damage the 
tool resulted in a significantly slower process than the scribing 
experiment. The visible reflection is noticeable less crisp to the 
human eye than the scribed surface. Figure 6 shows a diamond 
milled sample.  

In order to verify the suitability of the process for complex 
shapes, a convex shape was diamond scribed. As experiment 1 
has shown, a small angulation of the diamond edge has no 
discernible effect on the surface, a freeform convex shape was 
chosen. Figure 7 shows the result. With a feed rate of 6000 
mm/min, a WOC of 0.02 mm and a depth of cut of 5 µm, a 
competitive Ra of 0.012 µm was reached. The changing 
angulation of the tool did neither affect the measured roughness 
nor the qualitative appearance. The surface is regular, smooth 
and has a very crisp, mirror like reflection. 

 

 
Figure 7: The finished freeform convex sample. The curvature is r = 1 
m. 

5. Conclusion      

The proposed diamond scribing process is able to produce 
nanometric surface roughness approaching the single digit 
range. Experiments have shown a stable and robust process that 
can produce surface qualities of Ra = 0.01 µm. 
The resulting finishing speed is a magnitude faster than 
traditional diamond milling, with no visible surface defects. Tool 
wear and process limitations should be further researched. The 
authors see promise in: 

1. Operating the spindle as a 6th, actuated axis to allow for 
full freedom of geometry. 

2. A simplified CAM solution could be developed, as 
traditional CAM software does not contain a "scribing" 
mode. 

3. The limits of the process should be explored, for example 
the maximum viable feed rate. 
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Abstract     
 
Additive manufacturing (AM) technology has become a promising method for the production of complex components used in various 
fields. However, a significant disadvantage arises in the poor surface quality of additively manufactured surfaces, which has become 
one of the critical factors limiting the development of AM technology. Hence, a study of the magnetic field-assited mass polishing 
(MAMP) method for the post-process polishing of AM surface is conducted. The MAMP attempts to polish a batch of components 
simultaneously with  nanometric surface roughness. A series of polishing experiments has been conducted on AM 316L stainless steel 
for flat, convex and concave surfaces. The results show  that the MAMP method can significantly superfinishing the AM surfaces, 
which indicates the effectiveness of MAMP for the post-process polishing of AM surfaces. Moreover, the MAMP method exhibits its 
potential to become a competitive post-processing method for AM surface, attributing to its high polshing accuracy and relatively 
low polishig cost. 
 
 
Additive manufacturing, mass finishing, polishing, magnetic field-assisted, 3D printing, ultra-precision machining   
      

 

1. Introduction  

Additive manufacturing (AM) technology has become a 
promising production method forf complex components used in 
various fields, such as optics, aerospace, automotive, electronic, 
biomedical fields, etc [1-3]. However, a significant disadvantage 
arises in the poor surface quality of additive manufactured 
surfaces, which has become one of the critical factors limiting 
the development of AM technology [4,5]. Even though some AM 
components made of polymer materials can achieve a good 
surface texture, further post-process finishing or polishing is still 
needed for most materials, such as alloys, ceramics, etc. And 
good surface roughness is critical for many high-value-added 
products, such as artificial implants, engine turbine blades, 
reflective mirrors, etc. 

Hence, different kinds of polishing methods have been 
proposed for the post-processing of this kind of surface, such as 
laser polishing [6], magnetic abrasive finishing [7], shape 
adaptive grinding [8], etc. However, most of them can only 
polish one workpiece in one setup which makes the polishing 
process time-consuming and with high cost. Although several 
kinds of mass finishing processes were developed to implement 
mass finishing of freeform surfaces, such as vibratory finishing, 
centrifugal barrel finishing, rotary barrel finishing, centrifugal 
disc finishing and spindle finishing [9,10], tens or hundreds of 
components can be polished simultaneously. Nevertheless, 
these mass finishing methods can largely degrade the initial 
surface form , and hardly obtain nanometric surface finish.  

Recently, a novel magnetic field assisted mass polishing 
(MAMP) method was proposed by the authors, which can polish 
a batch of components simultaneously, with nanometric surface 
roughness [11]. Nevertheless, it is unknown that if the MAMP 
method can be adopted for the polishing of AM surfaces. It can 

further broaden the application of the MAMP method if it can 
be used for the polishing of AM surface. With this in view, a 
feasibility study of the MAMP on AM surfaces was carried out to 
find out if it is suitable for the post-process finishing of AM 
surfaces. 

2. Working principle of MAMP process 

In the MAMP, an array of magnetic pole pairs is controlled to 
rotate along an annular chamber, and the magnetic abrasives 
inside the chamber generate corresponding magnetic brushes 
under the effect of the magnetic field. The chamber is fixed 
during polishing, while the magnetic brushes inside the chamber 
rotates as driven by the rotation of the magnetic pole pairs. The 
abrasives inside the brush keep impinging the workpiece to 
remove material from the surface. Fig. 1 shows at least two pairs 
of the magnetic pole pairs are used.  

 
 
Figure 1. Schematic diagram of the MAMP method 
 

As shown in Fig. 1, six samples can be polished simultaneously.  
The magnetic brush is composed by bonded magnetic abrasives 
mixed with lubricant or loose magnetic abrasives mixed with 
carrier fluid such as water, oil, etc. The bonded magnetic 
abrasives are fabricated by bonding the magnetic particles with 
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the polishing abrasives, such as alumina, silicon carbide, 
diamond abrasive, etc. The loose magnetic abrasives and the 
magnetic particles are mixed with the polishing abrasives in 
thecarrier fluid. 

 3. Experiments 

As shown in Fig. 2, an experimental prortotype of MAMP 
system has been built for this study. Four N52 neodymium iron 
boron (NdFeB) permanent magnets are mounted on a rotatory 
table to generate two magnetic brushes inside the chamber. A 
total of six workpieces can be polished at the same time 
according to the design of fixture in Fig. 2. As shown in Fig. 3, 
bonded magnetic abrasives made of Iron (i.e. 100-200 μm, 80 
wt.%) and alumina abrasive (i.e. ~2 μm in average, 20 wt.%) were 
used for rough polishing, while carbonyl iron powder (CIP, ~3 
μm in average, 76.7 wt.%) mixing with the polishing slurry (i.e. 
~150 nm alumina mixed with carrier fluid, 23.3 wt.%, hastilite 
polynano alumina, Universal Photonics Inc.) was used as the fine 
polishing media. In this study, a batch of additive manufactured 
316L stainless steel using selective laser melting (SLM) 
technology was used in the experiments. The manufacturing 
conditions for selective laser melting of the workpiece were 
shown in Table 1. Three different kinds of AM surfaces were 
prepared as demonstreated in Fig. 4 which include flat, convex 
and concave surfaces with their surface definition. 

 

 
 
Figure 2. Experimental set-up 
 

The MAMP system was tested through 60 minutes of rough 
polishing on these kinds of surfaces, followed with 60 minutes 

of fine polishing. The rotation speed were all controlled at 1500 
rpm based on the authors’ previous research.[11] The surface 
roughness was measured by Zygo Nexview optical 
interferometer. Three workpieces were polished under each 
condition. Nine points in total were measured on each 
workpiece surface. The measurement area of each point is  
about 214 μm×214 μm. The distribution of the measurement 
points are distributed in three rows and three columns, with the 
2mm interval between each row and each column. The surface 
micro topography was observed by  Hitachi Electron Microscope 
TM3000. 
 

 
 

Figure 3. Polishing media for rough and fine polishing 
 

 
 
Figure 4. Different kinds of additively manufactured 316L stainless steel 
workpieces 
 
Table 1 Selective laser melting (SLM) conditions for 316L stainless steel 
workpiece 
 

Conditions Value 
Equipment HANS M100 
Particle size 0-25 µm 
Laser spot diameter  25 µm 
Laser power 70 W 
Scanning speed 700 mm/s 
Hatch spacing 0.06 mm 
Scan path Rsater path 
Layer thickness 20 µm 

4. Results and discussions 

4.1. Polishing performance on flat surface 
Figure 5 shows the measured surface roughness results in 

terms of arithmetic mean height ( ) after rough and fine 
polishing with different polishing time. The  value in Fig. 5 is 
the average  value of nine measured positions. The surface 
roughness can be reduced from 1.33 μm to 0.51 μm after 10 
minutes of rough polishing, and converged to smaller than 200 
nm after 60 minutes of rough polishing. Moreover, the rough 
polished surface can be further improved to surface roughness 
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smaller than 100 nm after 60 minutes of fine polishing as shown 
in Fig. 5(b). 

As shown in Fig. 6, there are obvious laser melting marks on 
the SLM 316L stainless stell surface. In addition, many unmelted 
or half melted powders are left on the surface which can be 
observed from the SEM photographs. After 60 minutes of rough 
polishing, these laser melting marks were diminished, as well as 
the unmelted powders. The maximum height ( ) of the 
measured area was reduced from 18.715 μm to 3.556 μm. 
Nevertheless, there are still many pits on the rough polished 
surface, which maybe due to the abrasion of the large alumina 
abrasive. After fine polishing, these pits were successfully 
removed, and the surface was highly smoothened as compared 
to the surface before polishing, which indicates the 
effectiveness of MAMP for the post-processing of the AM 
surfaces. 

 

 
 

Figure 5. Surface roughness varies with the polishing time 
 

 
 

Figure 6. Surface integrity before and after rough and fine polishing   

4.2. Polishing performance on curved surface 
 

Except for the flat surface, curved surfaces including the 
convex and concave surfaces were also sussessfully polished to 
obtain the surface roughness of  about 50 nm in terms of  
after 60 minutes of rough polishing and 60 minutes of fine 
polishing. The surface roughness convergency is more than 96% 
in these two cases as shown in Fig. 7 and Fig. 8.  

 

 
 
Figure 7. Polishing performance on convex and concave AM 316L 
stainless steel surfaces. 

 
 

Figure 8. 3D surface roughness topography before and after polishing of 
convex and concave AM 316L stainless steel surfaces. 
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However, there still exists milimeter/submilimetre scale 
waviness form error on both polished flat and curved surfaces as 
shown in Fig. 6 and Fig. 7. These kinds of errors are in 
milimetre/submilimetre scale, which is hard to remove by the 
current magnetic abrasives. In the future, bonded magnetic 
abrasive with larger size will be purposely desiged and fabricated 
to further improve the polishing performance on AM surfaces. 

5. Conlusions   

A pilot study of MAMP on AM surfaces were carried out in this 
paper. The SLM 316L stainless steel surfaces with surface 
roughness of  about 1.3μm were successfully improved to about 
50 nm, on both flat and curved surfaces. The laser metling marks 
and unmelted powders left on the surface were also 
thoroughoutly diminished after rough and fine polishing of 
MAMP. The results indicate that the MAMP process is effective 
for post-process polishing of the AM surfaces. 

However, some milimetre/submilimetre scale waviness error 
can still be found on the polished surface in this study, limited 
by the size of current magnetic abrasives. Efforts are still needed 
to improve the design of the magnetic abrasves to obtain better 
performance, especially for the applications which are sensitive 
to the surface form accuracy. 
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Abstract 
This research mainly develops a new X-precision cutting machine for high precision parts. In the equipment, by analyzing the 
displacement degree of the rotating shaft of the original cutter system, the maximum displacement is 0.012 mm. For this, CFRP 
(Carbon Fiber Reinforced Plastics) is added to the rotating shaft, which reduces the weight of the rotating shaft by 4.5 times compared 
with the original. However, from the static analysis results, it is found that the blade deformation and maximum stress are reduced 
by 4.814 times and 4.425 times respectively. The results show that if the same way is used for lightweight improvement in cutting 
high-precision objects, not only the processing efficiency of the equipment will be doubled, the power will be reduced, but also the 
service life will be increased. 
 
Multiple blades; Rotating shaft system; CFRP; Lightweight 

 

1. Introduction 

The cutting and splitting machine is mainly made of wool. 
However, the control of processing allowance for wool products 
will greatly pull down the wave rate of raw materials. There are 
many researches on cutting machines by university teachers or 
enterprise personnel [1-2]. Frederik Birk et al. [3] proposed a 
unique method to use CFRP in hybrid watches erected by 
machine tools, with emphasis on improving dynamic behavior, 
increasing ratio and making it easier. Yu Y H et al. [4] designed a 
machine tool worktable filled with BFPC (basalt fiber polymer 
concrete). The sensitivity histogram and response surface of 
each parameter are obtained through optimization design. 
Finally, the optimal width and height of the rectangular hole of 
BFPC filling worktable are determined. Li P Z et al. [5] made a 
new improvement on the structure of the machine tool by using 
the topology optimization results. The results show that the 
flexibility of the optimized structure decreases. The first-third 
order natural frequencies are improved. The structural quality 
was reduced by 5.55%. Similarly, some authors have used 
topology optimization theory to carry out optimization research 
on machine tool components [6]. This paper mainly studies the 
lightweight of the blade rotating shaft system of the cutting 
machine. By changing the material of the rotating shaft, the 
displacement of the rotating shaft system are reduced and the 
cutting stability is improved. Thereby reducing the waste rate of 
raw materials. 

 

2. Structural analysis of high precision cutting machine 

According to the requirement of X-precision object processing 
shape, a multi-blade cutting machine is designed. As shown in 
figure 1. 

 
Figure 1. 3D Drawing of multi-blade cutting machine for X-precision 
objects. 

 
According to figure 1, the rotating shaft system of the multi-

blade mechanism is the main cutting component. Each blade 
and the rotating shaft are fixed by a brake. Rotation accuracy of 
rotating shaft and blade quality directly affect cutting accuracy. 
At the same time, it is considered that the cutting object may be 
liquid or solid. Therefore, the brake material is aluminum alloy, 
the rotating shaft is stainless steel, and the cutter is precision 
stainless steel. 

3 Analysis of rotating shaft system of original blade. 

In order to further obtain the comprehensive performance of 
the material collocation of the multi-blade rotating shaft system, 
ANSYS18.0 is used to simulate it. Because the blade rotating 

shaft system consists of blade, rotating shaft, chuck and many 

screws, it should be regarded as a whole in simulation. And parts 
such as screws are removed or the quality of the model is 

Multi-blade rotating shaft 

system 

Guide rail 

X-object 
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equivalent. Through grid division, boundary condition setting 
(limiting XYZ displacement of X precision object, setting different 
parts materials, setting the rotating shaft to rotate only around 
Y) and force application (given rotating speed is 1440r/min and 
torque is 2.2 N/m). Figure 2 is obtained. The simulation results 
are shown in figures 3, 4 and 5. 

 
Figure 2. Boundary condition. 

 
Figure 3. Maximum displacement. 

 

 
Figure 4. Maximum stress. 

 

 
(A) First-order mode 

 

 
(B) Second-order mode 

Figure 5. The two modal. 
As shown in figures 3, 4 and 5, the maximum displacement is 

0.012 mm and the maximum stress is 25.52 MPa. At the same 
time, the first two modes are analyzed and obtained, and the 
first mode and the second mode are 5.738 e-002Hz and 5.9053 
e-002Hz respectively. These values can basically meet the 
processing requirements. However, if more precise parts are 
processed, further optimization is needed. For this reason, the 
original structure and material are optimized, and CFRP is 
proposed to be applied to the rotating shaft system.  

4 Comparative Analysis of CFRP Blade Rotating Shaft Structure 

Through the above analysis, consider replacing the rotating 
shaft material. Replace the rotating shaft material with carbon 
fiber composite material. For this reason, combined with some 
previous studies, the sample stratification analysis of carbon 
fiber composites was carried out [7]. Carbon fibers and 
bisphenol A epoxy resin were blended in proportion to form the 
cross section of carbon fiber composites, such as figure 6. The 
yellow part was bisphenol A epoxy resin with a thickness of 0.62 
mm. The black part was carbon fiber with a thickness of 0.45 
mm. The carbon fiber composites are then heated and solidified 
as shown in figure 7. The temperature is 170 degrees and the 
heating time is 2 hours. Then the temperature is slowly cooled 
at room temperature. Then the lamination is homogeneous, as 
shown in figure 8. At the same time, load analysis of 100N, 500N, 
1000N, 2000N and 5000N was carried out on the samples 
respectively, and the analysis results are shown in table 1. 

 
Figure 6. Cross-section profiling of carbon fiber composites. 
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Figure 7. Heat solidification equipment for carbon. 

 

 
Figure 8. Sample completion of carbon fiber composites. 
 

 
Table 1. Analysis results of CFRP samples bent in the same direction 

    Name 
 

Variable 

Displacement   
(mm) 

Stress  
(MPa) 

First 
order  
 (Hz) 

Second 
order (Hz) 

Third 
order (Hz) 

Fourth 
order (Hz) 

Fifth 
order (Hz) 

Sixth 
order (Hz) 

100N 0.045837 150.1 131.6 216.6 493.23 848.61 999.51 1138.1 

500N 0.22919 750.48 131.39 213.33 493.19 847.58 998.48 1137.8 

1000N 0.45837 1501 131.06 208.95 493.13 846.17 997.07 1137.5 

2000N 0.91675 3001.9 130.14 199.05 492.97 842.82 993.86 1136.7 

5000N 2.2919 7504.8 126.17 155.77 492.31 832.35 979.41 1114.7 

From table 1: When the sample is subjected to the same 
bending force in the same direction, the value of displacement 
and stress increases with the increase of load. In order to study 
the actual vibration frequency, we can analyze the first-order 
modal value. The first mode is when the excitation frequency of 
the external force is equal to the natural frequency of the object. 
The first mode of the object is called the first mode or the main 
mode of the vibration. So the first-order modal value decreases 
with the increase of load, which indicates that the vibration 
frequency in the experiment can not meet the requirement 
when the load is more and more large. Therefore, the result of 
such stratification is to meet the static requirements and can 
also be loaded into multiple rotating shafts. The analysis results 
are shown in figure 9 and 10. 

 
Figure 9 Maximum displacement of CFRP rotating shaft system. 

 
Figure 10 Maximum stress of CFRP rotating shaft system. 
 

According to the analysis of figure 9 and 10, the maximum 
displacement and maximum stress are 0.002 mm and 5.78 MPa 
respectively, which are reduced by 4.81 times and 4.43 times. 
Through calculation, carbon fiber composite material is added to 
the rotating shaft, which reduces the weight of the rotating shaft 
by 4.5 times compared with the original. Such data greatly 
improve the machining accuracy and machining efficiency. For 
this reason, these data are used for multi-blade CFRP rotating 
shaft cutting machine processing and manufacturing. As shown 
in figure 11. 
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Figure 11 X-precision object multi-piece cutting machine. 

5 Conclusion 

This paper mainly studies the lightweight of the rotating shaft 
system in X precision object multi-blade cutting machine. Based 
on the analysis of the original structure, it is proposed to 
optimize the rotating shaft material by using carbon fiber 
composite materials. At the same time, the optimization results 
show that the maximum displacement and maximum stress are 
0.002 mm and 5.78 Mpa respectively, which are reduced by 4.81 
times and 4.43 times. Through calculation, carbon fiber 
composite material is added to the rotating shaft, which reduces 
the weight of the rotating shaft by 4.5 times compared with the 
original. This research method can be used in the future research 
of the rotation shaft. In the field of cutting, the waste rate of 
blank is reduced and the working efficiency is increased. 
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Abstract 
Electrical discharge machining (EDM) is used in dental industry for manufacturing of high-precision dentures from hard non-precious 
alloys (CrCoMo) and titanium alloys. Conventional dental EDM machines have a restricted working space due to the use of a liquid 
dielectric and the associated machine periphery, in particular, the dielectric basin. Compared to conventional EDM, near-dry EDM 
uses liquid and gas mixtures as a dielectric, which increases the flexibility of the machining process due to the independence from 
the liquid dielectric periphery. This leads to miniaturization of the machine components and increased integrability into different 
hybrid machine concepts. 
This paper presents the strategy and technology of near-dry EDM of CrCoMo dental bridges. A water-air mixture, which is injected 
through the copper tool electrode into the erosion zone by a specially developed flushing system is used as a dielectric. In order to 
increase the efficiency of the near-dry EDM process, the basic relationships between the energy-influencing process variables and 
the flushing parameters are investigated experimentally. A reproducible surface structure, atypical for electroerosion machining, 
could be achieved depending on the flow rate and composition of the spray mist used. Using the design of experiments, the 
correlation between the achieved surface structure and the electrode wear rate VE as well as the average surface roughness Ra is 
investigated. 
 
 
Keywords: near-dry electrical discharge machining (EDM); electrode rinsing system; CrCoMo 

1. Introduction and state of the art 

Electrical discharge machining (EDM) enables contactless and 
almost force-free machining of all electrically conductive 
materials with an electrical conductivity of at least 
κ ≤ 0,01 S/cm. This means that EDM can be used for machining 
materials such as high-alloy hardened steels or high-
performance ceramics. In dental technology EDM is used, 
among other things, for the manufacture of high-precision 
dental prothesis structures made of chromium-cobalt-
molybdenum alloys (CrCoMo) or titanium alloys. 

To prevent the premature loss of prosthetic implants, the 
prosthetic structure screwed onto the implant must be 
positioned tension-free and bacteria-proof [1]. This can be 
achieved by the manufacturing process consisting of the 
following three steps [1]. In the first step the prosthetic 
structure is fabricated by a casting or milling process. This is 
followed by a roughing operation using die-sinking EDM, which 
eliminates the inaccuracies caused by milling or casting the 
workpieces. Finally, the surface roughness of Ra ≤ 2 µm, 
required to prevent bacterial deposits, is achieved by the 
finishing process using µ-EDM [2]. 

Currently, liquid dielectrics on synthetic or mineral oil-based 
hydrocarbon compounds are used for EDM processes in the 
dental industry. Among other things, the dielectric is responsible 
for the removal of ablation particals from the machining zone. 
The high density of the oil-based liquid dielectric as well as the 
small working gap s present during the electrical discharge 
machining of implant structures and the associated unfavorable 
flushing conditions lead to a strong contamination of the 

working gap s and consequently to a reduction in the quality of 
the produced surfaces.  

To achieve improved flushing conditions in the working gap s, 
a low-viscosity liquid-gas mixture can be used. The use of a 
liquid-gas mixture as a dielectric is called near-dry EDM and was 
first investigated by Tanimura et al. [3]. In these investigations, 
a deionized water and a kerosene based spray mist mixed with 
air, nitrogen or argon was used as a dielectric, thus achieving a 
stable machining process. Further studies on near-dry EDM 
conducted by Kao et al. [4,5] showed that a smaller working 
gap s can be achieved with lower discharge energy We and 
higher material removal rate Vw compared to conventional 
EDM. In addition, the liquid-gas mixture, which can be controlled 
according to the requirements of near-dry EDM, enables an 
improved removal of the removed particles compared to dry 
machining. This prevents the particles from adhering to the 
surface and allows good integrity of the machined surface to be 
achieved [5-7]. 

Other work dealt with the investigation of different dielectrics, 
such as water-oxygen, water-nitrogen and glycerin-air mixture, 
which can be used in the near-dry EDM drilling and milling 
process, as well as with the test of different electrode flushing 
strategies. Tao et al. [7] concluded that nitrogen and helium 
gases prevent electrolysis and thus achieve a better surface 
finish in near-dry EDM drilling and milling. Further, the research 
by Natsu et al. [8] showed that the injection of atomized 
deionized water into the lateral gap area of the micro hole 
milling process increases the machining accuracy compared to 
water jetting due to the reduced electrolysis.  

The mist jet leads to an increased removal of particles from 
the working gap area and simultaneously increases the material 
removal rate Vw. Dhakar et al. [9] investigated the effects of 
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various dielectric media on near-dry EDM. The experiments 
showed that dielectric media with higher viscosity η and higher 
Prandtl number Pr gave more positive results than media with 
lower viscosity η. It can be explained by the three times higher 
material removal rate Vw of glycerin-air compared to oil-air and 
water-air as a dielectric. Previous publications on near-dry die-
sinking EDM show insufficient knowledge about the process 
behavior, which does not allow a reliable industrial application. 

This paper presents the results of the technological 
investigations on near-dry die-sinking EDM of CrCoMo dental 
bridges and the developed machining strategy. A water-air 
mixture is used as a dielectric, which is injected into the erosion 
zone via the copper tool electrode by a special flushing system. 
In order to increase the efficiency of the near-dry EDM process, 
the basic relationships between the process parameters 
capacitance CL, discharge current ie, average working voltage U, 
pulse duration ti and pulse interval time t0 are experimentally 
investigated using the design of experiments. 

2. Experimental setup 

The start hole drilling machine type ED 24 from Mitsubishi 
Electric Corporation, Tokyo, Japan is used to carry out 
technological research in the field of near-dry die-sinking EDM. 
The electrode flushing system, shown in Figure 1, is integrated 
into the machine system, as well as a bracket and two pressure 
regulators of type VRPA-CM-Q6-E from the company 
Festo SE & Co KG, Esslingen am Neckar, Germany, to regulate 
the input flushing pressure of the deionized water and 
compressed air.  
 

 
Figure 1. Electrode flushing system (1) tool electrode,  
 (2) atomizer nozzle, (3) water inlet, (4) air inlet, (5) bracket 

Subsequently, the internal mixing atomizer nozzle 
type An11020SS from EPUTEC Drucklufttechnik GmbH, 
Kaufering, Germany, allows pressure flushing with adjustable 
dielectric mixing ratio q through the form electrode. The 
dielectric mixture introduced as a spray mist consists of 
compressed air with an input flushing pressure of Pin = 7 MPa, 
deionized water with an input flushing pressure of 
Pin = 2.068 MPa and an electrical conductance of G = 10 µS/cm. 
The open circuit voltage is ûi = 71.5 V.The tool electrodes used 
are copper implant electrodes of type 82-0211 from 
SAE Dental Vertriebs GmbH, Bremerhaven, Germany. The 
water-air mixture is supplied to the erosion zone through a bore 
hole with a diameter of d = 1.6 mm in the implant electrode. A 
chrome-cobalt-molybdenum blank is used as a workpiece. 

3. Analysis of the influence of the process parameters 

The aim of the first series of experiments is to determine the 
main effects of the process parameters of the two target values 
arith. average roughness Ra and electrode wear rate VE within 
the scope of statistical evaluation. For this purpose, a cavity is 
lowered into the workpiece with a processing time of t = 600 s. 

For the evaluation of the main effects of the five factors to be 
investigated, a critical experimental design is set up with 
resolution III. After determining the factorial 25-2 experimental 
design, which was created with the help of the design of 
experiments methods, the experiments can be carried out with 
the process parameters shown in Table 1. This is done by means 
of three replications, each with a center point, in order to enable 
a statistical evaluation of the results. The metrological 
evaluation of the target parameter arith. average roughness Ra 
is performed on the optical 3D microscope G5 Infinite Focus 
from Alicona Imaging GmbH, Raaba, Austria. 

Table 1. Process parameter settings of the first series of experiments 

Process parameter Unit 

Setting 

low 
(-) 

medium 
(0) 

high 
(+) 

Capacitance CL nF 10 179 369 

Average working 
voltage U 

V 45 55 65 

Discharge current ie A 15.6 16.2 16.9 

Pulse duration ti µs 25 50 75 

Puls interval time t0 µs 5 10 15 

 
The results of the main effect analysis are summarized in 

Table 2. The target values arith. average roughness and 
electrode wear rate are in the ranges of 1.91 µm ≤ Ra ≤ 3.27 µm 
and 0.37 mm³/min ≤ VE ≤ 4.30 mm³/min, respectively. In each 
case, the color-coded arrows graphically represent the effect of 
the process parameter on the target value as a function of its 
significance in the confidence interval α. Aside from this, the 
change in the target value occurring when the setting is changed 
from the low level to the high level is indicated as a percentage.  
The arith. average roughness Ra increases by 23 % with medium 
significance when the setting of the discharge current ie is 
changed. It also increases with medium significane by 21 % at 
the setting change of the pulse interval time t0. The change of 
the setting of the pulse duration ti leads to a low significant 
increase of the arith. average roughness Ra of 15 %. In contrast 
the setting change of the process parameters capacitance CL and 
average working voltage U does not lead to any significant 
change in the target value arith. average roughness Ra. 

The target value electrode wear rate VE only increases if the 
setting of the capacitance CL is changed with low significance by 
75 %. In contrast the process parameters average working 
voltage U, discharge current ie, pulse duration ti and pulse 
interval time t0 do not cause any significant change in the target 
value electrode wear rate VE when the setting is changed.  

Table 2. Comparison of the main effects of the process parameters 

Process parameter Arith. average 
roughness Ra 

Electrode wear 
rate VE 

Capacitance CL 8 %  75 %  
Average working 
voltage U 

0 %  3 %  

Discharge current ie 23 %  - 3 %  
Pulse duration ti 15 %  - 8 %  
Puls interval time t0 21 %  13 %  
Legend 

 
no significance (α ˂ 95 %) 

 
low significance (95 ≤ α ˂ 99,9 %) 

 
high significance (99.9 % ≤ α) 

 
The low significance of the capacitance CL and the high 

significance of the discharge courent ie, the pulse duration ti and 

3 mm1

2

3 4

5
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the puls interval time t0 achieved for the target value arith. 
average roughness Ra differ from the effects of conventional 
EDM. This can be justified by the dielectric used or the mixing 
ratio of the spray.  

The flow rate Q of the spray mist used is composed of 99.98 % 
air and 0.02 % deionized water, thus approaching dry EDM. In 
his investigations of near-dry and dry EDM, Tau [6] was also able 
to determine the discharge current ie and the puls interval 
time t0 as significant influencing variables of the target value 
arith. average roughness Ra. For a more detailed examination of 
the discharge processes, the prevailing current and voltage 
characteristics will be analyzed by means of an oscilloscope 
measurement as part of further experimental investigations. 

4. Investigation of the influence of the mixing ratio of the 
spray mist 

In order to analyze the influence of the mixing ratio q of the 
two dielectric media, the investigation of different flow rates Q 
is carried out in a second series of experiments. The previously 
varied process parameters are applied to a selected parameter 
combination, which achieves a minimum arith. average 
roughness Ra and an average electrode wear rate VE. A surface 
roughness of Ra ≤ 2 µm is required to prevent premature loss of 
prosthetic implants. 

The flow rate Q of the spray mist or the mixing ratio q of the 
compressed air and deionized water, see Table 3, is then varied 
to eight levels based on the initial combination CL = 10 nF, 
U = 65 V, ie = 15.6 A, ti = 25 µs, t0 = 15 µs.  

Table 3. Process parameter settings of the second series of experiments 

Mixing ratio q 1 2 3 4 

Compressed air 
flow rate QA 

[ml/
min] 

63308 61642 54978 49980 

Compressed air 
ratio qA 

[%] 99.98 99.94 99.51 98.94 

Dielectric flow 
rate QD 

[ml/
min] 

12 40 268 538 

Dielectric 
ratio qD 

[%] 0.02 0.06 0.49 1.06 

 
Three replications with a processing time of t = 600 s are 

performed in each case. The evaluation is carried out with 

respect to the arith. average roughness Ra and the electrode 
wear rate VE. 

It can be seen that with increasing flow rate Q and higher 
dielectric ratio qD, small air bubbles are formed in the spray mist. 
These bubbles influence the surface structure formed during 
die-sinking EDM. Figure 2 shows the influence of the mixing 
ratio q of the spray mist on the surface structure. It is visually 
noticeable that at low dielectric ratio qD, a surface structure with 
discharge craters typical for EDM is formed. As the flow rate Q 
increases, these craters are no longer visible, and instead a 
surface with molten discharge material is formed. Above a 
dielectric ratio of qD = 1 %, a patterned surface occurs. 

The evaluation of the arith. average roughness Ra and the 
electrode wear rate VE shows that both target values are 
independent of the flow rate Q of the spray mist. For the surface 
roughness evaluation a measurement length of lm = 8.26 mm 
with a profile width of wp = 0.05 mm, shown in Figure 2, and a 
Lambda C filter of 0.8 mm is used. As shown in Figure 4, no clear 
trend can be identified. The arith. average roughness lies in a 
range of 0.6 µm ≤ Ra ≤ 2.2 µm for the investigated mixture 
ratios and scatters on average with a standard deviation of 
sD = 0.27 around the arithmetic mean. The minimum arith. 
average roughness Ra = 0.6 µm is obtained for a compressed air 
ratio of qA = 98.94 % and a dielectric ratio of qD = 1.06 %. It 
therefore meets the surface roughness Ra of less than 2 µm 
required for the prevention of the premature loss of prosthetic 
implants. For the target value electrode wear rate VE, a slight 
decreasing trend can be seen from the second to the fourth 
sample. With a mean standard deviation of sD = 0.02, the 
electrode wear rate lies in a range of 
0.6 mm³/min ≤ VE ≤ 2.2 mm³/min. 
 

 Process parameters and properties 

Capacitance CL 10 nF 

Average working voltage U 65 V 

Discharge current ie 15.6 A 

Pulse duration ti 25 µs 

Puls interval time t0 15 µs 

Arith. average roughness Ra 0.6 µm 

Figure 2. Machined cavitiy with a measurement length (red circle) for 
 the evaluation of the arith. average roughness Ra 

 

 

500 µm 500 µm 500 µm 500 µm

qA = 99,98 %
qD = 0,02 %

qA = 99,94 %
qD = 0,06 %

qA = 99,51 %
qD = 0,49 %

qA = 98,94 %
qD = 1,06 %

50 µm 50 µm 50 µm 50 µm

3 2 4 1 

 
Figure 3. Influence of the mixing ratio q of the spray mist on the surface structure 
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Figure 4. Mean and standard deviation of the target values  

arith. average surface roughness Ra and electrode wear rate VE as  a function of the mixing ratio q 

 
The stated relationship between the surface structure 

obtained as a function of the mixing ratio q used and, related to 
this, the contamination of the working gap s is to be defined in 
further experimental investigations. 

5. Summary and conclusion 

This paper presents the results of experimental investigations 
on near-dry die-sinking EDM of CrCoMo dental implant 
structures. In the first series of experiments, the high 
significance of the discharge current ie on the arith. average 
roughness Ra as well as the high influence of the capacitance CL 
on the electrode wear rate VE were demonstrated. Moreover, 
these process parameters, with their main effect, caused the 
largest change in the target values when their setting was 
changed from low to high level. Further experimental 
investigations on the current and voltage characteristics 
prevailing during discharge are necessary. In the second series 
of experiments, a reproducible surface structure, untypical for 
electroerosion machining, was obtained as a function of the flow 
rate Q as well as the composition of the spray mist used. It 
remains to be investigated what effect the resulting surfaces will 
have when used in dental technology, in particular how the 
bacteria react compared to conventional EDM surfaces. 

Overall, the use of near-dry EDM technology, using a spray 
mist passed through the tool electrode, allows increased 
flexibility in the manufacturing process. Due to the 
independence from the dielectric basin, the developed 
machining strategy for dental implant structures can be 
integrated into hybrid machine systems. 
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Abstract 
As the requirements for functional optical profiles transcend their regular forms, traditional manufacturing techniques begin to prove 
to be insufficient in producing such features due to the lack of axial flexibility. This is especially apparent in the fabrication of freeform 
blazed optical gratings used for diffraction in spectroscopy. The challenge arises when attempting to maintain the tool rake angle 
constant along the desired surface, avoiding geometrical inaccuracies caused by such change. On higher curvature gratings, these 
discrepancies become extremely pronounced. Thus, a new 5-axis Continuous Rotating Freeform Shaping (CRFS) algorithm is proposed 
in this paper to fabricate new freeform diffraction gratings, which was previously unattainable using conventional techniques. By 
compensating the linear deviations required to maintain rake angle along the surface and positioning the tool flank to shape the 
blazed angles across the surface, these gratings can be easily achieved by fully utilizing all 5-axes using synchronized slow slide servo 
movement. In this study, blazed gratings were successfully machined on a brass workpiece with an ellipsoidal form using a 5-axis 
ultra-precision machine. 
 
Ultra-precision, Diamond, Micromachining, Optical  

 

1. Introduction   

The constant search for more compact yet functional devices 
have often led to complex component designs. This has not 
spared optical structures, requiring more convoluted forms to 
extract ever more performance potential. Coupled with 
stringent requirements required by the optical industry, 
conventional production techniques have begun to become 
inadequate to develop these complex freeform structures. 

This evolution in form complexity can be observed in 
development of reflective diffraction gratings, especially those 
used for spectroscopy. Such spectrometers have seen a wide 
application in various industries, including and not limited to 
biomedicine [1], environmental studies [2] and astronomy [3,4]. 
Traditionally, gratings on flat plane surfaces are used to split the 
various wavelengths of light. These plane gratings can be easily 
produced with relative efficiency using specialized devices called 
ruling engines [5]. However, such machines have little 
production flexibility, locking precious capital investment into a 
single product line.  

Thus, researchers begin exploring the use of compounded 
optical components. These components serve more than one 
function, reducing the overall number of components required 
and in turn, the footprint of the device. As such, the use of 
gratings with concave or convex forms are increasing in 
relevancy, replacing the use of the conventional plane gratings. 
These new forms reduce the overall reliance on lenses and 
mirrors, lowering the overall production cost of the device. The 
removal of the lenses also allows for better UV and IR 
performance as such wavelengths would otherwise be absorbed 
by the lens material, and where alternative lens materials would 
drive up the overall cost. 

Nevertheless, direct fabrication of such features has shown to 
be very challenging due to the complexity of the form. 
Researchers have worked around this by developing other 
grating techniques like holographic grating patterning using 
dual-beam interference lithography [6]. This is done by coating 
a photoresist over a polished substrate and exposing the 
standing wave pattern of the two laser beams. This results in 
straight gratings which can be projected on freeform surfaces 
using the appropriate lenses. However, the grooves produced by 
this technique possess a sinusoidal profile, which has shown to 
be considerably less efficient compared to its blazed 
counterparts [7].    

On the other hand, ruling engines face difficulty in producing 
blazed gratings in such forms. Thus, a machine with more axial 
flexibility is required. Ultra-Precision Machine (UPM) fits the bill 
as it is not only able to do optical gratings, albeit more slowly, 
but also many other optical components. Using diamond tools, 
such optical components can be directly produced with little 
need for post processing due to the excellent geometrical 
accuracy and mirror-like surface finish.  

As such, ultra-precision diamond shaping (UPDS) using a 5-axis 
UPM is proposed, along with the Continuous Rotating Freeform 
Shaping (CRFS) algorithm, to produce these freeform gratings. 
UPDS has shown to be extremely flexible in producing unique 
and unconventional features by employing the use of the 
machine’s slow slide servo, while the CRFS algorithm allows for 
a constant rake along the surface and compensates for the 
translational deviations [8,9]. 

In this paper, the development of the CRFS algorithm is 
discussed, along with the experimental results and analysis of 
the high curvature ellipsoidal demonstrator.  
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2. Continuous Rotating Freeform Shaping   

UPDS of freeform blazed gratings requires the use of the CFRS 
algorithm. This encompasses the generation of the 3D surface 
profile along the direction of the gratings, the algorithmic rake 
angle compensation to conform to the surface and orientating 
the tool flank to shape the functional face of the groove at the 
desired angle. The following sections will discuss these in detail. 
   
2.1. Ellipsoidal surface generation 

Before the surface can be generated, it is important that the 
surface of interest is aligned accordingly as in Figure 1. This is to 
avoid complications with the orientation of the surface when 
manipulated. As a parallel turning setup is employed, the surface 
of interest is to be positioned at the 9 o’clock location with the 
surface away from the spindle axis, while the gratings are 
aligned top-down. This setup allows for high curvature gratings 
which can significantly reduce the overall spectrometer size. 

As with all surfaces, 3D Cartesian equations (x, y, z) can be used 
to define the profile of interest. A triaxial ellipsoidal surface was 
selected as a demonstrator for the 5-axis UPDS algorithm. This 
surface can thus be defined as follows: 

 

 𝑥2

𝑎2 +
𝑦2

𝑏2 +
𝑧2

𝑐2 = 1 (1) 

   

Where a, b and c are constants of the principle semiaxes 
corresponding to x, y and z respectively. The zeros of the X- and 
Y- axis were set to the spindle centre and the Z- axis zero was set 
to the centre of the workpiece. To avoid convolution, the 
equation can be reduced to two variables by including the size 
of the grating, usually given from the inverse of the grating 
density. For this demonstrator, a, b, and c were set at 70, 40 and 
50 mm respectively. The line density selected was at 80 lines per 
mm, giving a grating width of 12.5 µm. To align the surface of 
the workpiece to the surface, x in eqn (1) is substituted as 
follows:  

 𝑥 → 𝑥𝑅 = 𝑥 − 𝑥𝑐  (2) 
 

Where xc is the offset distance of the feature centre from the 
spindle axis, which is set at 40mm. This aligns the surface to a 
workpiece set at a radius of 30 mm away from the spindle axis. 

With the position of the grating lines determined, the equation 
of each section profile is obtained. Here, the point cloud of the 
surface can be generated according to the grating lines. To 
maintain a constant local speed across the profile, the point 
distance, d, must be fixed. This was set at 0.1 mm and the point 
cloud can be obtained as follows: 

 

 √(𝑥 − 𝑥1)2 + (𝑦 − 𝑦1)2 = 𝑑 (3) 

 
Where x1 and y1 are the x and y coordinates of the previous 

reference point. This reference point can be set at y = 0, giving 
an x value as a starting reference. By iterative solving of eqn (1) 
and eqn (3), the points for each sectional profile can be 
generated in terms of X and Y. This must only be done for the 
section of the profile reflected on the surface of the workpiece. 
For this experiment, the surface of interest has a radius of 10 
mm. The minimum and maximum y value of the feature can thus 
be determined by the following equation based on a circular 
surface: 

 

 ±𝑦 =  √𝑟2 − 𝑑2 (4) 

 (d = +z→ -z)  

 
Where r is the radius of the feature and d is the distance of the 

profile of interest from the Z origin. This is determined from y- 
to y+, creating an upward moving shaping path. Thus, the 
surface point cloud is ready for conversion for 5-axis UPDS.  

 
2.2. Rake angle compensation       

In traditional shaping of features, the point cloud given in 
section 2.1 is sufficient to generate the surface. This is usually 
done by aligning the tool to the grating location before moving 
in the tool to the desired depth and shaping out the grating from 
bottom-up, as seen in Figure 2. However, this process has 
several flaws. Firstly, gratings produced by this technique are 
very inefficient due to repeated acceleration and deceleration 
required to position each line moving from point-to-point. Also, 
as the tool is indexing, there are some minor depth 
discrepancies due to positioning errors between each grating 
pass, affecting the overall quality of the grating. Furthermore, 
highly curved surfaces pose a challenge due to the varying rake 
angles across the surface, as well as insufficient front clearance. 
The change in rake angle leads to variation in the amount of 
material removed due to change in the contact interface, while 
the collision with the front clearance will inevitably damage the 
desired feature.   

Thus, synchronized 5-axis UPDS provides the axial flexibility 
required to fabricate such gratings on highly curved surfaces, 
while the CRFS algorithm complements it and increases the 
flexibility of the UPM to generate freeforms.  

The CRFS algorithm works by firstly allocating each point to an 
angle based on the position of the point to the spindle axis. This 
is done for each profile of Z, allowing the point locale angle, ϑR 
to be obtained as follows: 

Figure 1. 5-axis freeform blazed grating set-up.  Figure 2. Conventional shaping technique for gratings on the UPM. 
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 𝜗𝑅 = atan
𝑦

𝑥
 (5) 

 
Where x and y are each of the surface coordinates derived 

from eqn (1) and eqn (3). However, ϑR cannot be directly 
converted into the C-coordinates required for developing the 
surface using the slow slide servo. Due to the uneven topology 
of the component, the rake angle of the tool varies from point-
to-point. Thus, using these coordinates will still lead to 
unintended deviations in terms of tool-workpiece contact front. 
As such, the next part of the CRFS algorithm is required, aligning 
the tool with zero rake to the surface, as well as compensating 
the translational deviations in both the X and Y directions.  

To obtain the rake angles required, the gradient of the slope 
of each point must be determined. However, due to convolution 
of the surficial variable, these values cannot be directly 
extracted by the derivative of the XY sliced profiles with respect 
to Z. This may result in implicit equations with imaginary roots. 
Thus, a more encompassing approach is required, allowing for 
any profile form.  

As the distance between every point was derived to be of fixed 
length using the profile equation, a two-point gradient 
approximation (2PGA) can be used instead of the derivative. The 
gradient of each point, ϑm, is thus determined as follows: 

 

 (𝜗𝑚)2≤𝑖≤𝑛−1 = atan
𝑦𝑖−1 − 𝑦𝑖+1

𝑥𝑖−1 − 𝑥𝑖+1
 (6) 

 
By obtaining the gradient of the point, ϑm can be directly 

translated into the C-coordinates used for CRFS as it aligns with 

a zero-rake angle to the freeform surface. However, due to the 
mismatch in the positions of both ϑR and ϑm, compensation of 
the linear deviations is required. This must be taken with respect 
to each point, as seen in Figure 4. As such, the XYZC coordinates 
can be determined as follows:  

 

 𝑅 =  √𝑥2 + 𝑦2 (7) 

 

 𝜑 = 90 − 𝜗𝑚 (8) 

 

 𝑆 = 2 [𝑅 𝑠𝑖𝑛 (
𝜑

2
)] (9) 

 

 𝜌 = [
(180 + 𝜑)

2
+ 𝜗𝑅] − 90 (10) 

 

 𝑌 = 𝑦 −  𝑆 cos (𝜌) (11) 

 

 𝑋 = 𝑥 + 𝑆 sin (𝜌) (12) 

 
Where R is the distance of the point from the spindle axis 

located at (X0, Y0), φ is the angle of rotation required to align the 
rake angle, S is the length of the sector between the spindle axis 
and the shifted origin (X’0, Y’0), while ρ is the direction of the 
sector in respect with the Y plane. The machine coordinates for 
each point of interest can then be determined at point (X, Y), 
compensated for the rotation of the spindle. 

 
2.3. Grating alignment      

Once the surface can be generated, the final feature required 
to be shaped is the blaze angle of the gratings. For this 
demonstrator, the blaze angle is fixed at 8.25° from the tangent 
of the surface. By extracting the XZ profile of the surface at Y=0, 
the tangents of the profile can easily be extracted by its 
derivative or using the 2PGA method as described in eqn (6). 

Once all the B coordinates are determined, the last step is to 
create a continuous path for the machine. This crucial step 
allows for smooth transitions without accelerations and 
decelerations between each grating, significantly speeding up 
the process using block processing. Once the tool leaves the 
grating surface, virtual points are allocated in all 5 axes. The 
values of the XYZBC coordinates are spaced equally from the end 
of one line to the start of the next, creating a smooth transition. 
This thus creates a continuous spiral, with the position of the 
linear grating lines at the profile of interest. As such, the 
ellipsoidal constant-angle blazed gratings can be machined. 

 

Figure 4. CRFS schematic for obtaining the compensated X and Y values to compensate for the rake angle deviations. The coordinate of interest is at 
point (x, y), while its origin locale is shifted to point (X’0, Y’0). 

Figure 3. Cross-sectional view on the challenges faced by conventional 
grating techniques on high curvature features 
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3. Experimental Verification      

To verify the CFRS algorithm, the process was conducted in a 
5-axis UPM. The physical setup to execute the shaping process 
is presented in Figure 5. A brass workpiece with a cylindrical 
diameter of 10 mm was affixed to the spindle. To reduce noise 
and vibrations caused by an unbalanced spindle, dynamic 
balancing and compensation were conducted during the set-up 
process.  

A conventional 35-degree included angle sharp diamond tool 
was used to fabricate the demonstrator, with a front clearance 
of 15 degrees. Using a 50x telecentric camera, the tip of the tool 
was aligned with the B- stage axis of rotation, allowing the 
gratings to be formed without the need to compensate for 
geometrical run-outs due to axial misalignment. 

4. Results and Discussion      

Using the CRFS algorithm, the ellipsoidal gratings were 
successfully machined on the surface of the brass workpiece, as 
shown in Figure 6. The quality of the machining process was 
measured using a laser confocal microscope. The surface 
roughness of the workpiece was measured with an Ra of 6 nm 
on the blazed surface. This corroborates well with the 
exceptional surface finishing of ultra-precision products using 
diamond shaping. 

The profile of the lens was also measured across the lens and 
from top-down, intersecting with the lens apex at 10X zoom. 
Due to the complexity of the shape, the curvature of the 
structure was measured instead. This was measured to be 
23.664 mm on the XY plane and 36.072 mm along the XZ plane, 
deviating from the designed curvature by 0.084% and 0.017% 
respectively. Using the cross-section of the gratings, the blazed 
angles were measured with a deviation of ±0.01 degree and the 
grating size was measured with an average of 12.5075 µm with 
an optical zoom of 50X.  

Hence, with the successful shaping of the triaxial ellipsoidal 
gratings, the CRFS algorithm has displayed its viability in the 
production of high-quality blazed gratings on freeform surfaces, 
even with high curvatures. This allows for the ease of fabrication 
for future freeform reflective gratings, allowing for higher 
resolution applications, especially in spectroscopy.   

5. Conclusion      

The blazed gratings were successfully machined on a high 
curvature triaxial ellipsoidal surface of a brass workpiece. This 
was done using a UPDS technique which employs three 
translational axes and two rotational axes, namely the X-, Y-, Z-, 
B- and C- axes. The CFRS algorithm developed in this paper 
converts the XYZ 3D point cloud into coordinates of which allows 
the UPM to produce the optical surface with a surface finish of 
6 nm. 

The CFRS algorithm maintains the rake angle of the tool along 
the freeform surface by positioning the spindle at the 
corresponding rake angle of the point of interest while 
compensating for the deviations translationally to maintain the 
tool workpiece interaction. This allows for the fabrication of the 
blazed gratings on freeform surfaces. The use of the slow-slide 
servo also allows for the process to be repeated reliably, and for 
multiple passes with little to no mismatch of the tool tip 
between passes. 

Hence, freeform blazed gratings can now be fabricated on the 
UPM with exceptional quality and are now no longer limited by 
the shape of the lens. This enables the development of more 
complex optical designs, advancing optoelectronic and photonic 
applications. 
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Figure 5. Experimental set-up for CRFS. The tip of the tool was aligned 
with the centre of the B-stage for ease of shaping. 
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Figure 6. The blazed gratings were successfully machined upon the 
ellipsoidal surface of a brass workpiece using the developed CRFS 
algorithm. 
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Abstract 
Textured cutting tools have gained greater attention from metal cutting researchers in the last few decades. However, the success 
of such textured cutting tools depends on the work material, machining parameters, texture parameters, and cutting environments. 
Due to the micro-texturing on the tool surfaces and the surface discontinuities, the wear mechanisms for textured tools differ from 
that of untextured cutting tools. At different machining parameters, the regimes of tool wear changes for both the non-textured and 
textured cutting tools. A more complicated tool-chip interaction mechanism has been envisaged during the dry turning of Ti6Al4V 
alloy with the textured tools. Due to interfacial multipoint micro-cutting (IMP-µC), severe adhesion can be observed on the tool rake 
face. The regime of different wear modes has been outlined for a range of cutting speeds (50-120 m/min), feeds (0.08-0.15 mm/rev), 
at 0.5 mm fixed depth of cut. The wear map has been proposed to identify the catastrophic tool edge failure, rapid cratering, built-
up layer formation, abrasion, and microscopic wear modes. The wear maps for plain and textured cutting tools were compared, and 
the limits of the machining parameters have been presented for laser textured cutting tools.  
 
Keywords: Ti6Al4V; Laser textured tools; Tool wear; Wear map; Interfacial multipoint micro-cutting (IMP-µC). 

 
 
Nomenclature 
 
Nd: YAG Neodymium Yttrium Aluminum Garnet 
𝑑" diameter of the microhole texture (µm) 
𝑑# distance of the textures from cutting edge (µm) 
d depth of textures (µm) 
𝛾% Orthogonal rake angle 
𝜆' Inclination angle  
𝛼% Relief angle 
𝑣* Cutting speed (m/min) 

IMP-µC Interfacial multipoint micro-cutting 
BUE Built-up edge 

 
1. Introduction 

 
With the advent of advanced micro and nano machining 

methods, the functionalization of surfaces has been researched 
widely. One of the applications of functional surface generation 
is surface texturing of the cutting tools. The surface textured 
cutting tools have been investigated for machining various 
engineering alloys under different cutting conditions. Literature 
address widely available research on texturing of various cutting 
tool materials including tungsten carbides, ceramic tools, CBN 
and diamond tools [1]. It has been confirmed from the 
experimental studies that textured tools can reduce cutting 
forces, cutting temperature, and tool wear [2]. But the 
performance of textured cutting tools largely depends on the 
texture parameters, the employed work-tool combination, 
machining parameters, and cooling conditions.  

 
The wear resistance studies of textured tools have been 

limited to comparative analysis only [3–5]. There is no extensive 
analysis of wear performance of textured cutting tools over a 

range of machining parameters in the open literature. It has 
been asserted that the textured tools have the capability to 
improve tool life; however, certain limitations are put on the 
choice of texture parameters and machining ranges. Such cases 
necessitate the global understanding of the wear performance 
of textured cutting tools over a range of machining conditions. 
To idealize the wear studies, a series of wear tests need to be 
performed to prepare a wear map for textured tools.  

 
The studies have attempted experimental investigations for 

generating the wear map for aluminum alloys [6], steels [7], and 
Ti6Al4V alloy [8] with plain cutting tools. With the help of these 
two-dimensional wear diagrams, an ease in the selection of 
machining parameters has been presented. The initial studies on 
wear maps have been conducted by Trent [9], Wright [10], and 
Kendall [11]. They developed the wear maps and outlined a safe 
zone for cutting tools where the least tool damages were 
identified. After the initial preposition of the safety region from 
the developed wear map approach, the studies were extended 
to map the wear for various tool materials [12] and coatings [13].  

 
Primarily textured cutting tools are sought as an alternative 

to dry cutting. Under dry cutting of titanium alloys, textured 
cutting tools fail due to heavy deformation on the cutting edges, 
frittering of the cutting edges, and chip embedment inside the 
textures [14,15]. The utilization of cooling or lubricating fluids 
and the coated textured tool is a better choice for titanium 
machining with textured tools [16–18]. However, in order to 
avoid additional complexities in the wear mechanisms due to 
cutting fluids and coatings, uncoated textured tools were used 
under dry cutting. The dry machining conditions result in the 
worst tool conditions and major wear mechanisms are 
associated with the extremity of machining conditions. Hence, 
the choice of dry cutting has been made for developing a wear 
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map for microhole textured cutting tools. The present study can 
be considered as an initial approach towards the comprehensive 
assessment of wear mechanisms using wear maps for suitable 
use of textured tools. 

 
2. Materials and Methods 

 
K-grade uncoated WC/Co cutting tools were textured using 

nanosecond Nd: YAG pulsed laser. Nanosecond laser has the 
capability of micro-texturing of carbide cutting tool with any 
geometric shape and dimensions [17,19]. Circular microhole 
textures were fabricated on the tool rake face due to the ease of 
fabrication of microhole textures. The laser parameters can 
obtained from our previous research [14]. The fabricated 
textures were polished to remove the recast and redeposition 
layers and to avoid the presence of the loose abrasive particles. 
The cutting edges of the textured tools remain undamaged after 
laser texturing and polishing, as the textures have been 
fabricated at a distance away from the cutting edge (Fig. 1). The 
microhole texture dimensions were kept at 𝑑" = 60 −
70	µm,𝑑# = 80 − 100	µm, pitch = 120 µm, and 𝑑 = 25 −
30	µm. 

 

 
 

Fig. 1 Laser texturing on rake face of WC/Co cutting tools [19] 
 

For turning of titanium alloy (Ti6Al4V), a round bar of ø85 
mm and 300 mm long has been selected. The microstructure of 
the titanium bar ensured the presence of α (hcp) and β (bcc) 
phases as shown in Fig. 2. The black marks (grain boundaries) in 
the optical microscope (Fig. 2a) appear white in the scanning 
electron microscope (Fig. 2b).  

 
Semi-orthogonal finish turning of round bars has been 

performed with textured cutting tools. No coolant or lubricant is 
used during the experiments. The experiments have been 
conducted on CNC turning center (Leadwell T6: OiMate, Fanuc). 
The tool signature involves the tool angles	𝛾% = −5°, 𝜆' = 0°,
𝑎𝑛𝑑	𝛼% = 5°. Tool wear tests were conducted for assessment of 
wear rates and wear map for textured cutting tools. Each 
experiment has been performed with a fresh cutting tool. The 
cutting parameters were selected to encompass a specific range 
of low to high-speed machining (transition at 𝑣* = 100 m/min) 
[8].  

 

 
 
Fig. 2(a) Optical micrograph and (b) corresponding SEM micrograph of 
work material [20] 
 

Machining parameters (f = 0.05-0.15 mm/rev, and 𝑣*= 50-
130 m/min) were used for measurement of tool wear and 
analysis of wear map. The extremities of high speed and high 
feed machining regime have been avoided to avoid premature 
tool failure. Depth of cut has been kept constant (𝑎= = 0.5	𝑚𝑚) 
during the experiments as it has a low influence on tool wear. 
After cutting time	(𝑡* = 1	𝑚𝑖𝑛), the wear is measured using an 
optical microscope (Stereozoom Microscope: Zeiss, Germany). 

 
Measured wear (VN in mm) is used to calculate the wear 

rate parameter (R) using equations 1-2 [7]. The wear map is 
developed to translate the logarithmic wear rates and wear 
mechanism on the feed and cutting speed axes. Due to the 
nature of the parameters involved, the logarithmic wear rate is 
dimensionless. High negative values of the wear rate parameter 
suggest better wear resistance of cutting tools. The combination 
of different machining parameters and experimentally obtained 
wear rates were used to outline the boundaries of the wear 
zones. Different tool damage zones have been identified from 
the worn tool surfaces (visualized under the microscope), and 
wear damages are revealed (Fig. 3). The wear rates and 
mechanisms were used to prepare a wear map. 

 

𝑊𝑒𝑎𝑟	𝑟𝑎𝑡𝑒	(𝑅) = 	 logJ% K
𝑁𝑜𝑠𝑒	𝑤𝑒𝑎𝑟

𝑐𝑢𝑡𝑡𝑖𝑛𝑔	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒S………… . . (1) 

𝑊𝑒𝑎𝑟	𝑟𝑎𝑡𝑒	(𝑅) =	 logJ% K
𝑉𝑁

1000. 𝑡* . 𝑣*
S…………… . .…… . (2) 

 

 
 

Fig. 3 Tool damages on (a) nose and (b) rake face of tool 
 

3. Results and Discussion 
 
The wear rate has been calculated in terms of logarithmic 

wear rates (R) and located on the x- and y-axis accordingly. A 
closer look has deliberated the possibility to demarcate different 
wear regimes according to different R values. The measured 
wear rates have been demarcated in different ranges from 𝑅 <
−6.2, −6.2 < 𝑅 ≤ −6.0,−6.0 < 𝑅 ≤ −5.8, 𝑎𝑛𝑑		𝑅 ≥ −5.8	as 
shown in Fig. 4.  
 

The distribution shown with the corresponding wear rates 
also suggests the non-uniformity of wear at different machining 
parameters. The wear regimes are marked with dotted 
boundaries imbibing the data points of the same range of R 
values. The selection of the range of wear rate is based on the 
probability of appearance of similar tool damage mechanisms. 
 

200 µm 

(a) (b
) 

30 
µm 

a) 

b) 
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Fig. 4 Wear map for laser textured cutting tools under dry turning 
conditions 
 

Discrimination among the different range of R-values needs 
careful consideration of the damage modes generated on the 
tools (Fig. 5). On the tool nose, at low feeds, the wear zones have 
been characterized with the BUE formation irrespective of 
cutting speeds. The BUE stabilization increases with increasing 
cutting speeds. A strong adherent BUE has formed at high-speed 
machining regimes due to high heat generated at the interface 
and localized adhesion at the microscopic textures. Owing to 
IMP-µC, the textures undercut the sliding chips and material gets 
embedded inside the microtextures on the rake face [14,18,21]. 
The embedment of the chip material causes the stabilization of 
the BUE on the cutting edges which gets accelerated at higher 
speeds.  

 

 
Fig. 5 Different wear mechanisms obtained on the tool nose  
 
Apart from the BUE formation, the dislodgement of the 

material at the distinct locations on the cutting edge (frittering 
and micro-fracturing) are the most dominant phenomena (Fig. 
6). These wear modes have appeared at high speed - high feed 
(𝑣* > 110	𝑚/𝑚𝑖𝑛, 𝑓 > 0.13	𝑚𝑚/𝑟𝑒𝑣) and transition speed - 
intermediate feed (𝑣* > 100	𝑚/𝑚𝑖𝑛,𝑓 > 0.09	𝑚𝑚/𝑟𝑒𝑣) 
conditions. The microscopic hierarchy on the tool rake face 
originates variable frictional stresses in the tool-chip contact 
zone [22]. The variable friction promotes the fluctuations of 
mechanical and thermal stresses on the rake face and the 
cutting edge.  

 

 
Fig. 6 Dominant wear modes at high-speed machining conditions 

 

Once the stresses exceed the local fracture toughness at 
the distinct locations on the tool edges, the cutting edge fails 
due to micro-fracturing. The appearance of the micro-fractured 
edges is sporadic and doesn’t follow a specific trend. The 
combined action of the localized BUE and the fluctuating 
frictional stresses is considered as the principal reason for these 
damage modes. 

 
The microscopic textures on rake face govern the 

occurrence of the wear modes on tool edge and nose land. 
Sliding chips overcome resistance against the micro-asperities 
formed over the rake face in the presence of textures. The 
variable frictional resistance and resulting chip embedment 
cause the stress concentration more towards the cutting edges. 
Higher the resistance, more is the edge damage and micro-
fracturing. Analysis of tool rake face confirms the chip 
embedment inside the microholes [19] and this action 
exacerbates at higher cutting speeds and feeds.  

 
At higher feeds, contact length increases and gets more 

microtextures in sliding contact. Except for a few cases, the work 
material has adhered along the width of the cutting edge at high 
speed, high feed conditions. At certain cutting conditions, the 
adhesion is heavily localized (Fig. 7) which intensifies the 
severity of tool-chip interaction. These conditions have resulted 
in high degradation of tool nose and are associated with edge 
damages, severe grooving, notch wear, and frittering of the 
cutting edges. However, in the tested range of machining 
parameters, no tool has failed catastrophically. The sudden 
fracture or catastrophic tool damage of the textured tools are 
absent irrespective of machining conditions.  

 
It is considered that the microtextures generate 

discontinuous stress distribution which may cause fracture of 
tool due to high stresses. In the present experimental tests, no 
such damage mode was evident.  
 

 
Fig. 7 Effect of cutting speeds and feeds on contact area and material 
adhesion behavior on the tool rake face 
 

Based on the experimental analysis of logarithmic wear 
rate parameters and tool wear modes, the wear mechanisms 
were identified. 2D wear map has been constructed with the 
superimposition of wear mechanisms on the contours created 
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by the range of wear rate boundaries (Fig. 8). Wear maps suggest 
that textured cutting tools can be utilized under dry cutting 
without any catastrophic tool fracture. Microhole textured tools 
damage due to severe grooving, edge chipping, high notch wear 
and heavy BUE formation in dry cutting of Ti6Al4V alloy. The 
application of textured cutting tools can be limited to the safe 
zone of wear rate zone (−6.4 ≤ 𝑅 ≤ −6.2	𝑎𝑛𝑑	 − 6.2 ≤ 𝑅 ≤
−6.0)	except at	𝑣* = 110	𝑚/𝑚𝑖𝑛. Low feed- highest speed and 
low speed-highest feed zone shall also be avoided in order to 
retain the cutting edges. A careful selection of the cutting 
parameters following the wear map can be beneficial to achieve 
superior wear performance of the textured cutting tools. 
 

 
Fig. 8 Wear Map for laser textured tools outlining the wear modes 

 
4. Conclusions 

 
1. The possibility of constructing a wear map for textured cutting 
tools has been presented by varying feed and cutting speed.  
2. Nose wear has been measured corresponding to the selected 
machining parameters and wear mechanisms have been 
discussed. 
3. Wear map outlines different zones according to varying 
logarithmic wear rates at the selected range of machining 
parameters.  
4. Superimposition of wear rates and tool wear mechanisms on 
the boundaries has successfully achieved wear map for textured 
carbide cutting tool. 
5. The extreme ends of feed and speed axes shall be avoided for 
the satisfactory performance of the textured cutting tools under 
dry machining of titanium alloy. 
6. In none of the machining condition, the integrity of the cutting 
tool has been compromised. There is no catastrophic tool edge 
fracture obtained in the experimental tests.  
7. Edge chipping, notch wear, and grooving wear are major wear 
mechanisms associated with high logarithmic wear rates.    
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Abstract 
Polishing processes are an indispensable finishing step in the production of optical glass lenses, mold inserts and other precision 
components in order to achieve low surface roughness and a high form accuracy. Knowledge of material removal and material 
removal rate is crucial for the control of corrective polishing processes, especially for dwell time controlled processes. 
This paper investigates the influence of rotational speed – or relative speed respectively - and dwell time on material removal in 
abrasive subaperture polishing. Therefore, footprints were machined into BK7 glass while measuring the process forces and 
characterising the geometry generated. At lower rotational speeds and dwell times, a nonlinear relationship between relative velocity 
and material removal was found,, which generally does not correspond to the Preston equation. Furthermore, an influence of the 
relative velocity on the process forces can be observed. 
 
Abrasive polishing, Material removal, Dwell time 

 
1. Introduction 

Abrasive sub-aperture polishing is an indispensable finishing 
step for generating high form accuracies and low surface 
roughness in machining of optical glass lenses, mould inserts and 
other precision components. Due to increasing demands on 
form accuracy as well as more and more complex geometries, 
precise control of the polishing process as well as unambiguous 
knowledge of the material removal are necessary. 

Usually, so-called dwell time controls are used, which rely on 
time-constant material removal functions that have to be 
determined experimentally. The material removal is controlled 
by the dwell time of the polishing tool and realized in the 
polishing process by the feed rate [1-5].  

An analytical approach to describe the material removal and 
the material removal rate dz/dt in polishing is the equation, 
which was derived by Preston already in 1927 [6]: 

 
dz/dt = kp × p × vr 
 
According to the Preston equation, material removal is 

proportional to polishing time t, polishing pressure p, relative 
velocity vr and the Preston coefficient kp. In this context, the 
Preston coefficient summarizes all remaining process-relevant 
variables [6]. 

Studies by Téllez-Arriaga et al. [7] show an influence of the 
relative velocity on the coefficient of friction between the 
polishing tool and the workpiece. This influences the dragging 
force, which is the sum of the frictional forces exerted on all 
points of the tool, as well as the material removal. Based on 
these results, they therefore extended the Preston equation. 
Further investigations by Cordero-Dávila et al. [8] show that the 
dragging force is also dependent on the density of the polishing 
tool and, thus, modified Téllez-Arriaga's model. In our own work 
[9], the nonlinear influence of the relative velocity on the 
material removal described by Téllez-Arriaga et al. could also be 
reproduced and mapped. Therefore, a transferability to other 
polishing systems and a general correlation can be assumed.  

In this work, a different polishing system is investigated for the 
relationship between relative speed and material removal In 
order to verify the transferability of the described correlations. 
A possible influence of the relative speed on the contact force is 
also considered. 

2. Experimental setup and methods      

The experimental investigations are carried out using 
cylindrical N-BK7 glass lenses. The glass lenses have a diameter 
of 80 mm and were surface ground on the Cranfield Precision 
TTG350 ultraprecision grinding machine. Polishing experiments 
are performed on a Microfinish 300 from Precitech. A 10 mm 
diameter cylindrical polishing pin covered with polyurethane 
foam is applied together with an oil-based polishing paste with 
diamond abrasive grains, which have a grain size of 3 µm as the 
polishing tool. A piezoelectric dynamometer from Kistler is used 
to measure the contact force, which is mounted underneath the 
workpiece holder. The experimental setup is shown in Figure 1. 

 
 

Figure 1. Experimental setup 
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Footprints are generated to investigate the influence of 
relative speed on material removal. The rotational speed n is 
varied between 100 rpm and 200 rpm and the dwell time td is 
varied in 30 second steps from 30 seconds to 120 seconds. The 
selected contact force Fp is set to 5.66 N as determined by 
preparatory experiments. In the polishing system studied, this is 
controlled through the axial infeed of the polishing pin, until the 
desired contact force is reached. The process parameters are 
summarized in Table 1. Each set of process parameter is 
performed three times. 
 
Table 1 Process parameters 
 

workpiece material N-BK7 glass 

polishing slurry oil-based, diamond abrasives, 
grain size 3 µm 

rotational speed n 100 rpm; 200 rpm 

relative velocity vr 0.05 m/s; 0.1 m/s 

dwell time td 30 s; 60 s; 90 s; 120 s 

contact force Fp 5.66 N 

 
Material removal is determined with the white light 

interferometer Talysurf CCI HD from Taylor Hobson. Here the 
removal depth z of the generated footprints is measured on 
basis of profile sections. 

3. Results      

Figure 2 shows the average depth of material removal of three 
measurements for rotational speeds of 100 rpm and 200 rpm 
plotted over the dwell time. It can be seen that the removal 
depth increases with increasing dwell time for both rotational 
speeds investigated. Since in dwell time controls the feed rate is 
derived from the dwell time, it can therefore also be concluded 
that the material removal rate decreases with increasing feed 
rate. Furthermore, it can be observed that a doubling of the 
speed leads to at least a doubling up to a quadrupling of the 
material removal depth. This influencing factor decreases with 
increasing dwell time and a decreasing influence of the 
rotational speed on the material removal can be concluded with 
increasing dwell time or decreasing feed rate. An exponential 
relationship between dwell time and material removal depth 
can be seen at a rotational speed of 100 rpm and dwell times of 
30 to 90 seconds. This relationship cannot be explained by the 
Preston equation, which describes a linear relationship. 

 

 
 

Figure 2. Correlation between rotational speed, dwell time and material 
removal depth 

 
Figure 3 shows the influence of the rotational speed on the 

contact force and the axial infeed. As described, the polishing 
system controls the contact force via the infeed. It can be seen 

that at a speed of 200 rpm, the target contact force of Fp = 5.66 N 
or in some cases higher forces are already achieved with lower 
axial infeed. An influence of the dwell time on the contact force 
could not be observed, therefore a presentation is omitted. 

 
 
Figure 3. Correlation between rotational speed, contact force and 

axial infeed 

4. Conclusions      

The aim of this work was to investigate the relationship 
between relative speed, material removal and contact force of a 
polishing system. It was shown that the rotational speed as a 
component of the relative speed has an influence on the 
material removal depth as well as on the contact force. The 
influence of the rotational speed on the material removal depth 
is also dependent on the dwell time respectively the feed rate. 
In addition, an exponential relationship between dwell time and 
material removal depth can be observed at low rotational speed. 

In future work, the relationships shown are to be further 
quantified in order to obtain a database for modifying the 
Preston equation. This can lead to a more deterministic 
description of the material removal in polishing as well as to the 
improvement of dwell time controls. 
 
References  

[1] Klocke F, Brecher C, Zunke R, Tuecks R. Corrective polishing of 
complex ceramics geometries. Precision Engineering 2011; 35(2): 
258–61 

[2] Beaucamp A, Namba Y. Super-smooth finishing of diamond turned 
hard X-ray molding dies by combined fluid jet and bonnet 
polishing. CIRP Annals 2013; 62(1): 315–8 

[3] Beaucamp A, Namba Y, Inasaki I, Combrinck H, Freeman R. 
Finishing of optical moulds to λ /20 by automated corrective 
polishing. CIRP Annals 2011; 60(1): 375–8 

[4] Freeman R. Bonnet Polishing and Fluid Jet Polishing; 2008. JSPE. 
[5] Schinhaerl M, Rascher R, Stamp R, et al. Utilisation of time-variant 

influence functions in the computer controlled polishing. Precision 
Engineering 2008; 32(1): 47–54 

[6] Preston FW. The Theory and Design of Plate Glass Polishing 
Machines. J. Soc. Glass Tech. 1927; 11: 214. 

[7] Téllez-Arriaga L., Cordero-Dávila A., Robledo-Sánchez C. I., Cuautle-
Cortés J. Correction of the Preston equation for low speeds. Appl. 
Opt. 2007; 46(9): 1408–10 

[8] Cordero-Dávila A, Izazaga-Pérez R, González-García J, Cuautle-
Cortés J. Polisher density into Preston equation. Optik 2013; 
124(19): 3909–12 

[9] Adam B., Riemer O., Karpuschewski B. Geschwindigkeitsabhängiger 
Materialabtrag beim Polieren. WT WERKSTATTSTECHNIK 2020; 
110(11-12): 796–799 

380



 

          
 

 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Use of the CEL method for estimating the minimum chip thickness when orthogonal 
cutting Ti6Al4V 
 
François Ducobu1, Pedro-José Arrazola2, Patxi Aristimuño2 
  
1Machine Design and Production Engineering Lab, Faculty of Engineering of the University of Mons, Mons, Belgium 
2Mondragon University, Faculty of Engineering, Mechanical and Manufacturing Department, Mondragon, Spain 
 
Francois.Ducobu@umons.ac.be 

  
Abstract 
The production of micro-components or macro-components with micro-features requires adaptions of their manufacturing process. 
When micro-machining, the dimensions of the tool, but also some cutting parameters are reduced. Indeed, to avoid breaking the 
tool due to too large cutting forces, a reduction of the feed is required. This leads to the minimum chip thickness phenomenon in 
which no chip is formed if the feed is too small by comparison to the cutting edge radius. The determination of the minimum chip 
thickness value is of great importance for the practitioner. In this work, a finite element modelling approach is followed to investigate 
the minimum chip thickness in the orthogonal cutting configuration for the Ti6Al4V titanium alloy. The material removal process is 
modelled with the Coupled Eulerian-Lagrangian (CEL) approach to avoid any mesh distortion. The model allows studying the cutting 
mechanisms when the uncut chip thickness reduces to reach values as small as the uncut chip thickness and even below it. With the 
model, the minimum chip thickness value is estimated for Ti6Al4V and the considered cutting conditions. The influence of the uncut 
chip thickness on the cutting forces, their ratio and the specific cutting energy are also considered. These numerical results are then 
compared to orthogonal cutting experiments carried out in the same conditions to validate them. 
 
CEL; Cutting; Experiments; Finite element modelling; Minimum chip thickness; Ti6Al4V 

 

1. Introduction   

Adaptations in macro-manufacturing processes are required 
when producing macro-components with micro-features or 
micro-components. In micro-machining, a reduction of feed is 
necessary to avoid breaking the tool with too large cutting forces 
[1]. Dimensions of the tool are also reduced, but current tool 
manufacturing capabilities do not allow the cutting edge radius 
to be reduced enough [2]. Cutting refusal may therefore happen 
due to a too small feed by comparison to the cutting edge radius. 
This is usually called the minimum chip thickness phenomenon 
and leads to ploughing instead of cutting [1]. The minimum chip 
thickness value is of great importance in practice as it directly 
influences the quality of the machined surface [3]. Its evaluation 
is however not direct as it depends on many parameters (tool 
geometry, machined material, etc.) [4]. Almost no finite element 
model is currently available in the literature to estimate the 
minimum chip thickness value and highlight the cutting refusal. 

The finite element approach is adopted in this work in the 
simplified configuration of 2D orthogonal cutting for the Ti6Al4V 
titanium alloy. To avoid mesh distorsion of Lagrangian and 
Arbitrary Lagrangian-Eulerian (ALE) methods, the Coupled 
Eulerian-Lagrangian (CEL) approach[5,6] is used for the first time 
to model cutting conditions that may lead to the cutting refusal. 
Thanks to the CEL formulation, no element distortion occurs in 
the workpiece, which is its main advantedge. 

The main characteristics of the CEL model are introduced in 
the following section. Then, the numerical results are presented 
and compared to an experimental reference in orthogonal 
cutting before concluding on the developed model. 

2. CEL model for Ti6Al4V orthogonal cutting      

The model developed in this study uses the CEL approach with 
a Eulerian Ti6Al4V workpiece and a Lagrangian TiN coated 
carbide tool. The 2D orthogonal cutting configuration involves a 
rectangular workpiece and the removal of its upper layer, of 
thickness h (the uncut chip thickness), by the horizontal 
movement of the workpiece. The tool has a rake angle of 15°, a 
clearance angle of 2° and a cutting edge radius, r, of 10 µm. The 
cutting speed is fixed at 30 m/min, while the uncut chip 
thickness has six decreasing values (40 µm, 20 µm, 10 µm, 5 µm, 
2.5 µm and 1 µm) to cover configurations ranging from chip 
formation by cutting to cutting refusal in dry conditions. 

The machined material is modelled with the Johnson-Cook 
constitutive model [7]. The set of parameters from Seo et al. [8] 
is adopted as it turned out to be the most suitable for the 
Ti6Al4V used in the experiments. Coulomb’s friction is assumed 
between the tool and the workpiece with a friction coefficient of 
0.2 as experimentally determined by Rech et al. [9]. 

To reduce computation time, the size of the workpiece 
depends on the uncut chip thickness (i.e. it reduces with it). For 
all the cutting conditions, at least eight elements are included in 
the height of the uncut chip thickness (e.g., an elements size of 
0.125 µm for the uncut chip thickness of 1 µm). 

3. Results      

Figure 1 shows the two different chip formation mechanisms: 
when h/r > 1, material is cut and a chip is formed, while when 
h/r < 1, material is deformed and a small amount of material 
accumulates in front of the tool. This volume of material grows 
with the cutting length to form a chip when it reaches the 
minimum chip thickness, as observed in previous studies [10]. 
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Figure 1. Cutting process for (a) h = 2.5 µm and (b) h = 20 µm (contours 
of horizontal speed/mm∙s-1). 

 
To determine the h value at which cutting refusal is occurring, 

the horizontal speed of the material (indicator never used 
previously) is analysed. Values in the opposite direction of the 
cutting speed (i.e. from right to left in figure 1) are observed for 
h = 2.5 µm and h = 1 µm; there are no negative values for larger 
values of h. The minimum chip thickness value is therefore larger 
than 25 % of the cutting edge radius of the tool. 

Table 1 shows evolution of cutting forces (cutting force, Fc, 
and feed force, Ff), their ratio (Ff/Fc) and the specific cutting 
energy normalised by the specific cutting energy at h = 40 µm 
(SCEn), as well as comparison between numerical and 
experimental values. Experiments were carried out in a strictly 
orthogonal cutting configuration with the same cutting 
conditions as the CEL model [11]. 

When h/r > 1, the cutting force is well estimated by the model 
(and thus also SCEn) but the feed force is, as often in finite 
element modelling, far from the experimental value. When 
h/r < 1, both numerical forces are very low by comparison to 
experimental values. This means that material behaviour is not 
adequate anymore in these cutting conditions and that it should 
include size effect via strain gradient effect for example [12]. A 
previous work with a Lagrangian finite element model did not 
allow to highlight it [13]; it is assumed that elements distortion 
in the Lagrangian model influenced the results by hiding this lack 
in the modelling. 

From a more global point of view, the CEL model is able to 
capture the trends when h decreases. Indeed, forces ratio and 
SCEn evolutions with h are in accordance with the experiments 
in macro-cutting conditions. When h decreases, the inversion of 
the forces ratio is also captured, even if their magnitude is not 
(and therefore also SCEn). 

From the results both of chip formation and of forces-related 
indicators, the minimum chip thickness value is estimated 
between 5 µm and 2.5 µm, i.e. between 50 % and 25 % of the 
cutting edge radius of the tool. This value is in accordance with 
an experimental value of at least 25 % of r [13]. 

4. Summary      

A CEL finite element model has been developed to study the 
chip formation when the uncut chip thickness decreases, 
including the cutting refusal. Results analysis, including 
comparison with experimental tests, showed that the model is 
able to highlight the change in the cutting mechanism when the 
uncut chip thickness is reduced. This allowed to estimate the 

minimum chip thickness between 50 % and 25 % of the cutting 
edge radius of the tool. 

5. Conclusion      

The CEL finite element model developed in this study is able to 
highlight the change in the cutting mechanism when the uncut 
chip thickness is reduced, allowing to estimate the minimum 
chip thickness value at 0.25 r-0.5 r; a range in accordance with 
the experimental tests and previous works. Although inversion 
of the cutting forces ratio has correctly been observed, the 
magnitude of the cutting forces is too low when h/r < 1. This 
means that, thanks to the absence of elements deformation, the 
model demonstrate that the size effect should be included when 
modelling the material behaviour in micro-cutting conditions. 

6. Future work      

To improve the level of the cutting forces for uncut chip 
thickness values lower than the cutting edge radius, the size 
effect should be introduced in the material behaviour. 
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Table 1. Experimental (Exp) and numerical (Num) forces results with Fc: cutting force, Ff: feed force and SCEn: normalised specific cutting energy. 
 

h/µm FcExp/N∙mm-1 FcNum/N∙mm-1  FfExp/N∙mm-1 FfNum/N∙mm-1 (Ff/Fc)Exp (Ff/Fc)Num SCEnExp SCEnNum 

40.0 85.6 81.2 40.6 16.8 0.5 0.2 1.0 1.0 

20.0 51.3 47.9 34.2 14.8 0.7 0.3 1.2 1.2 

10.0 38.3 33.1 32.0 18.6 0.8 0.6 1.8 1.6 

5.0 22.0 5.6 26.9 4.3 1.2 0.8 2.1 0.6 

2.5 21.2 2.2 27.0 2.3 1.3 1.1 4.0 0.4 

1.0 14.2 0.2 23.7 0.3 1.7 1.6 6.6 0.1 
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Abstract 
The investigation of tribological performance occurring between polished and structured surfaces is the core for understanding 
frictional mechanisms. Finite element method (FEM) is a simple, efficient and economical approach to study friction performance 
of microstructured surface. In this paper two dimensional finite element simulation with hardened steel (1.2379) structured 
workpieces and aluminium counterparts are reported which are supported by tribological experiments. Three samples exhibiting 
different micro structured surfaces with pitch between two structures (20μm, 25μm and 65.2μm) are simulated by Abaqus. And the 
depth of structures is kept constant. The result is evaluated by the coefficient of friction, which is calculated by contact reaction 
force, obtained from the simulation results. Furthermore, the stress distribution of the workpiece is visualized. The results show 
that the structured surfaces is beneficial to reduce coefficient of friction in simulation tests and been confirmed by experiments.  
 
 
Frictional mechanisms, FEM simulation, Structured surface         

 

1. Introduction   

Micro metal forming is the technological field of micro 
manufacturing, which takes advantages of the excellent 
mechanical and functional characteristics peculiarities to metal, 
and is a vital forming technology that has been scaled down to 
the microscale range suitable for mass production

[1]
. However, 

the improve method of the adhesion between die and 
workpiece associated with size down in micro metal forming is 
one of the central issues. Surface engineering is advantageous 
to the micro metal forming process, especially the structured 
surface with micro milling manufacturing. Shubrajit Bhaumik et 
al. 

[2]
 demonstrated the friction reduction capability of micro-

dimpled surface generated on a steel plate (disc) using a 
vertical milling machine. After the tribological tests the 
optimized dimple parameters exhibited a decrease of 49.76% 
coefficient friction over the non-dimpled surface. In recent 
years, tribological performance has been studied by FEM to 
examine the stress distribution and coefficient of friction

[3,4]
. 

Markus Schewe et al. 
[5]

 carried out the research on simulations 
about friction characteristics on metal forming dies. Sinusoidal 
surface structures are able to provide anisotropic structural 
resistance, at the same time one bionic surface structure shows 
quasi-isotropic structural resistance. The application of FEM 
simulation can significantly reduce the friction testing time.  

In this paper, the structured surface modelling is built and 
coefficient of friction with different pitch between two 
structures is simulated through contact stress. The results show 
that FEM simulation is a reliable approach to research the 
tribological performance on structured surface, and the 
structured surfaces with higher or lower pitch provoked 
increased friction.  

2. Modelling      

Due to the shorter computational time compared to three 
dimensional simulations more simulations can be calculated in 
two dimensional what is necessary to study different scale 
structures, especially micro scale structure. The modelling of 
structured surface and friction pair is show in Fig. 1. Hardened 
1.2379 (X153CrMoV12) tool steel is used as workpiece material. 
This material is suitable for micro metal forming dies and is 
characterized by micro structured. Three different structures 
with different pith (P=20 μm, 25 μm, 65.2 μm) are simulated, 
where depth (D) is kept constant at 0.0866mm. Besides the 
micro structured modelling, a reference polished workpiece (R) 
is simulated also. 

P

D

R=2.5mm

v

A B

FN

 
Figure 1. Modelling of structured surface and spherical friction pair 

 
There are two parts in the simulation: the structured 

workpiece and Al99.9 ball with 5mm diameter. The upper 
surface of the workpiece is a uniform microstructure with 
different size. The bottom of the structured workpiece is fixed. 
The normal force (FN) is 100mN. The stroke length of the 
relative motion (distance from A to B) is 5 mm and the 
simulation velocity is 4 mm/s from point A to point B. The 
average values of the coefficient of friction is calculated from 
simulated normal and tangential reaction force. And the mises 
stress received by the structured surface during friction process 
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can also be obtained from the simulation results, which is very 
importent for analyzing friction mechanism.  

3. Discussion      

The coefficient of friction and stress distribution are core 
factor to analyse the structured surface tribological 
performance. The simulation results compared with 
experiment results, in order to verify the accuracy of simulation 
results. The manufacture of the micro structured surfaces is 
carried out on a DMG Sauer US 20 linear micro milling machine 
tool under dry conditions. Tungsten carbide ball endmills of 1.5 
mm diameter are applied and the tool is aligned normal to the 
machined surface to enforce the generation of quasi-
deterministic surface structures. The selection of process 
parameter is derived from preliminary studies with the aim to 
provide a spectrum of micro structured surfaces relevant for 
the application to tribologically experiments. Besides the micro 
structured samples a reference sample (R) was manufactured 
by polishing. An overview of samples and machining parameter 
is given in Table 1. 
Table 1 The overview of samples and machining parameters 

 

Sample No. Rotation speed n 
[1/min] 

Feed velocity vf 
[mm/min] 

No.1 (P=20) 20000 800 

No.2 (P=25) 20000 1000 

No.3 (P=65.2) 40000 5000 

R Polished 

 
3.1 Coefficient of friction 

The coefficient of friction μ for three structured surfaces and 
the polished reference surface are calculated by normal and 
tangential force from simulation results, which shows in Fig. 2. 
A clear relationship between frictional performance and 
surface structure is found. Surface structure is beneficial to 
reduce coefficient of friction. The highest friction is obtained 
from the polished surface up to μ=0.83. And the minimum 
coefficient of friction μ=0.42 is observed in surface with P=20 
μm. The law of friction coefficient is the same as Florian 
Böhmermann's experiments

[6]
.  
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Figure 2. Coefficient of friction μ at different pitch 

 
In the structured surface with P=25 μm and 65.2 μm, the 

simulation results of coefficient of friction μ is relatively close 
to the experimental results. But the coefficient of friction μ 
with P=20 μm has a large error compared with experiment 
result. As observed by Florian Böhmermann

[6]
: microscopic 

structures, can serve as lubricant reservoirs to achieve 
hydrodynamic separation of forming dies and work pieces and, 
thus, reduce friction and wear. But it’s difficult to achieve in the 
current simulation model. The structured surface with lager 

geometric size regulate the coefficient of friction through 
control the material flow. It’s can be achieved in simulation by 
setting material parameters. 
3.2 Stress distribution 

With the simulation results the effects of the structure 
geometries are analyzed on the coefficient of friction as well as 
the stress distribution. The mises stress in structured surface is 
showed in Fig. 3.  

  
(a) (b) 

 

 

(c)  
Figure 3. Stress distribution on structured surface at different pitch: 

(a) P=20 μm, (b) P=25 μm, (c) P=65.2 μm 
 

As pitch P increases, the mises stress in the structured 
workpiece decreases, and the greatest mises stress appears on 
the polished surface. The maximum stress S=1214.4 MPa is 
observed in polished surface. Otherwise the minimum stress 
S=378.6 MPa is obtained in surface with P=65.2 μm.  

4. Conclusion      

With the simulation results the effects of the structure 
geometries on tribological performance are analyzed through 
coefficient of friction and mises stress. A clear correlation 
between the coefficient of friction and the structured surface’s 
geometries paremeters is observed. Surface structure is 
beneficial to reduce coefficient of friction. The highest average 
coefficient of friction is measured on the polished surface with 
µ=0.83. The minimum coefficient of friction μ=0.42 is observed 
in surface with P=20 μm. As pitch P increases, the mises stress 
in the structured workpiece decreases, and the greatest mises 
stress appears on the polished surface, which is up to 1214.4 
MPa. In the future work, the influence of workpiece stress on 
tribological performance should be focused on. 
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Abstract 
For many production chains, it is mandatory to involve special finishing of the manufactured parts for the chipping of the edges as 
well as the polishing of surfaces. One commonly used method is the immersed tumbling process, where any workpiece is dragged 
through a particle filled container. In many cases, the immersed tumbling process operates in environments with added liquids, 
leading to changes in particle-tool interaction and general flow behaviour of the used particles. Whilst the discrete element method 
for simulating particles is mainly limited to dry particles, the used software ROCKY DEM from ESSS, Florianópolis, Brasil, comes with 
a built-in liquid-bridge model to simulate water-covered particles and granulate and furthermore an extension for system couplings 
with Ansys Fluent of the company ANSYS, INC., Canonsburg, Pennsylvania. The latter can be used to create from both software one 
three-phase-model with higher amounts of actually simulated water. In this study, small amounts of water were added to differently 
shaped particles using the build-in liquid-bridge model, to analyse and compare the particles flow characteristics in both, wet and 
dry environments. To gather significant information leading towards precise comparisons, the particles trajectories, velocities and 
resulting forces against the workpieces can be specifically observed and analysed, whilst this kind of process knowledge could 
previously never been taken into account without simulation. 
 

Immersed tumbling, discrete element method, liquid-bridge, three-phase-simulation  

 

1. Introduction 

There are a variety of applications for the immersed tumbling 
process as a mandatory part of various finishing operations, 
many of which operate in wet particle environments. Here, a 
liquid circulates within the container to obtain a moisture 
distribution as homogenous as possible. This not only improves 
the particles flow behaviour but is also needed to wash out dust 
and chips from the circuit. To simulate this kind of process the 
common discrete element method (DEM) needs to be extended 
by a module to numerically calculate the fluid behaviour. As 
shown in previous work, the software ROCKY DEM from the 
company ESSS, Florianópolis, Brasil was successfully used to 
describe the movement of spherical and non-spherical particles 
within the immersed tumbling process [1]. The software also 
allows system coupling with Ansys Fluent from the company 
ANSYS, INC., Canonsburg, Pennsylvania to calculate particles and 
liquid separately to then merge the results or allows the 
simulation of small amounts of moisture via a built-in  
“liquid-bridge”-module. For the wet immersed tumbling process 
the particles are usually moistened and not really floating. So, 
for investigations with a low liquid content, the use of the built-
in liquid-bridge module is advisable and therefore chosen in this 
study. With this module a liquid film can be added on each 
particles surface. Close-by particles then build bridges between 
these liquid films [2] that add additional attractive forces FA [3].  

In this study the changes to the flow behaviour are 
investigated and quantified by analysing resulting forces Fres on 
a homogenous cylinder being dragged through a particle filled 
container.  

2. Simulation environment 

The simulations done for this study were executed with the 
software version 4.4.2 of ROCKY DEM. Contacts are modelled 
with hysteretic linear springs for normal forces and linear 
coulomb springs for tangential forces. The rectangular basin has 
dimensions of l = 0.25 m, w = 0.1 m and h = 0.22 m and the used 
particle geometries are spheres with radii of r = 10 mm (B10), 
cones with height of hc = 10 mm (KM10) and triangular prisms 
with edge lengths of le = 11 mm (D11), as shown in Figure 1.  

 
Figure 1. a) Particle geometries and b)-d) simulation environments 

The non-spherical geometries were meshed with 300 cells for 
KM10 and 104 cells for D11. To reach equivalent filling heights 
of hf ≈ 0.07 m, the basins were filled with nP = 1,600 particles for 
B10, nP = 1,710 particles for KM10 and nP = 997 particles for D11. 

D11KM10B10B10 KM10 D11

a)

w

h

l

b)

c) d)
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For the wet experiments a homogenous moisture distribution is 
chosen with physical parameters of water and mass of 
mw = 10 mg per particle. The physical parameters for all particles 
are selected as of the material of polyvinylidene fluoride.  

3. Results and discussion 

For the first set of experiments the cylinder with mass 
mc = 1 kg has a constant velocity of vc = 0.2 m/s and moves 
through each basin filled with the different particle sets and dry 
and wet particles, respectively. The effective normal forces F on 
the rod are then plotted and compared as shown in Figure 2.  

 
Figure 2. Effective resistance forces F  

over time for constant cylinder velocities vc 

The plots clearly display the influence of even such small 
amounts of added liquids and the results all point to a tendency 
for lower  forces F to be required to run through wet media 
environments. At the same time the resulting tangential stresses 
were slightly higher in the dry environments. With B10 for 
instance the averages were around τdry = 140 Pa for the dry and 
τwet = 100 Pa for the wet use case. Both values indicate a 
changed flow behaviour, whereby the moist particles seem to 
provide less resistance to the rod movement, possibly favoured 
by an almost resistance-free breaking of the liquid bridges due 
to the fixed velocity value. 

Given, that in real experiments one could never expect 
geometry movements to be as unrelenting as in the shown 
numerical experiments, some additional experiments were 
done where the rod is being pushed by a constant directional 
force F = 5 N. The rods movability is then analysed by observing 
its velocity over time as shown in Figure 3.  
Despite the previous findings of lower needed forces F in wet 
environments, the second investigations point towards a faster 
and therefore easier movement of the rod through dry media 
environments, which could be explained by a looser composition 
of the dry media. The tangential stresses τ, on the other hand, 
generally remain higher in the dry applications. 

 
Figure 3. Resulting translational velocity v  

over time under constant directional forces F = 5 N 

4. Conclusion 

The given study provides a numerical modelling of grinding 
media with wet particles and shows how even small amounts of 
added moisture directly influence fundamental process 
parameters. A simple structure is chosen to show general trends 
and minimise further influences. This creates the opportunity for 
more complex applications of the immersed tumbling process to 

be simulated and thereby quantify additional process 

parameters for wet media environments. If the simulation 
provides reliable results, this additional knowledge can be used 
in questions of optimizations and general process design. For 
improved accuracy of the model additional validation of the 
undertaken investigations needs to be done by comparison with 
like-wise real life experiments. Therefore, some of the input 
parameters need to be closer reviewed as for example in dry 
environments additional adhesive forces arise, which are hard 
to quantify and hence usually ignored in numerical modulations. 
Furthermore, different additional parameter studies need to be 
done in order to better understand the wet particles behaviour, 
like variation of the velocity vw of the workpiece or amount and 
distribution of the added liquid.  
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Abstract 
Polycrystalline zinc selenide (p-ZnSe) is one of the most widely used infrared optical materials. Since p-ZnSe possesses soft and brittle 
properties, it is machined at micro/nanoscale for achieving ductile mode machining. In micro/nanoscale machining, the tool shape 
and edge sharpness have significant influence on tool-workpiece contact and mechanism of chip formation, and consequently affect 
the machined surface integrity. To reveal the effect of tool shape on the machined surface integrity of p-ZnSe, in this study, round-
nose and spherical diamond tools, which have different tool geometries and edge radii, were used for machining p-ZnSe. Results 
present that the tool nose radius and edge radius are critical factors for the chip formation and phase transformation of the workpiece 
material. Increasing the edge radius or using spherical tool causes a burnishing effect without material removal. Local plastic 
deformation is caused by an intense compressive stress under a high effective negative rake angle. In addition, results show that no 
matter what kind of tool is used and how the material is deformed, grain boundary has a great influence on the machined surface 
integrity. This study provides an insight into the deformation mechanism of polycrystalline brittle material in nanoscale machining 
with respect to different tool shapes, which will guide improvement of machined surface integrity. 
 
Surface integrity, tool shape, micro/nanoscale machining, polycrystalline material, soft-brittle material   

1. Introduction 

Polycrystalline zinc selenide (p-ZnSe) is a typical infrared 
optical material which has potential applications in night vision 
systems of autonomous vehicles and windows of high-power 
carbon dioxide lasers [1]. Because of low hardness and high 
brittleness of p-ZnSe, it is very difficult to machine. The 
conventional approach for machining p-ZnSe with high surface 
integrity is chemo-mechanical polishing. However, the efficiency 
of polishing is low. Besides, it is also difficult to create 
micropatterns on surfaces by polishing. As an alternative, 
ultraprecision cutting, that uses a diamond tool to remove 
material from a workpiece within a few tens of nanometers, has 
been proposed as a promising solution to achieve optical-quality 
surfaces on p-ZnSe [2]. 

In ultraprecision cutting, to realize ductile cutting of a brittle 
material, undeformed chip thickness should be strictly 
controlled below submicron scale [3,4]. Thus, in the premise of 
ensuring ductile mode material removal, a large feed rate is 
expected to improve the cutting efficiency [5]. When the feed 
rate is predetermined, the tool nose radius becomes a key factor 
dominating the undeformed chip thickness. On the other hand, 
owing to the fact that undeformed chip thickness is comparable 
to, or even smaller than the edge radius of a commercially 
available diamond tool, the effect of tool edge cannot be ignored 
[5,6]. Moreover, it has been reported that the material removal 
or deformation mechanisms can be greatly changed by tool edge 
radius, which consequently affect the surface quality 
significantly [7,8]. However, the understanding of effect of tool 
shape, for example, the tool nose radius and edge radius, on 
machining of p-ZnSe is still far from complete. 

In this study, ultraprecision machining experiments were 
performed on p-ZnSe using different types of tools. The effects 
of tool nose radius and edge radius on machined surface 
integrity were systematically investigated by analyzing material 

deformation behaviour, phase transformation, and grain 
boundary step formation. The findings of this study provide 
insights into the deformation mechanism of polycrystalline soft-
brittle materials in nanoscale machining with respect to 
different tool shapes, which will guide improvent of machined 
surface integrity. 

2. Material and methods       

2.1. Material 
A chemical vapor deposited (CVD) p-ZnSe cylinder with 

diameter of 25 mm and thickness of 3 mm was used as 

workpiece. The grain size of the workpiece was estimated to be 

approximately in the range of 3 to 80 μm. The hardness and 
fracture toughness of the workpiece are 1.6 ± 0.3 GPa and 0.87 
± 0.15 MPam1/2, respectively. 

 
2.2. Tool shapes     

Three diamond tools were used, two of which were round-
nosed cutting tools with nose radii of 1 mm (R1 tool) and 10 mm 
(R10 tool) respectively. The cutting edge radii of these round-
nose tools were approximately 50 nm. Figures 1 (a) and (b) show 
optical microscope images of R1 tool and R10 tool, respectively. 
Another tool was a spherical tool with a spherical radius of 10 
μm. Figure 1 (c) shows a SEM image of the spherical tool.  

  
2.3. Machining experiments      

The experiments using two round-nose cutting tools R1 and 
R10 were conducted on an ultraprecision machine tool Nachi 
ASP-15, as shown in Figure 2(a). The tool was mounted in tool 
post on the X-axis sliding table. The workpiece was sticked on a 
fixture by wax, and then the fixture was attached to the vacuum 
chuck of machine tool spindle. The experiments with the 
spherical tool were conducted on a nanoscratching apparatus 
(Nano Indenter G200, KLA Corporation, USA), as shown in Figure 
2(b). The spherical tool was installed on a transducer moving 
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along Z-direction. The workpiece was fixed on a XY-axes stage. 
The machining conditions for all these tools are summarized in 
Table 1. 
 

  

 
 

Figure 1. Optical microscope images of (a) R1 tool, and (b) R10 tool. (c) 
SEM image of spherical tool. 
 

  
 
Figure 2. Snapshot of the experimental setup: (a) ultraprecision machine 
tool, and (b) nanoscratching apparatus. 
 
Table 1 Machining conditions 
 

Tool shape Machining parameters 

Round-nose tool 
(R1 and R10) 

Cutting speed vc
 1.5 – 1.8 m/s 

Depth of cut d 2 μm 
Feed rate f 1, 2 μm/rev 

Environment Dry 

Spherical tool Scratch speed vs 1 μm/s 

Load P 2, 5, 10 mN 
 Environment Dry 

3. Results and discussion      

3.1. Surface topography 
Figures 3(a) and (b) show confocal laser scanning microscope 

(CLSM) images of machined surfaces using R1 tool and R10 tool, 
respectively. The surface defects can be differentiated from the 
smooth surface by showing different gray levels. It can be 
observed from Figure 3(a) that, using R1 tool, a surface with less 
defects was obtained when the feed rate (f) decreased from 2 to 
1 µm/rev. This is because undeformed chip thickness decreased 
as the feed rate decreased, which restrained the occurrence of 
brittle fractures. When using R10 tool, the degree of defects on 
machined surface under f = 2 µm/rev was similar to that under f 
= 1 µm/rev by using the R1 tool. Moreover, the machined 
surface under f = 1 µm/rev by using the R10 tool presented a 
defect-free surface as shown in Figure. 3(b). The reason for this 
is that the larger tool nose radius, the smaller the undeformed 
chip thickness, given that other parameters (i.e. depth of cut and 
feed rate) are the same [9]. It is noteworthy that surface defects 
were generated at the uncut shoulder even when f = 1 µm/rev 

which corresponds to a maximum undeformed chip thickness of 
20 nm, as shown in Figure 3(b). This indicates that p-ZnSe is so 
brittle that an extremely low feed, or small undeformed chip 
thickness, should be used to achieve high surface integrity. From 
this viewpoint, diamond cutting with a large nose radius tool is 
an efficient way to machine polycrystalline soft-brittle materials. 

 

  
 
Figure 3. CLSM images of turned surface under (a) R1 tool, and (b) R10 
tool. 

 
A 3D topography of the machined surface under f = 1 µm/rev 

by the R10 tool is shown in Figure 4(a). The Sa, Sq and Sz of the 
surface are 3.12 nm, 3.93 nm and 24.6 nm, respectively. Figure 
4(b) gives the extracted 2D surface profiles along Line 1 and Line 
2 that were marked in Figure 4(a). In both profiles, the height 
difference between two adjacent grains at the grain boundary 
(i.e. grain boundary step) can be identified clearly. The 
maximum grain boundary step reached 10 nm. However, the 
vertical deviations of the roughness profile in a certain grain was 
less than 2 nm. These indicate that the surface roughness is 
dominated by the grain boundary steps. 

 

 
 
Figure 4. (a) 3D topography of the surface machined under f = 1 μm/rev 
by R10 tool. (b) 2D surface profile along Line 1 and 2 marked in (a). 

 
The SEM images of scratched grooves under constant loads of 

2, 5, and 10 mN are presented in Figure 5. The groove obtained 
under 2 mN, as shown in Figure 5(a), was smooth without any 
scratch-induced surface cracks, and only a few slip lines formed. 
The edge of the scratched groove was intact, indicating that the 
material underwent elastic-plastic deformation. The intrinsic 
scratches on the workpiece surface remained in the groove, 
which indicates that no material was removed from the 
workpiece surface, instead, the material underwent downward 
plastic flow during the scratching process. When the load 
increased to 5 mN, the width of the groove also increased, as 
shown in Figure 5(b). More slip lines appeared at the bottom of 
the groove along the scratching direction, indicating the material 
was plastically deformed to a greater extent. Meanwhile, a few 
cracks were formed in the groove, and the intrinsic scratches on 
the workpiece surface can still be seen in the groove. When the 
load increased to 10 mN, more cracks appeared in the scratched 
groove, as shown in Figure 5(c). Cracks were in parallel to the slip 
lines at the groove bottom but deflected by an angle when it 
propagated to the groove edge. Additionally, the crack densities 
and the numbers of active slip systems were different in grains 
of varied crystallographic orientations. In the scratched groove, 
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on the left of the Figure 5(c), slip lines formed not only at the 
groove bottom but also at the groove edge. Nevertheless, 
material removal from the workpiece surface did not take place 
during the scratching process, because the intrinsic scratches of 
the workpiece surface remained in the groove. This might be due 
to a much larger edge radius of spherical tool compared with 
that of round-nose cutting tools, which resulted in a extremely 
small relative tool sharpness (RTS, i.e. the ratio of penetration 
depth to tool edge radius). This RTS caused a much higher 
effective negative rake angle. The intense compressive stress 
imposed by the rounded edge curvature transforms a 
concentrated shear deformation mechanism into a rubbing 
mechanism [7,10]. 

 

 

 
 

Figure 5. SEM images of scratched groove under the load of (a) 2 mN, (b) 
5 mN, and (c) 10 mN. 

 
It is evident in Figure 5(c) that the deformation behaviour of 

two neighboring grains are different. To further understand the 
role of grain boundary, a 3D surface morphology of the 
scratched groove under 10 mN was measured by atomic force 
microscope (AFM), as shown in Figure 6(a). The cross-sectional 
profiles of the groove in grain A (blue line), grain B (red line) and 
at the grain boundary (black line) are plotted in Figure 6(b). It is 
observed that the groove depth in grain B is a little larger than 
that in grain A, and the groove depth at the grain boundary is 
smallest. This indicates that when the material undergoes 
plastic deformation without chip formation, the surface 
roughness is likewise dominated by the grain boundary steps. 

 

  
 
Figure 6. (a) AFM image of scratched groove under the load of 10 mN. 
(b) Corresponding cross-sectional profiles of the scratched groove. 

 
3.2. Cutting chips morphology 

Since no chips were generated during the scratching process, 
only the chips generated by diamond cutting were collected and 
observed. Figures 7(a) and (b) show the cutting chips machined 
under f = 1 μm/rev by using the R1 and R10 tools, respectively. 
In the low-magnification SEM images, the chips appeared to be 

needle shape when using the R1 tool, as shown in Figure 7(a1). 
However, by using the R10 tool, flake shape chips were observed, 
as shown in Figure 7(b1).  

The high-magnification SEM images of needle-shaped chips 
and flake-shaped chips are shown in Figure 7(a2) and (b2), 
respectively. For both types of chips, lamellar structures, which 
show serrated-like structures, can be observed on one side of 
the chips. This indicates that the chips result from a periodic 
shear deformation in the primary shear zone. However, it can 
also be seen that the thickness of needle-shaped chip is larger 
than that of the flake-shaped chip. This is because at the same 
feed rate, the undeformed chip thickness under the R1 tool is 
larger than that under the R10 tool. In addition, on the chips 
generated by the R1 tool, the serrated-like structures were 
parallel to each other with a constant spacing. This may cause 
the formation of curled chips. However, on the chips generated 
by the R10 tool, the distance between two adjacent serrated-
like structures is much smaller, and the serrated-like structures 
were interlaced with each other. 

 

  

  
 

Figure 7. SEM images of cutting chips generated under f = 1 μm/rev by 
using (a) R1 tool and (b) R10 tool. Images a1 and b1 are low 
magnification; a2 and b2 are high magnification. 

 
3.3. Microstructural changes 

To investigate the possible microstructural changes of the 
material after the machining, micro-Raman spectroscopy 
analysis was performed. For diamond cutting experiments, both 
machined surfaces and cutting chips were characterized. The 
Raman spectra of unmachined surface and machined surface are 
shown in Figure 8(a). Three peaks are observed at Raman shifts 
around 142.8, 205.8 and 252.4 cm-1 that correspond to the 
transversal acoustic (2TA) phonon mode, transversal optical 
(TO), and longitudinal optical (LO) phonon modes of ZnSe, 
respectively. It is obvious that no phase transformation is 
detected on the machined surface under the R1 tool. This may 
be attributed to the fact that compressive hydrostatic stress is 
dominant under the R1 tool, and that the phase transformation 
of ZnSe caused by the compressive hydrostatic stress can be 
reversible during unloading [11]. However, in the spectrum of 
machined surface using the R10 tool, the peak height of 2TA and 
TO phonon mode was decreased. This indicates that a thin layer 
of phase transformation remained on the surface. This might be 
because of an increased deviatoric stress induced by tool friction 
under the R10 tool, which weakens the reverse phase 
transformation in the machined surface. 

The Raman spectra of cutting chips generated by the R1 and 
R10 tools were compared with each other, as shown in Figure 
8(b). For the Raman spectrum of the chips generated by the R1 
tool, the 2TA phonon peak disappeared while the TO splitting 
mode was observed at 205.9 cm-1. This type of Raman spectrum 
is in agreement with the Raman spectrum of ZnSe under high 
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pressure. [12] The appearance of the TO splitting mode indicates 
that ZnSe is transformed from a zinc blende structure to a 
cinnabar structure under a pressure level higher than 5.5 GPa 
[12]. For the spectrum of cutting chips under the R10 tool, 
however, both TO splitting and LO phonon peaks disappeared, 
indicating that the cutting pressure was higher than 12.5 GPa 
and that ZnSe had transformed to a metallic phase [11]. It is 
supposed that the metallization of cutting chips helps the 
removal of the material in a completely ductile mode. 

For diamond scratching experiments, since no chip was 
generated, only the scratched surface was characterized. To 
compare the scratched and unscratched surfaces, Raman line-
mapping was conducted. The length of the scanning path was 8 
μm, with a pitch of 0.2 μm. The scanning path was perpendicular 
to the scratching direction and the groove center was taken as 
the axis of symmetry. Figure 8(c) shows the 3D plot of Raman 
shift vs Y position and Raman intensity. Three peaks which were 
the same as those in Figure 8(a) were clearly observed. Thus, no 
phase transformation was observed on the scratched surface. 
However, the Raman peak weakening for 2TA, TO and LO was 
observed at the center of scratched groove. This is supposed to 
be caused by the local lattice distortion in the subsurface region 
[13]. As no material was removed from the workpiece surface 
and the material underwent plastic ploughing during the 
scratching process, the material at the groove center underwent 
additional compression and shear, resulting in more severe local 
lattice distortion with less Raman intensity. 

 

  

 
 
Figure 8. (a) Raman spectra of unmachined surface and machined 
surface by using R1 and R10 tools at f = 1 μm/rev. (b) Raman spectra of 
cutting chips by using R1 and R10 tools at f = 1 μm/rev. (c) Raman line 
mapping spectra of the scratched surface under the force of 10 mN. 

4. Conclusions  

In this paper, an investigation of the effects of tool shapes on 
machined surface integrity of polycrystalline zinc selenide was 
carried out by using two round-nose diamond cutting tools with 
different nose radii and a spherical scratching tool that has much 
larger edge radius. A series of experiments, including cutting and 
scratching, were conducted. 

The experimental results show that a large nose radius tool is 
effective to achieve good surface quality and high efficiency in 
diamond cutting of p-ZnSe. With the use of the large nose radius 

tool, an extremely small undeformed chip thickness can be 
achieved, which restrains the occurrence of brittle fracture. 
While using the spherical tool, the material undergoes plastic 
deformation without chip formation, owing to an extremely 
small relative tool sharpness. However, no matter what kind of 
tool is used and how the material is deformed, grain boundary 
has a great influence on the machined surface roughness. 

 The microstructural change of p-ZnSe is found to be varied 
with tool shape. At feed rate is 1 μm/rev, cutting chips undergo 
a zinc-blende to cinnabar phase transformation when using the 
R1 tool, however, metallization of cutting chips occurs for the 
R10 tool. No phase transformation is detected on the scratched 
surface using the spherical tool. Instead, local lattice distortion 
appeares in the subsurface layer as a result of plastic 
deformation. 

The results of the investigation provide insights into the 
deformation mechanism of polycrystalline soft-brittle materials 
in nanoscale machining with respect to different tool shapes, 
which will provde guidelines for improving surface integrity in 
various machining processes such as cutting, burnishing, and 
abrasive machining. 
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Abstract 
Random micro-structured surfaces (RSS) have great application potentials as various functional surface elements, such as optical diffusers and 
hydrophobic/hydrophilic surfaces. Conventional fabrication methods for RSS, such as chemical etching, are no longer suitable for modern 
requirements of high precision and controllability. In this study, a novel method was proposed for fabricating controllable random dimple arrays by 
using fast tool servo (FTS)-based single-point diamond turning. Firstly, small patches of quadratic surfaces were periodically arranged over a large 
surface area. Then the position, height, and size of each quadratic surface were adjusted by applying random values whose dynamic range is preset. 
In this way, the spatial difference between the dimples were under control within an adjustable range. Finally, the fabricated surface was evaluated 
to validate the effectiveness of the proposed method. Results showed that the machined surface feature matched precisely with the designed one. 
This method provides possibility for mass production of high-precision RSS by patterning mold inserts for molding/imprinting processes. 
 
Keywords: random micro-structured surface, diamond turning, fast tool servo, optical diffuser, freeform surface, dimple array 

1. Introduction  

Random micro-structured surface (RSS) is commonly used for 
light diffusion in the optical field. Especially, randomized 
microlens array makes it possible to achieve homogenized light 
diffusion while controlling the intensity profile of incident light 
[1]. Since light diffusion technology has an important application 
in beam shaping, projectors, 3D sensing, and so forth, several 
fabrication methods such as dry/wet etching, laser processing, 
and photolithography [1-3] have been developed. However, 
these methods cannot control the randomness perfectly, which 
makes it difficult to predict the machined RSS and fabricacate an 
ideal surface. In this study, a novel method was proposed for 
fabricating controllable random dimple arrays by using fast tool 
servo (FTS)-based single-point diamond turning. This method 
enables flexible control of randomness, and in turn, high-
precision machining of an ideal RSS. 

2. Designing procedures of RSS 

An RSS is composed of dimples with random quadratic 
surfaces which can be expressed as: 

𝑧 = 𝑎(𝑥 − 𝑏)2 + 𝑐(𝑦 − 𝑑)2 + 𝑒 (1) 
where x, y, z are variables for each axis, a, b, c, d, and e are shape 
parameters for controling the size and position of a dimple along 
X- and Y-axes, and the depth of the dimple, respectively, as 
shown in Figure 1. By generating random numbers for the shape 
parameters, each dimple has a random quadratic surface. In 
addition, the shape of each dimple is controllable by presetting 
dynamic ranges of random values. Consequently, an RSS can be 
created by placing each dimple at a predetermined position. A 
designed surface formed by these arranged dimples is defined 
by selecting and combining the smallest overlapping values in 
the Z-axis direction. Based on the above method, controllable  
random micro-structured surfaces can be created. Figure 2 
demonstrates an RSS generated by the proposed method, which 
was constituted by 576 (24x24) dimples in total. The diameter 
and height of basic quadratic surface of dimples were 100 μm 

 

 
 
Figure 1. Procedure of RSS design 
 

 
 
Figure 2. Designed RSS for cutting experiment using developed program: 
(a) overall, and (b) enlarged view 

    
and 5 μm, respectively. Randomness was applied to each dimple 
by substituting a random value ranging from 0.45 to 1 for shape 
parameters a and c, and 0.6 to 1 for e.   

3. Experimental setup and procedures  

To fabricate the designed RSS, a tool path program with 
compensation of tool geometry was generated. Then, diamond 
turning was performed by using a fast tool servo FTS-5000 
(AMETEK Precitech Inc.), equipped on an ultraprecision lathe 
Nanoform X (AMETEK Precitech Inc.). A round-nosed single-

391

http://www.euspen.eu/


  

crystal diamond tool with a nose radius of 0.09 mm, a rake angle 
of 0°, and a clearance angle of 17° was used. The feed rate, depth 
of cut, and spindle rotation rate were 5 µm/rev,  3.0 µm, and 100 
rpm, respectively. Oxygen-free copper with a diameter of 20 mm 
was used as workpiece. After machining, an optical microscope 
VHX1000 (KEYENCE Co., Ltd.) and a white-light interferometer 
Talysurf CCI1000 (AMETEK Co., Ltd.) were used to observe and 
measure the machined RSS. 

4. Results and discussion      

4.1.Observation of machined surface 
Figure 3(a) shows the measured topography image of a 

machined RSS, and Figure 3(b) shows the error map created by 
fitting the measured topography of machined RSS to the 
designed  surface topography in Figure 2(b). From the error map, 
it can be found that the size, depth and edge position of each 
quadratic surface in the machined surface matched with those 
in the design surface. The PV and RMS value of the form error 
were 425 nm and 52 nm, which indicates that high-precision 
machining of the designed RSS was achieved in this experiment. 
This result validates that the randomness of RSS can be 
controlled by the proposed design method and the fabrication 
of high-precision RSS can be realized by FTS-based diamond 
turnning. In addition, this method allows predicting the 
topography of the machined RSS from the design surface, which 
is difficult to achieve by using conventional fabrication methods.  

 
4.2.Mechanism of edge distortion 

Figure 4 shows topography images of the machined RSS at the 
workpiece center and outer area. Sharp edges were formed 
between the dimples near the workpiece center, while distorted 
edges were formed in outer area. Interpolation errors in the 
toolpath program are considered to be the cause of edge 
distortion. 

As shown in Figure 5, the toolpath program was defined by 
individual cutting points placed by a constant angle. The 
equiangular arrangement of the cutting points results in a dense 
arrangement of cutting points in the center area and a sparse 
one in the outer area. Between the cutting  points, cutting is 
performed at a tool position determined by interpolation based 
on neighbouring cutting points. The interpolation error, which is 
the difference between the designed surface and interpolated 
curve, depends on the density of cutting points and the 
complexity of the designed surface. The outer cutting points are 
sparse, causing a bigger interpolation error which may have 
distorted the outer edge of the machined RSS.  

Simulation was done to predict the machined surface by 
compensating the interpolation error in the toolpath program. 
Figure 6 shows a comparison between the predicted edge cross-
sectional profiles of the center and outer region of the RSS. The 
edge cross section in Figure 6 corresponds to the red dashed 
lines in Figure 4. The measured edge cross section is gemerally 
consistent with the predicted one, confirming that the 
interpolation error in the toolpath program is the main cause of 
the edge distortion. It is a future work to reduce this error. 

5. Conclusions     

A program was developed for RSS design, and the designed 
RSS was successfully machined by diamond turning using an FTS. 
Unlike conventional methods, the propsed method enables to 
control the RSS’s randomness by changing dynamic range of 
random values applied to quadratic surfaces. Distortion of 
dimple edges was produced on the outer area of the machined 
RSS due to the interpolation error. Suppression of edge 
distortion will be further investigated in our future work. 

 
 

Figure 3. (a) Topography of a machined RSS corresponding to the surface 
in Figure 2(b); (b) error map created by comparing Figures 2(b) and 3(a). 
 

 
 

Figure 4. Topography image of (a) a dimple in workpiece center area, 
and (b) another dimple in the outer area 
 

 
 

Figure 5. Interpolation error in toolpath program generation 

 

 
 
Figure 6. Comparison of simulated and measured edge cross-sectional 
profiles at (a) workpiece center and (b) outer area 
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Abstract 
Machine hammer peening can be referred as an incremental mechanical surface treatment procedure, which can be realized by using 
various tools being based on various actuator principles. For the purpose of high productivity, a high-performance drive for generating 
vibrations in the tool of a high frequency is desired. Therefore, this paper presents a new hammer peening tool with a piezoelectric 
actuator. In order to facilitate this actuator principle for practical applications, a coupling unit is necessary being installed between 
the tool and the machine. This coupling unit insulates the process vibration at the machine (e.g. a machine tool or an industrial robot) 
and changes the operating mode of the hammer peening process from position controlled to force controlled. In such way, the 
accuracy of the positioning movement as well as the accuracy of the workpiece are not the issue anymore and the piezoelectrically 
actuated tool with a low stroke of 120 µm can be deployed for practical applications. This tool together with the coupling unit can 
reach hammering frequencies in the range from 800 to 1300 Hz. These frequencies enable higher feed rates and productivity of the 
hammer peening process than tools with pneumatic or electromagnetic actuators being available on the market. For the purpose of 
demonstration of the tool potential, some experimental tests are presented in this paper. Here, workpiece being milled like in die 
making were treated by the hammer peening process with the new tool. The surface were smoothed from Ra 1.18 μm to Ra 0.10 
μm. 
 
Machine hammer peening, piezo peening, surface smoothing, Incremental micro-forming, manufacturing  

 

1. Introduction and motivation  

The hammer peening is a technology for surface finishing, with 
which values of Rz = 1 µm can be reached [1]. In principle, it 
consists in incremental plastic deformations of peaks in the 
surface profile. The tip of a hammer peening tool having the 
shape of a ball makes a periodical movement in normal direction 
to the surface. This hammering movement is combined with a 
feed for smoothing the surface along a line. Repeating the feed 
along a shifted line, a surface can be machined with hammer 
peening [2]. The effect of smoothing depends on the impact 
distance se, i.e. the distance between two neighbouring ball 
prints on the surface measured in the feed direction, and the 
shifting distance between the two lines. The impact distance and 
the shifting distance are often set to the same value to reach a 
consistent smoothing effect over the surface. Since the feed rate 
vf results from the impact distance se and the frequency of the 
hammering movement fH according to vf = se fH, it is obvious that 
a high hammering frequency leads to a high feed rate and, 
therefore, to a short time for hammer peening of a surface. 
Considering the large surfaces of forming dies, which are often 
treated with the hammer peening, the importance of the 
hammering frequency becomes significant. The existing tools for 
hammer peening are based on a pneumatic exciting principle 
with fH less than 250 Hz [3] or electromagnetic driving principle 
with fH less than 500 Hz [4]. 

In this paper, a new hammer peening tool is presented. This 
tool deploys a piezoelectric actuator for generating the 
hammering movement. In general, a piezoelectric actuator 
cannot reach a similar stroke like the two exiting principle 
mentioned above. Despite this drawback, a special design of the 

tool allows the use of the piezoelectrically actuated tool for 
hammer peening of three-dimensional surfaces with high 
deviations from the nominal geometry in the range of 2 mm are 
not an exception. This is highly relevant for treatment of deep 
drawing dies, since these are often manually adjusted in order 
to compensate deviations in a forming press. 

2. Design of tool and coupling unit      

The structure of the hammer peening tool with a piezoelectric 
actuator is shown in Figure 1. It is a simple design consisting of 
the piezoelectric actuator, a punch with the ball at its end, a 
guiding system for the punch, the base together with connecting 
flange and a housing pipe. The piezoelectric actuator features 
the maximal stroke of 120 µm, the blocking press force of 12500 
N, maximal tensile force of 2000 N due to the static preloading 
of the piezoelectric actuator and maximal voltage of 1000 V. It is 
obvious that this design on its own would not be able to 
compensate the deviations in the range of 2 mm, as mentioned 
above. In order to do this, the tool is supplemented with a 
coupling unit. This unit is installed between the tool and 
machine (e.g. a machine tool or an industrial robot). The goal of 
the coupling unit is to generate a static preload with that the tool 
is pressed against the surface and the value of the static preload 
is almost constant, i.e. independent on the deviations in the 
surface geometry. The coupling unit has been developed in two 
versions. The first version (so called mechanical coupling unit) 
features a spring with a low stiffness so that the movement 
caused by the deviations from the nominal surface geometry 
induces a low change in the static preload (see Figure 1). The 
second version of the coupling unit (so called pneumatic 
coupling unit) is designed with a pneumatic bellows cylinder (see 
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Figure 2). The pneumatic bellows cylinder is combined with a 
pressure control valve. The coupling unit can move only with one 
degree of freedom in fact in the direction of the stroke. The 
remaining five degrees of freedoms are bounded by three sliding 
guiding rods. The stroke of both coupling units amounts to 4 
mm.  
 

 
Figure 1: Design of the piezo actuated peening tool with the mechanical 
coupling unit 

 

Figure 2. Design of the piezo actuated peening tool with the pneumatic 
coupling unit 

3. Functional principle 

The goal of the coupling unit is to compensate the deviations 
in the geometry as depicted in Figure 3. For this purpose, the 
tool is operated under static preload. In such case the relatively 
position of the tool to the surface is not the issue anymore. 
Instead of this, the static preload has to be kept constant 
regardless the deviations in the geometry of the surface, in 
Figure 3 labelled as g. The technical solution for the constant 
static preload could be the force-controlled movement of the 
tool or a mechanical solution with zero stiffness. In the second 
case, the movement of the tool caused by the deviations from 
the nominal geometry would not cause any change in the static 
preload. Therefore, two versions of the coupling unit has been 
developed, as mentioned above. The first one deploys a spring 
of very low stiffness. This leads to negligible changes in the static 
preload caused by the deviations of the surface. The second one 
consists in the combination of the pneumatic bellows and the 
pressure control valve. This valve ensures a constant pressure (in 
Figure 3 labelled as pconst) in the pneumatic bellows, thus, a 
constant static preload (in Figure 3 labelled as Fpreload). Figure 3 
shows the principle of keeping the constant static preload for 
the pneumatic version of the coupling unit. Here, the tool is 
depicted at two different time instances t1 and t2. At the first 
time instance, there is a large difference between the real 
surface geometry and the surface from CAD, for which the tool 
path is actually programmed. In this case, the coupling unit is 
pulled out. At the second time instance, the coupling unit is 
compressed. The pressure-controlled valve ensures the constant 
pressure in the pneumatic bellows. Therefore, the static preload 
is also constant at both time instances. 

     
Figure 3. The principle for compensating the deviations in the geometry 
of the surface 

The static preload force presses the hammer peening tool 
against the workpiece. When the piezoelectric actuator is 
excited with a certain hammering frequency and this frequency 
is high enough, the tool tip lifts off the workpiece due to inertial 
forces and the elasticity of the whole system. If the effect of 
lifting off is sufficient, i.e. the mean value of the periodical 
hammering movement lies above the surface of the workpiece, 
the feed of the tool is possible with a negligible resistance, 
therefore, without impacts on the surface quality.  

When hammer peening is going to be performed, the tool is 
positioned to the workpiece until contact between the tool tip 
and the workpiece exists. Afterwards, the static preload is 
exerted and run-up of the piezoelectric actuator is started, i.e. 
the maximal voltage value of the piezoelectric actuator for a 
selected hammering frequency is increased in accordance with 
a smooth function (see Figure 4) to avoid a step load of the 
piezoelectric actuator, thus, to avoid its overload by an 
unforeseen dynamic load. 

 
Figure 4. Run-up of the tool according to a smooth function 

The hammering frequency fH plays an important role in the 
process of hammer peening with piezoelectric actuator. It is 
crucially for the productivity and for the lift off effect. The aim is 
to set the hammering frequency as high as possible. This is linked 
with some challenges like the effect of jumping tool on the 
surface as well as resonances of the machine, the workpiece and 
the workpiece fixation, which are source of noise and which can 
reduce the surface quality during the hammer peening process. 
When the effect of jumping tool on the surface occurs, the 
hammering movement is not determined by the movement of 
the actuator but by the dynamic properties of the whole system 
including the tool, the coupling unit, the machine and the 
workpiece. In this case, the hammering frequency is significantly 
lower than the frequency of the piezoelectric actuator. 
Therefore, this effect has to be avoid. The simulation of this 
effect is presented in [5], though for the previous design of the 
hammer peening tool. 
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If the hammering frequency is a priori not known, it can be 
determined within a simple experiment. The tool is positioned 
to a location on the workpiece without any functionality, e.g. in 
a peripheral area. At this location, the hammer peening tool is 
pressed against the workpiece with the desired value of the 
static preload. Afterwards, the actuator of the hammer peening 
tool is excited with a sinus swept signal with linearly changing 
frequency and with a constant voltage amplitude. While this, the 
acceleration on the tool base is measured with an 
accelerometer. A possible set-up for the simple experiment is 
depicted in Figure 5. Here, the hammer peening tool together 
with the mechanical coupling unit is clamped in the spindle of a 
horizontal nc milling machine. The test workpiece is fixated on 
the table of the machine. One accelerometer is mounted on the 
tool base. This acceleration is evaluated for determining the 
hammering frequency. In Figure 5, there is also another 
accelerometer mounted at the coupling unit. This accelerometer 
measures the vibration at the machine spindle in order to assess 
the insulating function of the coupling unit, i.e. reduced 
vibration at the machine spindle. The insulating factor amounts 
to 10, i.e. the amplitude of accelerations measured at the 
spindle are ten times lower than acceleration amplitudes 
measured at the tool base.   

   
Figure 5. The experimental set-up for testing the hammer peening tool 
with a mechanical coupling unit  

Figure 6 shows the measured acceleration at the tool base in 
the direction of the stroke during the excitation with the sinus 
swept signal. The tool (mounted with the pneumatic coupling 
unit) was operated under static preload of 300 N. The voltage 
amplitude of the sinus swept signal amounts to 900 V and the 
frequency was linearly changed from 950 Hz to 1300 Hz. The 
actuator presented in this paper has an upper frequency limit for 
operation at 1300 Hz. Due to the linear change of the frequency, 
a unique relation between the time axis and the frequency axis 
exists. Thus, the time instances can be replaced by frequency 
values as in Figure 6. In such way, an appropriate hammering 
frequency can be chosen. 

 
Figure 6. Effect of jumping tool on the surface, recognisable in the range 
from 950 Hz to 1150 Hz, depicted by acceleration of the tool base for 
sinus swept input signal  

In Figure 6, the effect of jumping tool on the surface can be 
seen in the range from 950 Hz to 1150 Hz. Furthermore, the 
appropriate frequency range for the hammer peening could be 
selected in the range from 1150 Hz to 1250 Hz. In this case, the 
mean value of the measured acceleration should lie below the 

zero line in order to facilitate the feed movement of the tool 
with a low resistance, as mentioned above. 

4. Setting technological parameters      

The choice of technological parameters for hammer peening 
aiming at maximal efficiency always represents a challenge. 
Some technological parameters like the impact distance, the 
shifting distance, the angles of the tool orientation related to the 
workpiece as well as the angle between the feed direction for 
hammer peening and for milling are common for all actuator 
principles (pneumatic, electromagnetic or piezoelectric) being 
used for a hammer peening tool. Therefore, some findings have 
been made in studies for other hammer peening principles can 
be reused in case of the piezoelectrically actuated hammer 
peening tool. For instance, such a study can be found in [6], 
where the above mentioned parameters were investigated 
experimentally as well as computationally using the finite 
element method for the pneumatic hammer peening tool. Here, 
mathematical models for design of the hammer peening process 
were developed. The goal of the current research work is to 
adopt, extend or modify these process models for the 
piezoelectrically actuated tool with other limits regarding the 
hammering frequency. 

The hammer peening is performed with a set of technological 
parameters, which take an influence on the machining results, 
especially on the surface quality. Comparing the pneumatic 
principle, the technological parameters being special for a 
hammer peening tool with a piezoelectric actuator are the static 
preload Fpreload, the actuator voltage UAct and the hammering 
frequency fH. In order to gain experiences with setting these 
technological parameters, machining tests has been performed. 
The assessing criterion in these tests is the roughness of the 
machined surface.  

The static preload is varied in the range from 350 to 800 N. The 
lift off effect and the effect of jumping tool are crucial when the 
static preload is set. A high value of the static preload presses 
the tool against the workpiece too much so that the lift off effect 
cannot occur and the feed movement is not possible. On the 
other hand, a very low value of the static preload let the effect 
of jumping tool arise, as described above.  

The hammering frequency were set in a frequency range from 
800 Hz to 1300 Hz. The upper limit of the frequency range results 
from the used piezoelectric actuator, as already mentioned 
above. A further limiting factuator for the maximal frequency is 
the maximal tensile force acting on the piezoelectric actuator. 
The higher frequency the higher is the tensile force caused by 
the inertial forces. The maximal frequency value resulting from 
the maximal tensile force was found out by using simulation. The 
frequency value of 1300 Hz ensures a safety load case for the 
piezoelectric actuator. The lower limit is not critical for the 
actuator but leads to a lower productivity. In the experimental 
set-up, the lower frequency limit was set to 800 Hz, since there 
are some resonances in the machine bellow this value, which 
affect the process. 

The actuator voltage is a free programmable value, which can 
be theoretically set in the range from 0 to 1000 V. In this paper, 
experiments with three values for the voltage of 300, 600 and 
900 V were performed. The voltage correlates with the force of 
the piezoelectric actuator, i.e. excitation force in the whole 
system. The excitation signal in the experiments was set 
according to a sine function with a mean value being higher than 
the amplitude in order to avoid an excitation in tension. The 
signal was always run-up as shown in Figure 4.  

All hammer peening tests presented in this paper were 
performed with the same shifting distance of 0.2 mm. 
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Furthermore, the tool was perpendicular oriented to the 
workpiece and the feed direction for hammer peening was 
perpendicular to the feed direction for milling (see Figure 8). The 
feed rate vf was set to 5 m/min. The constant feed rate leads to 
a change in the impact distance se depending on the hammering 
frequency fH, i.e. a higher hammering frequency results in 
smaller impact distance. The static force was measured with the 
multicomponent force platform (see Figure 5). The tests consist 
in hammer peening of rectangle areas with dimensions of 25 x 
10 mm (see Figure 8) on a workpiece (Mat.-No. 1.2379 
X155CrVMo12-1) being milled with a ball cutter. Such milling 
process is typical for die making. The arithmetic average 
roughness Ra of the milled surface amounts to 0.91 µm in feed 
direction for milling and 1.18 µm in the cross direction. 

 
Figure 8. The experimental set-up for testing the hammer peening and 
the feed directions of the machining processes 

The roughness of the surface before and after the hammer 
peening was tactilely measured with the device by Mahr 
MarSurf PS10. The measuring of the surface profile curve were 
performed in the feed direction for hammer peening as well as 
in the cross direction (i.e. in the feed direction for milling). The 
mean roughness value Ra is used for the evaluation, as this is 
common in the targeted industries.  
The measurement was performed five times, each time along a 
new path. The cut-off wavelength of 0.8 mm filtered through the 
device software. This setting is recommended for aperiodic 
surface profiles with an expected surface roughness value Ra of 
0.1 µm to 2.0 µm.  In this paper, the mean value from the five 
measurement is evaluated.  

The results of the hammer peening tests are shown in Figure 
7. It can be seen that the roughness value Ra in the feed 
direction for hammer peening shows lower deviations than the 
roughness value in the cross direction. In the feed direction, Ra 
values of 0.10 µm were reached. In the cross direction, the same 
Ra values could be only reached with the static preload of 500 N 
and at frequency of 1100 Hz. Furthermore, there is an outlier in 
roughness in the cross direction for static preload of 350 N and 
hammering frequency of 800 Hz. In this case, the effect of tool 
jumping obviously occurs (see Figure 6) and the roughness could 
not be smoothed properly. The impact of the voltage on the 
smoothing the roughness seems to be negligible, at least for the 
static preload of 500 N and the hammering frequency of 1300 
Hz. In this case, a lightly decreasing function of the roughness 
and the voltage can be noticed. The maximal roughness value Ra 
amounts to 0.10 µm at 300 V and Ra of 0.07 µm at 900 V. 

5. Summary, conclusion and future work      

The paper presents a new tool for hammer peening with a 
piezoelectric actuator. The presented tool can be deployed for 
hammer peening of a workpiece with deviations from the 
nominal surface in the range of 2 mm. This is only possible due 
to special coupling unit being installed between the tool and the 
machine. The hammer peening tool with the coupling unit is 
operated under a static preload. In such way, the new tool is 
moved over the workpiece with constant static preload and the 
relative position between the tool and the workpiece does not 
play a role anymore. The coupling unit is designed in two 
versions. The first one is a pure mechanical design with a spring 
of very low stiffness so that the deviations cause a very low 
change of the static preload. The second one uses a pneumatic 
bellows cylinder together with a pressure control valve to realize 
zero stiffness. Therefore, a force-controlled movement is not 
necessary for hammer peening with the new tool. 

In the paper, some aspects related to operating the new tool 
like the run-up of the tool and the effect of jumping tool are 
explained. Furthermore, machine hammer peening tests were 
performed with the new tool in order to demonstrate the 
functionality as well as a first study of technological parameters 
like hammering frequency, the static preload and the voltage of 
the piezoelectric actuator were presented. The results show that 
the new tool is able to reduce the Ra values of the roughness 
from 1 µm to 0.1 µm at hammering frequency of 1300 Hz. This 
shows the big potential for productivity increasing when the 
new tool is used.   

The research work in the future focuses on the further 
improvement of the design of the tool and the coupling unit. 
Beside this, a process model is developed with that the reliable 
technological parameters for high productivity can be selected. 
Moreover, this new technology for hammer peening will be 
considered in a CAM software. 
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Abstract 
Part inaccuracies due to spring-back and non-uniform material thinning in single point incremental sheet forming (SPIF) are the major 
concerns. Multiple studies have been conducted to address these issues, for instance, the over forming at the edges is addressed by 
using backing plate and relatively uniform thinning can be achieved by two-point incremental forming (TPIF) or double point 
incremental forming (DPIF). However, these methods require fabrication of die or a special purpose machine to carry out DPIF. In 
this paper, a novel flexible die based on granular jamming concept is proposed and tested for its feasibility in incremental forming 
applications. The developed flexible die consists of elastic membrane filled with granular material, vacuum pump, and debris 
entrapment unit. Various granular materials were first tested to assess its suitability for the application in the forming, subsequently 
the flexible die was employed in the single point sheet forming experiments. Initial experimental results showcase improved accuracy 
at the part opening; however, more testing is required to optimize the parameters for improved results.  
 
Keywords: Granular jamming, Single point incremental sheet forming, Part accuracy, Hybrid incremental sheet forming 

 

1. Introduction   

Single point incremental sheet metal forming (SPIF) is 
generally used for batch production, prototype parts and 
forming of complex geometries with deep features. However, 
part inaccuracies due to spring-back and non-uniform material 
thinning are the major concerns as shown in Figure 1.  

 

 
Figure 1. Part inaccuracies in SPIF and use of backing plate 

 
Variants of SPIF such as double point forming (DPIF), two point 

forming (TPIF), hybrid SPIF and use of backing plate have been 
proposed to improve part accuracies [1,2,3]. However, these 
methods require fabrication of die or use of special purpose 
machine tool. For instance, backing plate needs to be fabricated 
depending on the opening geometry of the part to reduce the 
over forming at the part opening which leads to increase in cost. 
It is important to address inherent inaccuracies in incremental 
sheet metal forming to ensure precise and accurate formed 
parts. Hence in this study, a flexible die support based on 
granular jamming concept is proposed to improve part accuracy 
for SPIF.  

2. Granular jamming and flexible die      

Jamming is a physical process in which the viscosity of the 
granular media increases with increasing particle density. It is 
commonly observed when granular material is poured into the 
hopper slowly. In the recent years, the concept of the granular 
jamming has been widely used in the field of soft robotics and 
development of universal gripper [4].  Unlike the naturally 
occurring jamming, the jamming in these applications can be 

controlled by controlling the density of the particles. Application 
of vacuum is one of the easiest methods to control the stiffness 
of the enclosed granular media. The working principle is 
depicted in the Figure 2. The elastic membrane contracts as the 
vacuum is applied leading to increase in particle density and 
jammed state.  

A flexible die was developed based on the concept of granular 
jamming for use in incremental sheet metal forming application. 
The flexible die set-up consists of flexible die module, debris 
entrapment container and vacuum pump. The debris 
entrapment container protects vacuum pump by entrapping any 
unwanted leaked granular media in addition to control of 
vacuum pressure. The stiffness of the jammed state depends on 
properties of membrane, granular media and level of vacuum 
applied.   

   

 
Figure 2. Flexible die set-up based on granular jamming  
 

2.1. Effect of granular media and vacuum pressure  
Four materials were tested as a granular media at three 

vacuum pressure levels. Firstly, Expanded Polypropylene (EPP,2-
3 mm) and Expanded Polystyrene (EPS, 2-3 mm) were tested 
followed by gravel with average size 3-4 mm and sand particles 
of average size 1 mm. The granular media was enclosed by 
elastic membrane made up of natural rubber with thickness 0.2 
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mm. The initial tests were conducted to quantify the effect of 
granular media and vacuum pressure on stiffness of the jammed 
state. A tool with 15 mm diameter was pressed against the 
jammed flexible die to capture resistance force as the tool 
deforms the jammed die. The results are shown in Figure 3.  

 

 
Figure 3. Effect of granular media on stiffness of jammed state 
 

The resistance force depends on the interaction of particles in 
the granular media inside the elastic membrane. In addition to 
interaction, resistance force is also affected by the 
compressibility of the particles. The EPS and EPP beads are 
compressible and offered limited resistance to displacement in 
jammed state in addition to spring-back due to elastic recovery. 
On the other hand, rigid materials such as gravel and sand 
resulted in higher stiffness without any spring-back due to highr 
hardness and increased frictional interaction among granular 
particles.  It is clear from the results that size of granular media 
significantly affects the stiffness in jammed state. Moreover, the 
vacuum levels can be used for varying the stiffness, for instance 
the stiffness increased by more than 35% when vacuum is 
pressure dropped from 75% to 98%. Based on these 
observations, sand particles were selected as a suitable granular 
media for the SPIF experiments.     

3. Preliminary experimental results      

Single point incremental forming experiments were conducted 
on Makino V66 CNC machine with hardened steel tool (Dia. 15 
mm). Two geometries were formed incrementally with and 
without flexible die support using spiral tool path strategy. 
Aluminium alloy A2024-T0 sheet metal having 1 mm thickness 
was used as a forming blank. The experimental set-up is 
depicted in Figure 4.  

  
Figure 4. Experimental set-up for incremental sheet metal forming with 

flexible die 

 
The flexible support in the shape of rectangular pillow 

(210x230 mm) consists of silicone rubber sheet (thickness 1 mm) 
as an elastic membrane enclosing 3.8 kgs of sand. To achieve 
maximum stiffness, 96.3 % vacuum was used during the testing.  

Over forming at the opening of the part is reduced with the 
flexible die which can be attributed to the rigid support provided 
during forming. However, as the tool moves from periphery to 

centre, the material is displaced towards centre as shown in 
Figure 4(c). Accumulation of the material increases the density 
of the granular media in the centre of the flexible die which 
results in increased stiffness and forming force. Moreover, it 
leads to pillow effect observed on the parts formed with flexible 
die. Additionally, stiffness increases with increasing forming 
depth resulting in high forming forces and material thinning.  

Though the use of flexible support resulted in material 
thinning and pillow effect, further optimization of vacuum 
pressure is required to reduce adverse effects. Also, selective 
use of the flexible die in the beginning of the forming process 
will reduce the pillow effect.  

  

 
Figure 5. Measurements of formed parts with and without flexible die 

(dimensions are in mm)  

4. Summary      

In summary, the fine rigid particle granular media is best suited 
for the flexible die. Moreover, the stiffness can be varied and 
controlled by changing the vacuum levels which can be used for 
in-process accuracy improvement. Based on the preliminary 
results, the newly developed flexible die has potential to replace 
backing plate and reduce over forming at the opening of the 
part. The flexible die can conform to any shape in unjammed 
state and retain the shape in jammed state which can be used as 
a support multistep forming process to reduce spring-back.  
However, more experimental studies are required to optimize 
the performance of the flexible die.  
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Abstract 
Robotic machining is a fast-growing technology in the field of mechanical manufacturing. Indeed, it is generally accepted that for the 
same working space, a fully equipped robotic machining cell can cost 30 to 50 % less than a conventional machine tool and enables 
agility to deal with complex workpieces. However, inaccuracies occur due to the robot’s flexibility, inherent to its structure, while 
subjected to cutting forces. In order to improve the accuracy of robotic machining operations, it has been shown that compensation 
methods rely on faithful models of the operation. In the scope of model-based trajectory compensation, it is crucial to model the 
cutter-workpiece engagement (CWE) and the resulting forces along the tool while operating complex trajectories.  
Numerous modelling methods of CWE features have been proposed since the breakthroughs in digital technologies. The constructive 
solid modelling emerges as the solution for volume intersection calculation, nevertheless with a view of coupling the computation of 
machining forces with the time-based dynamic simulation of cutting machine, a discrete computation of the CWE and forces is 
required. The two main discretized approaches discussed are the volume-based and the vector-based ones.    
This article aims to present a module developed in C++ for test purposes that computes the machining forces and the update of the 
workpiece for 5-axis geometry. The proposed method is based on the modelling of workpiece using tri-direction network of dexels 
with scalable resolution and a disk modelled tool. The computation of chip thickness is carried out at each time step and is based on 
linear intersections between the cutting edges and the dexels network coupled with a quadratic interpolation in the tool space. The 
simulation results of 2.5D milling operations is compared with the validated 2.5D machining operations using in-house simulator 
DyStaMill. 
 
Virtual machining, process simulation, 5-axis milling, workpiece modelling, tri-dexels  

1. Introduction   

The breakthroughs in digital technologies of the 1960s and the 
upcoming popularisation of software have pushed industries 
towards computer-aided design. Hence, the need to model 
machining parts in geometric point of view but also in a 
mechanical way for different machining operations generated a 
substantial amount of research [1]. The material removal 
simulations can be categorised based on the simulations 
purpose but also on the methods used to model the workpiece, 
the tool and their interaction [2]. Virtual machining englobes the 
simulation of micro-mechanics and macro-mechanics. Micro-
mechanics simulations are designed for specific parts of the 
cutting process through a detailed analysis with, for example, 
finite element methods modelling the thermo-mechanical 
behaviour of the material. With a different scope, macro-
mechanics simulations are used for a global understanding of a 
machining process, such as tool vibrations, process forces, 
machined surface indicators.  

For every simulation of cutting operation, the cutter 
workpiece engagement (CWE) is a decisive parameter since it 
represents the area of the tool in action with workpiece, leading 
to the estimation of the uncut chip thickness and thus the 
computation of the machining forces. The management of the 
CWE, considering the vibration of the tool and therefore the 
cutting edges motion regarding to the workpiece, is a non-trivial 

problem and depends on the approaches chosen to model the 
workpiece and tool.  

Recurrent workpiece modelling approaches can be divided in 
two main groups: the solid modelling methods and the 
discretised modelling methods.  

Solid modelling regroups models considering the object as a 
whole entity with either its volume or its boundary surface. The 
spread volume modelling method is the constructive solid 
geometry (CSG) which considers parts as the result of a series of 
Boolean operations between primitive volumes [3]. Due to the 
computational efficiency of this method, it has been deeply 
investigated in the literature [4] and is met in CAM software at 
the planning level. 

The volume can be represented with its surface. Within this 
scope, boundary surface approaches (B-rep) represent the part 
with parametric description of surfaces and curves. This scheme 
provides accurate rendering of parts and scalable complexity 
depending on the order of parametric functions selected. The 
resulting surface is composed of sewn patches such as triangles 
[5] or NURBS [6]. 

Using volumetric approaches for workpiece and tool modelling 
is efficient for tool-path validation and swept volume 
computation. Indeed, the CWE is computed with the Boolean 
difference between the workpiece and the tool envelope. At 
each time step, the immersion angle and its evolution along the 
operation are known [7].   

Discretised modelling methods regroups methods considering 
discrete elements to model the workpiece. The elementary 
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elements can be either points, leading to point-based methods 
[8], or line segments, leading to vector-based methods [9] or 
elementary volumes leading to volume-based methods [10]. 
Such methods are interesting since the discretisation enables 
tuneable resolution but introduce aliasing error [1].  

Similarly to workpiece models, many approaches exist to 
model the tool. For the global determination of the removed 
volume, tool details are not required. The tool is then 
represented by its envelope in space [11]. The swept volume is 
computed as the intersection of this envelope with the 
workpiece. It is possible to determine the CWE with analytical 
models of the tool. The intersection of the envelope with the 
workpiece is computed analytically as arcs along the tool axis, 
the grouping of theses arcs consists in feasible contact area, 
useful for the CWE determination [12]. More generally, the 
established tool modelling approach presented by Altintas et al. 
is to represent it as a discretised slack of elementary disks [13]. 
Many advantages arise from this method such as the localisation 
of cutter edges, the scalability of discretisation and the 
possibility to compute the global machining forces as the sum of 
elementary contribution of each slice. 

In the case of a dynamical simulation of machining operation, 
the cutting forces acting on the tool must be computed at each 
time-step. It is indeed necessary for the prediction of the 
machine tool response since the resulting deflections and 
vibrations impact the cutter position at the next time step. In 
order to compute the instantaneous cutting force, the tool 
edges must be modelled. In robotic machining, inaccuracies 
resulting either from vibrations or deflections occur while the 
robot is subjected to cutting forces, inherent to its flexibility 
inducing structure. In order to reproduce this behaviour, it is 
necessary to compute cutting forces at each time step. Hence, 
discretised methods are suitable choice for workpiece modelling 
in dynamical simulation. Schnoes et al. rather proposed a voxel-
based method [14]. Further work in voxel technology is carried 
on by Jimin et al. where an alternative to high memory 
consumption caused by voxel is developed with rendering 
improvements [15].  

The method proposed is a hybrid approach mixing the tri-
dexel representation with a chip thickness determination via an 
analytical method.  

First, a theoretical description of the dexel approach and tool 
modelling is proposed in Section 2. The Section 3 is devoted to 
the CWE determination method developed. Finally, a 
comparison between the results given by the tri-dexel simulator 
and the validated in-house simulator DyStaMill [16] is proposed 
in Section 4. 

2. Tool-Workpiece modelling      

As introduced, the modelling of the workpiece depends on the 
phenomenon the simulation aims to highlight. In the focus of 
time-domain simulation discretised methods enable direct 
computation of chip thickness with a control over the resolution 
of the workpiece and thus the accuracy of the machined surface.      
 
2.1. Dexels modelling 

Vector modelling consists in a discrete representation method 
of matter by means of a pattern of parallel line segments. As an 
example, the representation of a turbine with the tri-dexel 
approach is displayed in Fig. 1.  

The dexels can be employed in different manners depending 
on the task. For 2.5D milling operations, stacked layers of 2D 
dexel grids can be considered [17]. However, for 5-axis 
operation, it is more suited to use tri-dexel approach in order to 
limit aliasing error along z axis. Methods for intersections 

computation with tri-dexels network has been developed 
considering interference with tool envelop [18]. 

 

 
Figure 1. Discretization of turbine blade in a tri-dimensional dexel 
network. 

The vector modelling method allows interesting compromises 
between efficiency and accuracy. It can be coupled with other 
methods with the aim of enriching the simulation. Typically, the 
dexels can be linked with other models. Denkena et al. 
developed a dexel model coupled with finite element model of 
the workpiece in order to simulate the workpiece elastoplastic 
response by co-simulation [19]. This coupled method links the 
advantages of dexels such as the quick computation of and the 
benefits of FEM with accurate computation of material 
behaviour. 
 
2.2. Tool modelling      

Modelling the tool is a key point is the simulation since the 
determination of the CWE is the interaction between the 
workpiece model and the tool model [13]. 

The chosen method for tool modelling is the slack of slices 
since it locates the cutting edges along the helical flutes and 
enables a straightforward computation of cutting forces by 
summing contribution of each slice, as illustrated in the Fig. 2.  

 
Figure 2. Discretized tool as slack of slices - adapted from [20] 

3. Cutter-workpiece engagement      

The determination of CWE proposed is the mix of two 
approaches: the interaction between a dexel workpiece and a 
sliced tool method with an analytical method for chip thickness 
determination.  
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3.1. Workpiece update 
For discrete modelling methods, an increasing resolution leads 

to a higher accuracy at the expense of computation time. The 
grid resolution of the tri-dexel network depends on the angular 
increment of the tool, directly linked to the time-step. The 
selection of the time step for a dynamical simulation of a milling 
operation has been investigated [21].  

As a compromise, the time-step is selected to ensure validity 
of force estimation while limiting the computation time. The 
minimum resolution (𝑑𝑟) criterion is deduced from the 
maximum allowed time-step as given in equation (1). 

√3 𝑑𝑟 < 𝑑𝑡 𝜔 𝑟𝑡𝑜𝑜𝑙 (1) 

Time discretization of the tool motion is a linear interpolation 
between the tool position as shown in Fig. 3. The intersection 
between the linearly interpolated swept surface and the dexel 
network is computed as several line-plane intersections. The 
workpiece surface is updated based upon those intersections.  

 
Figure 3. Linear interpolation between edges position. 

3.2. Chip thickness computation 
Since the resulting cutting forces acting on the tool are 

computed as the sum of elementary forces determined at each 
slice, the chip thickness must be known for each tooth in every 
slice. It is computed as the distance between the edge position 
and the front surface. This front surface corresponds to the 
positions of the tool edges at previous time-steps. Since the 
velocity field of cutting edges is known, a quadratic 
approximation of the machined surface is conducted with 
Hermite interpolation between points of this front.  

The edge position is obtained by computing the intersection 
between the line linking the slice centre (𝑝𝑘𝑐) and the tooth 
position (𝑝𝑘𝑗) with the front, as expressed in equation (2). 

{𝑝𝑘𝑐 + 𝜆 𝑝𝑘𝑗 | 𝜆 ∈ [0,1]}  ∩  

{𝐻𝑒𝑟𝑚𝑖𝑡𝑒(𝑓𝑟𝑜𝑛𝑡, 𝜉) | 𝜉 ∈ [0,1]} 
(2) 

The front surface interpolated and its interaction with the tool 
edges is represented in Fig. 4. 

 
Figure 4. Chip thickness computation with surface front interpolated at 
each tool slice. 

The determination of the cutting forces in the tool frame is 
carried on with the empirical Altintas model based on the chip 
thickness and the tool parameters such as helix angle as 
expressed in equation (3).  

𝑑𝐹𝑖 = 𝐾𝑖,𝑐  ℎ 𝑑𝑧 + 𝐾𝑖,𝑒 𝑑𝑆  (3) 

Where subscript 𝑖 states for tangential, radial and axial direction,  
𝐾𝑖,𝑐 , 𝐾𝑖,𝑒 correspond respectively to shear force and edge 

coefficients, ℎ being the uncut chip thickness and 𝑑𝑆, 𝑑𝑧 are 

represented in Fig. 2. This force computation model is 
implemented in a DyStaMill module [16]. The global force is 
retrieved from the tool frame by applying frame rotation.   

4. Results      

The milling simulation is carried on for flat-end mill. In order 
to compare with validated cases of the in-house simulator 
DyStaMill, the 2.5D case is studied. The validation of the dexel 
model is based on the comparison of the cutting forces and the 
machined surface. A first comparison is carried out for the 
simulation of a face milling operation on a Al6060 block. A 
second comparison is executed with experimental data for the 
face milling of Ti6Al4V. The parameters are given in the table 1. 

Table 1. Simulation and experimental parameters 

Validation Case Numerical Experimental 

Material  Al6060 Ti6Al4V 

Tool Parameters 

N° of edges 

Shifted position 

Identified run-out 

2 

170°-190° 

/ 

2 

/ 

0,  -2.204 µm 

Helix angles 30 20 

Radius 5 mm 1 mm 

Number of slices 20 slices 100 slices 

Cutting Parameters 

Rotation speed ( N ) 22000 rpm 11940 rpm 

Tooth feed ( f ) 0.05 mm/tooth 10 µm/tooth 

Time step (dt) 5.45 10-5 s 10.05 10-5 s 

Depth of cut 𝑎𝑝 2 mm 2 mm 

Cutting thickness 𝑎𝑒 R/2 R/2 

 
The machined surface of the Ti6Al4V block can be 

reconstituted from the tri-dexel network as shown in Fig. 5. 

 
Figure 5. 3D view of the machined workpiece represented with the 
dexel nodes and its 2D projection in the XY plane. 

The resulting forces in the tool frame for the simulation of 
Al6060 are given in Fig. 6. The magnitudes are equivalents with 
a maximum gap of 11%. 

 
Figure 6. Comparison of the machining forces over 200 iterations for the 
simulation validation in Al6060. 
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The comparison with experimental data is given in Fig. 7. As an 
illustration of the 3D usage, the face milling of a block and the 
cutting of a corner is proposed in Fig. 8.  

 
Figure 7. Comparison of the machining forces over a revolution between 
Dystamill, dexel module and experimental data. Measurements were 
collected with a Kistler dynamometer and filtered under 2kHz. 

 

 
Figure 8. Face Milling simulation and corner milling of an Al6060 block. 
Machined dexels nodes are in red.  

5. Summary      

This paper provides a review of workpiece modelling methods 
in virtual machining. In the focus of time-based simulation, 
where dynamical behaviour of cutting machines is considered, a 
coupled dexel-analytical method is proposed for instantaneous 
machining forces and machined surface computation. The 
results are compared with validated in-house simulator 
DyStaMill for 2.5D operations where the maximum error gap 
reaches 11% and with experimental data collected from the face 
milling of  Ti6Al4V workpiece.   

6. Conclusion      

The proposed method allows to combine discretized methods 
advantages with the time efficiency of analytical methods. The 
goal of this simulator is to serve as an estimator of the cutting 
forces for 5-axis milling operations and the modelling of 
resulting machined part. The simulator is presented as a C++ 
module taking position and velocity of the tool centre point as 
input and giving instantaneous machining forces as outputs. It 
can be coupled with dynamical model of cutting machine. 

7. Future Work      

An extension of the module’s is planned where the 
interpolation between tool position is carried out with quadratic 
surface patch. The aim is to compare the computational 
efficiency of the intersection module between a linear surface 
and a quadratic surface. Moreover, the computation time is 
directly function of the resolution O(n²), which may cause issues 
for detailed simulations. Yet, it can be reduced by considering a 
preselection of the dexels. Instead of browsing the whole 
network for intersections, the tool envelope at the following 
time step can be used to test dexels likely to be cut.  Finally, 
modelling and testing 5-axis operations are to be carried out. 
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Abstract 
Powder Injection Moulding (PIM) is a widespread technology for the fabrication of metal and ceramic components. Thanks to recent 
development within the field of Additive Manufacturing (AM), more and more focus is spent on the integration between AM and 
PIM. The use of AM to produce moulds for the injection moulding sector has pointed out new challenges: among others, the mould 
deformation during the filling stage. This issue is particularly severe when dealing with the injection of PIM feedstocks. The high 
viscosity of PIM feedstocks require elevated injection pressures. In this paper, the possibility to tailor the rheological properties of a 
feedstock by changing the distribution of powder particle size is investigated, taking into consideration the effect of specific surface 
area and interparticle forces. Finer powders with narrower distribution, higher specific surface area and presence of colloids showed 
higher viscosity, while coarse powder with broader particle size distribution and mainly non-colloidal particles resulted in lower 
viscosity.      
 
PIM, AM, Soft Tooling, Powder Particle Size Distribution, Freeform Injection Moulding, Rheology, Low Pressure.    
   

 

1. Introduction   

Powder Injection moulding (PIM) is an established process for 
large-scale production of near net shape parts. This technology 
differs from conventional injection moulding (IM) due to the 
nature of the injected material: while in IM a polymer is injected 
into a mould, in PIM, metal or ceramic powders suspended in a 
polymer are instead used. Additive manufacturing (AM) has 
opened new horizons for PIM. The use of 3D printed moulds, 
instead of the milled metal tools, has enabled new design 
possibilities, overcoming some limitations of the conventional 
injection moulding process [1]. In case of highly customized 
parts, complex geometries are often needed, and a low overall 
number of parts produced. In such a situation, traditional PIM 
processes fail to comply since fabrication of moulds for intricate 
parts can be both challenging and expensive. The use of additive 
manufactured moulds as tools for injection moulding, called soft 
tooling, is a promising and affordable approach to use for PIM 
processes also when few parts are produced [2].  Another 
approach to soft tooling is the use of sacrificial moulds. This 
technique consents to produce components with complex 
geometry without the use of cores or slides as the mould is 
removed either thermally [3] or chemically [4].  

Although soft tooling has allowed fabrication of customized 
parts, it creates a new set of interesting challenges for 
researchers and industry.  Moulds for soft tooling are usually 
produced either by Fused Filament Fabrication as showed by 
Qayyum et al.  [5] or by Vat Photopolymerization as described in 
a previous work of the authors [6]. These moulds are made of 
polymeric materials and not of metal, as the ones used in 
conventional IM. The strength of steel is up to four orders of 
magnitude higher than polymers and in particular 
photopolymers [7]. The pressure applied during the injection 
moulding process can create defects and deformations on the 

mould, due to the lower stiffness of the polymeric materials. 
Davoudinejad et al. [8], showed how an elevated packing 
pressure can cause damage when soft tools are used. Similar 
results are also observed by Zhang et al. [9]. It is impelling to 
avoid such defects in order to produce precise parts. The lower 
strength of the moulds is a particular challenge when dealing 
with PIM processes. The feedstock for PIM has higher viscosity 
than common materials for injection moulding. Thus, it needs 
higher pressure during the filling phase [7]. In order to use low 
pressure to inject PIM feedstocks, Demeres et al. [10] have 
investigated the effect of different binders, showing low 
viscosity for binders based on Paraffin Wax (PW). 

In addition, Aslan et al. [11] and Sotomayor et al. [12] 
investigated the effect of solid loading and particle size 
distribution, respectively on the rheology of feedstocks.  

The effect of the distribution of the powder on the rheology 
can be challenging because it is influenced by several aspects: 
the width of the distribution (narrow or wide [13]), the shape 
(monodispersed or bimodal [14-15]), the specific surface area 
and the type of powder (colloidal particles or non-colloidal [16]).  

This paper investigates the effect that the particle size 
distribution of 316L SS powders has on the rheology of PIM 
feedstocks focusing on the influence of the before mentioned 
characteristics. The final aim is to tailor the powder particle size 
distribution of the feedstock to reduce its viscosity and inject the 
material at lower pressure obtaining, in this way, geometrically 
stable parts. 

2. Experimental procedure      

PIM feedstocks generally consist of metallic or ceramic 
powders and a binder system. The feedstocks investigated in this 
work were composed of 316L stainless steel powders provided 
by Sandvik Osprey Ltd. and a binder system containing PW, low-
density polyethylene (LDPE) and stearic acid (SA). PW was used 
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as the primary binder and it is responsible for the flowability of 
the material. LDPE was selected as the secondary binder, 
enabling the structural integrity of the part after the injection. 
LDPE was chosen in place of high-density polyethylene (HDPE) 
because it exhibits lower viscosity than HDPE, while still being 
able to provide sufficient strength to the material. Finally, SA 
was added as surfactant to assist powder dispersion. The 
powder binder ratio used was 70/30. 

In order to investigate the effect of powder particle 
distribution on the viscosity of feedstocks, two types of 316L 
stainless steel powders, with d50 of 5 µm and 50 µm, 
respectively, were used and mixed in different ratios, as 
reported in table 1. The parameter d50, represents the value of 
particle size below which is possible to find the 50% of the 
distribution.   

 
Table 1. Composition in percentage of volume of the different 
feedstocks.   

 

Feedstock 316L SS 
d50=5µm 

316L SS 
d50=50µm 

0-100 0 % 100 % 
25-75 25 % 75 % 
50-50 50 % 50 % 
75-25 75 % 25 % 
100-0 100 % 0 % 

 
The mixing was done using a magnetic mixer IKA C-MAG HS 7. 

Several parameters influence the mixing: time, speed, 
temperature, sequence of material addition etc. In order to 
make the mixing procedure repeatable, the mixing time was 
fixed at 30 minutes and the temperature was set at 120°C. Such 
a temperature was selected based on the injection temperature. 
Another important parameter is the sequence of material 
addition. To avoid agglomeration, initially only the binders were 
added, once they reached the liquid state, the powders, which 
had been previously mixed together in dry condition, were 
included gradually. Since the powders were progressively added, 
the viscosity of the mixture was changing constantly and the 
mixing speed needed to be adjusted accordingly. 

The powder particle size distribution was measured using a 
Malvern Mastersizer 3000 in wet condition with deionized water  
as medium. This instrument measures the angular variation 
intensity of the scattered light generated when a laser beam hits 
a powder particle.   

The rheological investigation was done using an Anton Paar 
modular compact rotational rheometer, using a parallel plate 
apparatus with a disk of 25 mm, and a gap between plate and  
disk of 0.7 mm. Frequency sweep tests were used to calculate 
the complex viscosity of the paste at frequencies from 0.1 to 100 
HZ.  This test allows to perform viscosity measurements in the 
non-destructive deformation range by oscillating a disk at a 
constant shear with varying frequency. In order to assure to be 
in the non-destructive deformation range, the selected constant 
shear needs to be inside the limit of the linear viscoelasticity 
region. Such a shear can be selected by previously running an 
amplitude sweep test, where the paste is oscillated at constant 
frequency while increasing the shear systematically. All the 
viscosity measurements were carried out at 120°C. 

3. Results and Discussion      

This section reports and discusses the results from the 
investigation of the rheology of the different feedstocks. First, 

the powder particle size distribution is described, and then the 
rheology measurements are reported.    
 
3.1. Powder Particle Size Distribution   

Ten samples for each feedstock were used to investigate the 
powder particle size distribution. In figure 1 and table 2, the 
results of this investigation are reported and summarized.  

The feedstock 0-100 is the one with coarser powder, also 
visible by the low specific surface area (SSA) of only 26 m2/Kg. 
From the micrograph of figure 1 (a), only big particles are visible. 

 
Table 2. Powder particle size distribution and Specific Surface Area (SSA) 
of the five different feedstocks. 

 

Feedstock 0-100 25-75 50-50 75-25 100-0 

d10 [µm] 27.0 3.7 3.1 2.5 2.8 
d50 [µm] 50.5 37.2 6.9 5.3 5.1 
d90 [µm] 92.2 84.3 54.8 70.5 8.6 
SSA [m2/Kg] 26 120 196 264 345 

 
This is in agreement with the analysis done on the distribution 
of the particles, where a d10 of 27 µm was found, meaning that 
only 10% of the particles have a size below 27 µm. From the 
curve of figure 1 (a), it is also possible to notice how there are no 
particles below 10 µm. Such a feedstock has a wide distribution 
spanning roughly from 10 to 200 µm. 

By introducing 25% of stainless steel powder with a d50 of 5 
µm (this is the case of feedstock 25-75) a bimodal distribution is 
observable, see figure 1 (b). A first peak lies below 10 µm and a 
second one is present at roughly 60 µm. The distribution of the 
particle does not start anymore at 10 µm; the presence of very 
small particles is depicted in the micrograph of figure 1 (b). 

Feedstock 50-50 has an equal amount of 316L SS with d50=50 
µm and d50=5 µm. The distribution of the powder is narrower in 
comparison to the previous ones, with particle sizes below 120 
µm. Half of the particles of this feedstock have sizes smaller than 
10 µm.  

When the amount of fine powder in the feedstock is higher 
than the coarse one, such as for feedstock 75-25, the 
distribution becomes even narrower. Now the size of the 
particles is below 90 µm, and the second peak of the bimodal 
distribution is flattening out. Only few big particles are visible 
from the micrographs in figure 1 (d) 

Finally, feedstock 100-0 is the one with the narrowest particle 
size distribution. In this case, 90% of the particles of the powders 
have a size below 10 µm. The curve in figure 1 (e) shows a unique 
peak around 5 µm, only small particles are visible from the 
micrograph.  

Overall, it is possible to observe how, by increasing the amount 
of fine powder in the feedstock, the specific surface area 
increases, while the distribution of the size of the powders 
moves toward the left and becomes narrower. 

 
3.2. Rheological Investigation   

Figure 2 shows the variation of the complex viscosity at 
different angular frequencies. The feedstock with the lowest 
viscosity is 0-100 (i.e., the one with 100% 50 µm metal powder) 
while the paste showing the highest viscosity is the one with 
100% 5 µm.   
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Figure 1. Powder particle size distribution of the five different feedstocks and related micrographs. The scale bar in the micrographs is 30 µm. 

 
The viscosity of the feedstocks with a bimodal distribution are 
located in between the suspensions with monodispersed 
powders. This is also visible in figure 3, where the viscosities at 
small and large shear rate are reported. The result is in 
agreement with the one of Sotomayor et al. [12].  The straight 
curve with Newtonian behaviour at the bottom of figure 2 
represents the viscosity of the binders system.  

The discovery of the low viscosity of the feedstock with 100% 
50 µm 316L SS powder, as compared to the other distributions, 
can be explained by considering the presence of both colloidal 
and non-colloidal particles in our feedstock. Genovese at al. [17] 
defined colloid, particles below 10 µm, and non-colloid, particles 
above 10 µm. Mehdipour et al. in [16] investigated the 
rheological properties of cementitious suspension and explained 
how, in the presence of non-colloidal particles, only mechanical 
interactions exist, and the viscosity is exclusively influenced by 
hydrodynamics and friction forces. In presence of colloidal 
particles instead, the rheology of the fluid is ruled by particle 
surface forces like Van der Waals and electrostatic interactions.   

Colloids by definition have high specific surface area. The 
higher the specific surface area is, the more predominant the 
effect of the intermolecular forces over the hydrodynamics and 
friction forces. From the powder particle size investigation, we 
have seen that the addition of the fine powder with d50 of 5µm 

moves the distribution of the particle towards smaller size, thus 
increasing the amount of colloids in the feedstock. 

 

   
Figure 2.  Average of the complex viscosity for the five different 
feedstocks and the binder. The coloured area around the curve depict 
the standard deviation.  
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Figure 3.  Complex viscosity for the five different feedstocks versus 
specific surface area. The viscosity data are reported for angular 
frequency of 0.628 rad/s and 628 rad/s.  
 

An increase in colloids means that the particles in the suspension 
are closer to each other, increasing the interactions and thus the 
viscosity.  

In Figures 3 and 4, it is possible to see the variation of the 
viscosity with specific surface area.  Feedstock 100-0 (i.e., the 
one with 100% 5 µm metal powder) has the highest specific 
surface area, 345.62 m2/Kg. In this case, the rheology is mainly 
influenced by the interactions forces, explaining the high 
viscosity of this feedstock.  On the other hand, the feedstock 0-
100 with 100% 50 µm powder has the lowest specific surface 
area and lowest viscosity. 

Figure 4.  Interval plots of complex viscosity for the five different 

feedstocks versus specific surface area. The viscosity data are reported 
for angular frequency of 0.628 rad/s in (a) and 628 rad/s in (b). 

 It is possible to observe, in figure 3, how the deviation 
between the viscosity at low and high angular frequency 
increases with the increase of the specific surface area. Pseudo 
plastic fluids are characterized by a decrease in viscosity when 
the angular frequency is increased. The difference between the 
viscosity at low and high angular frequency for the feedstocks 
with smaller particle sizes, illustrates this pseudo plastic 
behaviour. The interval plot in figure 4, shows an increase of the 

standard deviation when the specific surface area is bigger. The 
increase in standard deviation is caused by a higher difference in 
viscosity of samples of the same feedstock. This behaviour might 
be caused by a higher tendency of the paste with finer powders 
to segregate.  

Overall the feedstock with 100% 50 µm powder showed the 
lowest viscosity. This feedstock is a good candidate to reduce the 
pressure during injection moulding, however it might not reach 
the best densification during sintering due to the low specific 
surface area of its powder. 

4. Conclusion 

The aim of this paper was to investigate the effect of the 
powder particle size distribution. Five feedstocks with 70 % solid 
loading were produced using different ratio between two 
stainless steel powders with d50 of 5 µm and 50 µm.  

The rheological investigation showed lower viscosity for the 
feedstock with 100% 50 µm 316L SS powder and higher viscosity 
for the suspension with bimodal distribution. The higher 
viscosity for the feedstock with a mix of powders can be 
explained by the presence of colloids promoting intermolecular 
forces over hydrodynamics and friction forces. A particular high 
viscosity was found for the feedstock with 100% 5 µm powder.  

Considering that the paste with 100% 50µm powder showed 
both low viscosity and low standard deviation, it might be a good 
candidate as feedstock for low pressure injection moulding.  
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Abstract 
This paper describes the quantification and visualization of human bone processing techniques performed by skilled surgeons during 
endoscopic surgery. In the experiment, human and bovine cortical bones were manually ground by an experienced surgeon, for which 
the grinding force and grinding conditions were measured. Moreover, the grinding conditions' effects on the human bone grinding 
characteristics were investigated through experiments using machine tools under certain conditions. The results demonstrated that 
surgeons adjust the grinding conditions such that the grinding force is ≤10N during bone machining, for a cutting depth of 
approximately 2 mm, tool inclination angle of approximately 60°, and feed rate of 55 mm/min. Moreover, sudden peak values of the 
grinding force were observed when the tool inclination angle was less than the surgeon's machining condition, and the grinding force 
increased significantly when the feed rate exceeded this condition, based on the turning experiments using machine tools. 
 
Microsurgery, human bone, grinding, quantification 

 

1. Introduction 

Percutaneous endoscopic surgery has been widely performed 
in recent years because it is a minimally invasive type of surgery 
that burdens patients less than conventional surgery does. In 
recent years, rapid advances have been made in robotic surgery. 
However, spinal surgery involving bone processing has not 
undergone robotization owing to the lack of progress regarding 
the elucidation and quantification of bone processing 
characteristics [1]. Moreover, endoscopic procedures in spinal 
surgery require a very high level of skill in bone processing and a 
large amount of time to acquire the necessary skills (learning 
curve (LC)). The quantification of bone processing techniques by 
skilled surgeons is an urgent aspect that needs to be explored 
for shortening the LC. Moreover, the differences in processing 
characteristics between porcine and bovine bones used for 
training and human bones need to be clarified to shorten the LC. 
In this study, an attempt was made to quantify and visualize 
human bone processing techniques performed by skilled 
surgeons. In the experiment, the surgeons ground human bone, 
and the grinding force and grinding conditions were verified. 
Moreover, machining experiments were conducted under 
various grinding conditions using machine tools, and the effects 
of the varied grinding conditions on the machining 
characteristics of the bones were investigated. A similar 
experiment was also performed using bovine bone to highlight 
any differences from the grinding characteristics of human bone. 

2. Experimental methods 

2.1. Experimental materials 
In this study, two types of bovine and human bone (from males 

in their 90s) were used. The iliac bone was used because it has a 
relatively flat surface. The thick part of the cortical bone was 
shaped into a block using a chisel, a saw, and a milling machine, 
and the bone was fixed to a vice and used in the experiments. 

The surface of the vertebral body, which is excised during 
surgery, comprises an interior spongiosa consisting of 
trabeculae with stomata and meshwork, and the outside is 
surrounded by hard cortical bone. In this experiment, cortical 
bone, which has a higher hardness and grinding force than those 
of cancellous bone, was used as the grinding specimen. 

 
2.2. Bone grinding experiment by surgeon's manual operation 

In this experiment, the tool was attached to a handpiece 
(Nakanishi Inc. (NSK), Primado2 Control Unit), as shown in Figure 
1 (left), and the surgeon performed bone groove grinding 
experiments using the handpiece. In the experiment, a quartz 
piezoelectric four-component force dynamometer (Kistler9272) 
was mounted onto a rotary multi-vice (DREMEL Model 2500-01) 
via a jig to fix the bone. The tool used in the experiment was an 
electrodeposited diamond tool (NSK, PDS-2CDL-40) used in 
general endoscopic surgery. The diameter of the tool was 4 mm, 
the grain size of the diamond was 181–271 µm, and the tool 
rotation speed was set to 64000 rpm. The grinding environment 
mimicked actual surgical environments, and water was supplied 
to the grinding points. The grinding was performed in the Y 
direction, and grooving, which is often employed during surgery, 
was performed.  

 
 

   
Figure 1. Experimental setup and method (left: manual operation by 
surgeon, right: grinding using machine tool). 
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2.3. Machining experiments under constant grinding 
conditions using machine tools 

The same handpieces and tools used in the manual 
experiments were used for the bone machining experiments 
involving machine tools. The handpiece was attached to the 
main spindle of a small CNC milling machine (Original Mind Inc., 
KitMill CL100), and the grinding experiments were performed 
(Figure 1, right). During this process, the handpiece could be 
attached to the machine tool through the spindle at a given 
inclination angle. In addition, a quartz piezoelectric four-
component force dynamometer was installed on the table of the 
small CNC milling machine, and the bones were fixed via a vice 
installed on the dynamometer. Tool feed, cutting depth, and 
tool inclination angle were selected as the standard grinding 
conditions based on the results of the manual experiments. As 
human bone could not be used in this experiment, bovine ilium 
was used as the work material. In the grinding experiments, the 
tool was placed vertically standing and grooved in the Y-
direction, and water was supplied during the grinding. 

3. Experiment results 

3.1. Measurement of bone resection conditions based on the 
surgeon's technical skill 

The measurement results of the grinding force based on the 
surgeon's manual technical skills are shown in Figure 2. The 
grinding force used for the cortical bone specimens was 
approximately 5–10N and was similar for both the human and 
bovine bones. This suggests that surgeons adjust the grinding 
conditions to always produce a force of ≤10N during the 
manipulation of the bone, regardless of differences in the bone 
type. On the basis of this result, the status of bone grinding 
based on the surgeon's technical skill was evaluated using 
photos and videos. A photograph captured during the bone 
processing is shown in Figure 3, indicating that the conditions 
during bone machining were a cutting depth of 2 mm (tool 
radius), inclination angle of 60°, and feed rate of 55 m/min. 

 
3.2. Verification of bone resection conditions using machine 
tools 

After clarification of the conditions for bone resection by the 
surgeons, the reason for the surgeons performing bone 
processing under these conditions was investigated. In the 
experiment, the effects of cutting conditions on bone machining 
characteristics were investigated by changing the feed rate 
(from 30 mm/min to 70 mm/min in 10-mm/min increments) and 
tool inclination angle (from 0° to 60° in 15° increments) for the 
bovine bones using a bench top machine tool. Examples of the 
measurement results of the grinding force, for when the tool 
inclination angle was changed, are shown in Figure 4. The figure 
shows that sudden peak values occurred at an inclination angle 
of 30°. At these peak points, the noise from the tool became 
louder momentarily as the tool was deflected from the bone 
because of uneven contact with the hard part of the bone. 
However, when the inclination angle was 60°, no sudden peaks 
occurred, and the processing force was the lowest. This is 
considered to be owing to the increase in removal efficiency as 
a result of the increase in actual cutting speed due to increase in 
the inclination angle; the measurement results of the grinding 
force, for when the feed was changed, are shown in Figure 5. As 
shown in the figure, while there were no significant differences 
in the machining force between 30 and 50 m/min when the feed 
was changed to process cortices, there was a sharp increase at 
70 m/min. These results indicate that surgeons perform bone 
grinding at a tilt angle of 60° and a feed rate of 55 mm/min, 
which results in a low and stable machining force. 

4. Conclusions 

In this study, an attempted was made to quantify the 
technique used by skilled surgeons in processing human bones 
during endoscopic procedures in spinal surgery. The results 
clarified that the feed and tool inclination angles were set so that 
the processing force was ≤10N for both cortical and cancellous 
bone. Our investigation of the effects of machining conditions 
on the machining characteristics of bone using machine tools 
showed that the machining conditions employed by the 
surgeons were those resulting in a low and stable machining 
force. In spinal surgery, if the grinding temperature during bone 
processing exceeds the damage temperature of nerves near the 
bone, sequelae may be caused owing to the surgery. Therefore, 
it is necessary to measure the grinding temperature when the 
grinding conditions are changed. In addition, although this 
experiment was performed using microscopic surgical 
instruments, it is necessary to perform grinding experiments 
using endoscopic instruments used in actual surgery. We 
therefore aim to develop a spinal surgery robot based on the 
results obtained from these experiments in the future. 
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Figure 2. Grinding force measurement results from surgeon's manual 
operation (left: Bovine, right: Human). 

 
Figure 3. Observation of manual operation by surgeon. 

 
Figure 4. Relationship between tool tilting angle and grinding force (left: 
30º, right: 60º). 

 
Figure 5. Relationship between feed rate and average grinding force. 
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Abstract 
 
Capacitive sensors are proven tools for high-resolution and high-precision distance measurements. Besides the properties and 
functionality of the electrical unit, the form deviations of the sensing surfaces, their alignment errors and the surface 
microtopography of these electrically charged surfaces influence the resolution and the precision of measurements. In this study, 
different deterministic microtopographies of sensing elements are simulated, manufactured and tested in a purpose-built setup. 
Aluminium plate electrodes with surrounding guard rings are manufactured with single-crystal diamond tools. The deterministic 
average roughness Sa is varied in the range of 74 nm to 626 nm. Furthermore, the experimental results are compared to the results 
of computational Finite Element Analysis (FEA). 
 
Manufacturing, Ultra-precision, Design, Microstructure, Capacitive sensor 

 

1. Introduction 

Deterministic surface generation is used in many tasks for 
dimensional metrology. Roughness standards [1, 2], optical 
components made of glass or metal and many other surfaces 
depend on the highly repeatable structuring and patterning on 
the nanoscale. In this study, surfaces of capacitive displacement 
sensors are designed with respect to ultraprecise manufacturing 
procedures with single-crystal diamond tools, which have 
geometrically defined cutting edges.  

The capacitive sensors consist of two circular metal plates, 
which form a parallel plate capacitor. One electrode is shifted 
against the other. The change in plate distance results in a 
change in electrical capacitance. This is converted into an 
electrical voltage using an AC measuring bridge. Each active 
electrode is enclosed by a guard ring, reducing the influence of 
stray capacitance and fringe fields at the edges. Both electrodes 
are adjusted in parallel, using an algorithm in which the 
nonlinearity of the displacement measurements is minimized. In 
this study, the gap size between guard ring and electrode is 
varied from 24 µm to 100 µm and the average roughness of the 
sensing surfaces is varied in the range from Sa = 74 nm to 
Sa = 626 nm. The sensor displacement is detected by an 
interferometric setup and thus can be evaluated. The complex 
experimental setup as a whole and the methodology will be 
reported elsewhere, and only meaningful partial results are 
presented here, concerning the influence of the manufacturing 
processes. 

2. Manufacturing  

For the turning operation, a Moore Nanotech 250UPL and for 
the planing a 650FG is used. Aluminium RSA905 of the RSP 
company is processed. The single crystal diamond tool has a 
nose radius of 5 µm with an arc of 60°. The rake angle is 0°. For 
the turning operation the spindle speed was kept constant to 

2000 rpm. For the planing, feed was chosen to be 15.5 mm/min. 
The remaining parameters are shown in table 1. 

In ultra-precision diamond turning and planing, the surface 
roughness is influenced mainly by the geometry of the tool and 
it’s periodic replication. The theoretical total height of profile or 
roughness parameter Rt can be expressed as 

𝑅𝑡 = 𝑟 (1 − √1 −
𝑓2

4𝑟2
)  (1). 

The equation includes the tool nose radius r and the feed f as 
the feed per revolution. Besides this kinematic part, the elastic 
material spring back and the side flow, dynamic machining 
paramters, further plastic and inhomogenous material 
behaviour and finally thermal and geometrical machine errors 
can be included into a model [3]. In this study, these effects can 
be neglected. 

The arithmetic surface roughness average Ra can then be 
integrated as a main function z(x) of the arc of the tool nose 
along the measured line lR: 

𝑅𝑎 =
1

𝑙𝑟
∫ |𝑧(𝑥)|𝑑𝑥

𝑙𝑟

0
 (2), 

or in Whitehouse’s approximation [4]: 

𝑅𝑎 ≈
0.032 𝑓2

𝑟
  (3). 

 
Table 1. Manufacturing paramters for electrodes. Spindle: 2000 rpm  
 

Feed 
[mm/min] 

Feed f 
[µm] 

Rt [µm] 
eq. [1] 

Rt [µm] 
measurement 

Ra [µm] 
eq. (3) 

5 2.5 0.16 0.25 0.04 

7.5 3.75 0.37 0.52 0,09 

10 5 0.63 0.67 0.16 

15.5 7.75 1.5 1.5 0.38 

20 10 2.5 2.5 0.64 

 
The first values for the lower feed rates show a correlation of the 
calculated and measured roughness values of Rt, that is not so 
good. This is due to the sensitivity to single outliers in the range 
of 100 nm, which may not be avoided due to the sharp edges of 
the intersections of the resulting contour, see figure 1. 
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3. Results  

Line scans of the different surfaces in table 1 are shown in 
figure 1. For the small amplitudes, no significant noise is visible 
in the amplitudes, while the large amplitudes of 2.5 µm vary by 
several percent. 

 

 
Figure 1. Linescans of turned probe surfaces with feeds f from top to 
bottom of 2.5 mm, 5 mm, 7.5 mm and 10 mm 

 
A typical geometry of the manufactured gap between the 

guard ring and the plate is shown in figure 2. On the left, the 
topography is shown, as detected with the confocal laser 
scanning microscope Olympus LEXT4000. On the right, the plot 
along the extracted blue line is shown. 

 

 
Figure 2. Topography of sensor: gap between target and guard ring 

 
The adhesive between the parts is completely removed by the 

turning process and the burr at the edges of the aluminium is 
mild.  

A correlating plot of the electrical surface-potential shows 
discrete rounded areas with significant lower potential on the 
aluminium planes. Kelvin Probe Force Microscopy mode (KPFM) 
of the AFM is used for this purpose. The detected islands cannot 
be correlated with dust or contamination on the topography 
plot. They are assumed to be due to the metallic composition of 
the aluminium alloy. X-ray analysis of the element composition 
and concentration on the surface delivered a discrete grain size 
distribution similar to the observed surface potential deviation.  

 
The FEA (COMSOL Multiphysics) is based on charges in the half 

space. The roughness asperities are simulated as sinusoidal 
peaks opposite a plane. 

It can be seen in figure 3, that in the simulation of the influence 
of roughness, the change of nonlinearitiy and the slope error are 
small for wavelengths up to 50 µm. 

In the experimental investigation, the four electrodes with the 
topographies from figure 1 are shifted against an electrode in a 
range of up to 50 µm. The slope errors and nonlinearities against 

the interferometrically determined shift values are determined. 
The residuals of the four displacement measurements are 
compared. The result is shown in figure 4. 

  
Figure 3. FEA results: Change of nonlinearity and change of slope as 
functions of length of period on probe surface. Amplitude: 5 µm 
 

 

 
Figure 4. Measurement residuals of PTB capacitive sensor 
with different surface topographies as function of 
interferometrical distance signal 

 
There is no measurable effect of surface roughness on the 

slope error and nonlinearity in this range. This is in good 
agreement with the results of the FEA. 

4. Summary and Outlook  

Several electrodes are manufactured for the characterization 
of capacitive sensors. Each electrode consists of two parts and it 
is assembled prior to ultraprecision turning and planing. Average 
roughness values are controlled in a range between 
40 nm ≤ Ra ≤ 700 nm. It is shown in good agreement of 
simulation and experiment, which correlates the shift of the 
electrodes with a laser interferometer, that the effect of 
roughness can be neglected in the assessment of uncertainty in 
the shift up to 50 µm. In a next step, waviness will be applied to 
the active surfaces. 

The influence of the machine and tool vibration will moreover 
be examined to attain a more exact prediction of the averaged 
and absolute roughness values.  
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Abstract 
 
To improve the process results when micro milling, a unit for vibration-assisted machining was developed. The special characteristic 
of the unit is that, unlike many commercially available systems, the workpiece itself is excited. With the self-developed vibration unit 
frequencies up to 15 kHz can be realized and an installation in any machine tool is possible. In general, the process forces and the 
process results (surface topography of the workpiece) are positively influenced by vibration-assistance when micro milling. Further, 
a reduction of the process forces usually leads to reduced tool wear. Vibration-assistance hence is especially interesting when micro 
milling materials where high wear occurs, such as AISI 316L. 
The research in this paper focuses on the influence of vibration-assistance on tool wear, process forces and surface roughness during 
when milling AISI 316L. Single-edged cBN micro milling tools with an effective diameter of 100 µm were used. The vibration excitation 
of the workpiece led to significant differences in tool wear. 
 
 
Micro Milling; Vibration-Assistance; AISI 316L; Tool Wear; Process Force       

 

1. Introduction and state of the art  

For numerous applications such as electro-mechanical 
systems or medical devices, increasingly miniaturized and 
functionalized components are required due to the demand for 
reduced weight and dimensions [1], which increases the need 
for highest efficiency and precision when manufacturing 
structures at micro scale. The structural sizes of such 
components are usually significantly smaller than 1 mm. One 
way to produce such features is micro milling [2]. The precision 
of micro milling processes depends, among other things, on the 
machine’s stiffness [3] and the tool wear [4]. A promising 
technology to increase precision is vibration-assisted machining, 
which is already used in macro scale applications. In 
vibration-assisted machining, the cutting movement of the tool 
is superimposed with a vibration [5] which leads to changed 
cutting conditions [6]. In summary, vibration-supported 
machining is suitable for machining of advanced materials with 
a high hardness and high wear and temperature resistance [7]. 
The shorter contact time between tool and workpiece results 
e.g. in shorter chips and the heat can be dissipated better [8]. 
Due to the mentioned advantages, vibration-assisted machining 
is already used for components in aerospace, optics and 
biomedical science [7]. 

Vibration-assisted machining was also applied  for micro 
milling [8]. The tool size was 1 mm and titanium and aluminum 
alloys were machined [8]. The vibration-assisted machining 
resulted in better surface qualities, quantified by lower Ra 
values. In addition, smaller chips were formed due to the 
interrupted cut and the process heat was reduced. Noma et al. 
have observed a reduction of process forces and tool wear when 
using vibration-assisted machining with tool diameters of 
d = 400 µm [9]. The vibration direction was in the tool‘s axial 

direction, the vibrational frequency was 70 kHz [9]. Different 
methods exist to realize the excitation. Besides the axial 
excitation e.g. via the spindle, there is also the excitation via 
platforms, which are often used for milling applications [7]. 
Platforms for micro milling are e.g. described in [7-8, 10-13]. 

In this study the influence of vibration-assistance on the tool 
wear during micro milling of AISI 316L is investigated. Previous 
studies by the authors have already shown that micro milling of 
AISI 316L leads to pronounced abrasive wear [14]. As the focus 
of this study is the wear behavior of the micro milling tools, AISI 
316L is applied. The tools used are single-edged micro end mills 
with a diameter of d = 100 µm, the direction of the vibration is 
oriented along the direction of feed motion. Besided the tool 
wear the process forces during machining and the surface 
roughness of the milled structures are evaluated. 

2. Experimental setup 

2.1. Samples and Machine Tool 
The material AISI 316L was available as bar material and was 

cut to the dimensions of 20 x 20 x 7 mm by conventional milling.  
The experiments were conducted on the LT Ultra MMC 600 Ha 

machine tool. This machine tool features hydrostatic mounted 
axes and is driven by linear, respectively torque motors 
(translational axes and rotary axes). Before the study on 
vibration-assisted micro milling was conducted, the samples 
were face milled on the UP machine to assure parellism of the 
sample surface to the tool axes. For this reason, the sample was 
already fixed to the vibration platform during face milling. A two 
fluted milling tool with a diameter of 3 mm was used for 
planning (NS tools MSXH440Ra). 
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2.2. Vibration Platform 

The design of the vibration platform allows a mounting in 
different machine tools and is similar to [11-13]. The vibration 
platform is designed in such a way that it can be screwed onto 
the dynamometer (Kistler 9119AA2a), which is fixed in the 
machine bed. It consists of a frame, which is fixed on the 
dynamometer and is also used to preload the piezo, and a 
workpiece holder (see figure 1a)). The workpiece holder features 
solid-state joints with a stiffness of approx. 2.2 N/µm. The 
AISI 316L samples were glued to the workpiece holder. The 
amplitude of the piezo is calculated according to Melz [15] as 
follows: 

∆𝑙𝑙 =  
∆𝑙𝑙0  ∙  𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐹𝐹
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑐𝑐𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑝𝑝

 
(1) 

According to the manufacturer, the piezo (Physik 
Instrumente, PI) E 618.10G1a; max. frequency 15 kHz) has a 
stiffness of 68 N/µm. This results in a calculated amplitude of 1.8 
µm for the construction used. 
 
2.3. Milling Tool and Machining Parameters 

Single-edged cBN-tools (NS tools SMEZ120 D0,100a) with an 
effective diameter of d = 100 µm were used for micro milling 
(see figure 1b). A shrink chuck (Levicron HSW-Ea) with a static 
concentricity error < 0.8 µm (manufacturer’s specification) was 
taken for tool clamping. All experiments were performed dry. A 
microscope was used to observe the micro milling process. 

 
Figure 1. experimental setup: vibration platform and milling tool 
 

The machining parameters are summarized in table 1. The 
spindle speed was selected as 24,420 rpm, as this avoids a 
superposition of spindle frequency (fS = 407 Hz) and vibration-
assistance (fe = 5,130 Hz). 

 
Table 1 machining parameters   

parameter value 
spindle speed 24,420 rpm 
feed per tooth 1 µm 
depth of cut 5 µm 
feed travel 340 mm 
vibration fequency 5,130 Hz 
 
The vibration frequency was determined as follows: the 

experimental setup was mounted in the machine tool and the 
piezo was driven at frequencies ranging from 0 to 20 kHz. The 
force signal of the dynamometer (offset, without tool 
engagement) was monitored in real time and the excitation-
frequency-dependent maximum of the offset-force was 
determined. The vibration frequency leading to a maximum in 
the force signal in direction of the excitation was detected as 
resonance frequency. For the test setup described, the 
resonance frequency was 5.13 kHz. The excitation of the sample 
was performed in the feed direction of the micro milling process. 
During all tests a feed travel of 340 mm was set. Over the 
complete feed path the depth of cut was set to 5 µm. This results 
in a cutting volume of 1,700 mm2 for a single test. During the 
test, milling processes without excitation and with excitation in 

resonance frequency were carried out and the resulting tool 
wear was compared. The milling processes without excitation 
served as reference. The tests were performed three times with 
excitation and without excitation for statistical verification. 

3. Measurement Technology 

Three different measuring methods were used to detect tool 
wear and to compare the process results. 

 
3.1. Qualitative wear examination (SEM images) 

The tools were sampled with a Philips XL 40a scanning electron 
microscope. For each tool, the entire rake face was sampled.  

Before the SEM images were taken, the tools were cleaned in 
an ultrasonic bath in Isopropanol (5 min). Since all tools were 
cleaned in the same way, adhering chips indicate changes during 
the milling process. 

 
3.2. Process Forces 

The forces were recorded with the already mentioned 
dynamometer (Kistler 9119AA2a). For all measurements the 
sampling rate was 12 kHz. The forces were recorded in the 
following slots:  

-slot 1: (0 - 20) mm feed travel 
-slot 5: (80 – 100) mm feed travel 
-slot 9: (160-180) mm feed travel 
-slot 13: (240-260) mm feed travel 
-slot 17: (320 – 340) mm feed travel 
In the working plane the forces in feed direction (Fy) and 

perpendicular to the feed direction (Fx) were measured. 
Additionally the passive force (Fz) was determined. The process 
force for each slot was determined from the three components 
(Fx, Fy, Fz) as follows: 

- The force components were filtered with a long-wavelength 
high-pass filter (cut-off frequency 1 Hz), to remove drifts  
- When the tool was not engaged, the offset (resulting from: 
excitation of the workpiece, measuring noise and vibrations) 
was identified and subtracted from the respective force 
components 
- The total process force was determined from the three 
components (Fx, Fy, Fz) for each instant of time: the absolute 
value of the total vector resulting from the vector addition of 
Fx, Fy and Fz was calculated 
- The arithmetic mean value of the process force was 
determined for each slot 
- The specific cutting force was calculated by relating the 
process force to the actual cutting depth. The cutting depth 
was determined using images from the confocal microscope 
(see chapter 4.3). 
In addition to the determination in the time domain, the force 

in feed direction or direction of excitation (Fy) was also 
examined in the frequency domain. Therefore a Fourier analysis 
of the component Fy was performed. By means of this analysis 
the existing frequencies in the force signal can be identified.  

 
3.3. Surface Roughness 

The milled structures were characterized in equal distances 
(slot 1, 5, 9, 13, 17) with the confocal microscope (Nanofocus 
µSurf explorera) with an objective that features a 50x 
magnification and numerical aperture of 0.5. The measuring 
field size of a single field with this objective is 320 µm x 320 µm. 
The following two evaluations were performed: 

- areal roughness: The suface texture parameter Sa (arithmetic 
mean height) was calculated. One single measuring field was 
sampled at a position of the slot where the burr does not 
overhang the structures in the slot’s bottom. From this  
measuring field, an evaluation section of 30 µm x 300 µm was 
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taken in the middle of the slot. No filtering is prescribed in the 
standard for the areal surface texture parameters [16]. To 
eliminate the unavoidable tilting of the sample during the 
measurement, a plane alignment was performed. In addition, 
S-filtering with a wavelength of 0.25 µm was performed to 
remove the measurement noise. For the aligned and filtered 
section the parameter Sa was calculated. 

- profile roughness: The profile roughness parameter Ra 
(arithmetic mean height) was determined for the profile in the 
middle of the slot. To guarantee a profile length of 480 µm, three 
measuring fields were stichted. The middle profile section was 
taken from the stitched topography and filtered with 
λs = 0.25 µm and λc = 8 µm. The filters were defined according 
to ISO 3274 [17]. Due to the significantly smaller scale of surface 
roughness and measuring length, the absolute values of the set 
filters were scaled down. 

After the parameters for each individual measured slot were 
determined as described, they were processed for further 
consideration as follows: for the two processes (with or without 
excitation) the parameters of the three repetitions were 
averaged for the analyzed grooves (1, 5, 9, 13, 17) and the 
corresponding standard deviations were calculated. In this way, 
the surface roughness for the two different processes can be 
shown as a function of the feed travel. 

In addition, SEM images of the slots were taken to qualitatively 
examine the surface quality of the milled slots. 

4. Results 

4.1. Qualitative wear examination (SEM images) 
Figure 2 shows the SEM images of the worn tools after 17 slots 

corresponding to 340 mm feed travel. When comparing the 
tools from the tests without excitation and with excitation, it is 
noticeable that the excitation has an effect on the wear behavior 
of the tools. However, it is also noticeable that the three tools of 
the respective tests (with excitation or without excitation) do 
not show an identical wear. In the upper images for the tests 
without excitation a considerably wear at the corner is visible. 
Interestingly, this wear is not always most pronounced at the 
same position. In repetition 2, the maximum wear of the major 
cutting edge is slightly higher in the axial direction than for the 
other two tools. Nevertheless, the wear behavior is basically 
identical for all three tools: abrasive wear or breakouts occur. 

 
Figure 2. worn tools after 340 mm feed travel 
 

In the experiments with excitation, the wear of the corner 
appears less pronounced. However, the large number of small 
chips adhering to the tool during repetition 1 and repetition 3 is 

striking. A built-up edge has also formed during repetition 3. 
Since all tools were exposed to the same process conditions 
(except for the excitation: with or without) and the cleaning 
strategy was also identical for all tools, it can be assumed that 
the chip formation was different in the two processes. 

 
4.2. Process Forces 

The amplitude spectrum (see figure 3), which was recorded in 
a milled slot, clearly shows on the spindle frequency with its 
harmonics and the excitation frequency. The amplitude of the 
excitation is much more pronounced compared to the spindle’s 
excitation. The frequency of the excitation exceeds the 
dynamometer’s natural frequency (4.6 kHz).   

 
Figure 3. amplitude spectrum at resonance frequency 
 

The specific process forces (mean values) depending on the 
feed travel are plotted in Figure 4 for all tests. As described in 
Section 3.2, the mean value of the process force was calculated 
for each measured slot. It can be seen that all forces are in the 
same order of magnitude after an initial wear (feed travel > 90 
mm). For the tests with excitation, the process forces tend to be 
almost constant after initial wear. 

 
Figure 4. specific resultant forces with and without excitation 
 
4.3. Surface Roughness 

For both processes (with and without excitation) the 
parameter Sa shows its maximum value in the first slot. Then 
(feed travel > 90 mm), the values fluctuate only slightly. Sa 
decreases systematically after the initial wear for the tests with 
excitation whereas no systematic behavior is visible for the tests 
without excitation (see figure 5). The values for both processes 
(with and without excitation) are in an identical order of 
magnitude. 

For Ra the behaviour is not systematic and almost constant 
over all slots and for all conditions. The values for the tests with 
excitation are always lower than the values for the tests without 
excitation. 
Overall, it can be stated that surface texture and roughness 
parameters for both processes (with and without excitation) 
show an almost identical behavior and are of the same order of 
magnitude. Differences between areal and profile parameters 
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are mainly due to the fact that only the center profile was 
considered in the profile analysis and a defined area was 
examined in the area analysis. The chip thickness decreases 
during milling with increasing distance from the center axis of 
the slots. This results in a change in the kinematic roughness as 
well as increased ploughing effects at the edges of the slots. 

 
Figure 5. surface texture and roughness parameters with and without 
excitation 

 
When qualitatively assessing the surface quality in the milled 

slots on the basis of SEM images, the first thing to note is that 
there are also differences between the various repetitions 
within a process (see figure 6). 

 
Figure 6. milled slots with and without excitation 

 
However, in the tests without excitation there seems to be a 

more pronounced tendency for ploughing. This fact may also be 
due to the abrasive wear which is greater in these tests (see 
chapter 4.1). Because of the abrasive wear the cutting edge is 
more rounded and therefore ploughing is more pronounced. 

In addition it is visible that the excitation obviously also has an 
influence on the burr formation. This fact can probably be 
explained by the changed chip flow, which is caused by the 
multiple interrupted cut. 

5. Conclusion and Outlook      

The study examined the influence of vibration-assisted 
machining on the tool wear and process results in micro milling 
of AISI 316L. Single-edged cBN milling tools with an effective 
diameter of 100 µm were used. It was found that the wear on 
the corner was significantly lower when cutting with excitation. 
The surface quality of the milled slots with excitation was in the 
same order of magnitude (Sa) or tended to be better (Ra) after 
the initial wear (feed travel > 90 mm). The qualitative 
assessment of the slot bottom via SEM images showed less 
smearing of material. This means that the tool life of the micro 

milling tools can be extended by applying vibration-assistance 
without deterioration of the surface quality.  

Interestingly, there were also differences in burr formation, 
which were not explicitly investigated in this study. The burr 
formation will therefore be further investigated in future 
studies. 

 
aNaming of specific manufacturers is done solely for the sake of 

completeness and does not necessarily imply an endorsement of the 
named companies nor that the products are necessarily the best for the 
purpose. 
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Abstract 
The machinability of brittle materials has long been limited by the ductile–brittle transition, defined as the critical uncut chip thickness 
in microcutting. However, the coating-assisted microcutting technique, which involves the microcutting of a pre-coated work 
material, has been proven successful to enhance the machinability of brittle materials. This method is investigated on the ductile–
brittle transition of the (111) plane of magnesium fluoride (MgF2) single-crystals by assessment of the critical uncut chip thickness 
during plunge-cutting. The application of solidified DYKEM High Purity marker ink coating increases the ductile–brittle transition by 
varying degrees along different cutting directions on the (111) plane with a significant improvement in the minimum critical cutting 
depth from 25 nm to 200 nm. This investigation also reveals that the coating affects the anisotropy in cutting. 
 
Keywords: surface coating, ductile-mode cutting, magnesium fluoride, ultra-precision machining, critical uncut chip thickness  

1. Introduction 

Machining of brittle optical materials such as silicon, fused 
silica, and calcium fluoride (CaF2) have often been discussed with 
the revolutionary advancement of ultra-precision technology. 
One central theme that commonly surfaces is that of the critical 
uncut chip thickness, sometimes called the critical depth of cut 
or the ductile-brittle transition. The critical value determines the 
machinability of the material during manufacturing of high-
quality optical-grade surfaces, that is the production of defect-
free surfaces. While there are various advanced methodologies 
to improve the machinability of these brittle materials, such as 
ultrasonic vibration-assisted machining [1], ion irradiation [2], 
and thermally-assisted machining [3], a recent finding on the use 
of a coating has been proven to enhance the machinability of 
brittle materials [4,5]. This technique employs a solid coating to 
be applied on the workpiece surface before machining, so as to 
induce compressive forces on the work material during cutting, 
which reduces the tendencies for brittle crack formation on the 
machined surfaces. To date, the coating-assisted technique, 
listed as a surface effect in microcutting, has only been tested 
on CaF2 with the use of DYKEM High Purity marker ink and epoxy 
resin as the coating materials. Therefore, this work aims to 
investigate the coating-assisted microcutting on another optical 
material, magnesium fluoride (MgF2), which has an excellent 
transmission range of 0.12–8.5 μm but has a higher hardness 
and lower fracture toughness when compared with CaF2 [6,7].  

2. Experiments      

A ULG-100 ultra-precision machine center manufactured by 
Toshiba Machine Co. Ltd., Shizuoka, Japan, was used for 
microcutting experiments on the (111) plane of MgF2 single-
crystals procured from Latech Scientific Supply Pte. Ltd., 
Singapore. The single-crystal was first diamond turned to 
produce a flat surface with roughness of 1.06 nm Rq that was 
measured using a Bruker Dimension FastScan atomic force 
microscope (AFM). Figure 1 presents the experimental setup 

and surface profile of the diamond turned MgF2 sample. Plunge-
cutting was adopted to evaluate the critical uncut chip thickness, 
where the cutting tool orthogonally travels along the cutting 
direction at a speed of 50 mm/min and progressively moves 
deeper into the work material. At a particular depth, brittle 
cracks would form and be considered the ductile–brittle 
transition, otherwise defined as the critical uncut chip thickness 
(𝑡𝑐). Optical imaging and measurement of the width of the 
groove using a Keyence VHX-200 optical microscope, together 
with the known geometrical information of the cutting tool, 
would sufficiently determine the actual depth of the groove. A 
single-crystal diamond cutting tool with a nose radius (𝑟𝑛) of 0.8 
mm, produced by A.L.M.T. Asia Pacific Pte. Ltd., was used for 
these cutting tests with the rake angle set at -10°. 

 

 
 
Figure 1. Experimental setup and the diamond turned surface profile of 
(111) MgF2 measured by AFM 

 
The anisotropic characteristics were also evaluated by 

repeating the plunge-cut tests along different orientations on 
the (111) crystal plane with a rotation of the sample at intervals 
of 15°, using the machine center spindle. The full set of 
experiments was performed without coating and with coating 
for comparison. Dykem High Purity Marker Ink (44404) was 
applied as the coating material (≈3 μm thick) on the diamond 
turned sample surface and left to dry and solidify for 30 minutes 
before plunge-cutting with reference to the workpiece surface. 
More details of this experimental procedure can be found in [5].   
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3. Results and discussion      

Figure 2(a) presents a top view example of the grooves 
produced during plunge-cutting, which clearly exemplifies the 
significant improvement in machinability of the brittle material 
with the use of the coating. For a clearer observation of the 
groove, the coating was removed from the surface by dissolution 
with ethanol. The ductile–brittle transition for each groove is 
differentiated by the ductile- and brittle-regimes as shown in 
Figure 2(b). At these positions, the widths of the grooves 
measure to be 55.7 μm and 25.5 μm, with and without coating, 
respectively. Based on the geometrical relationship between the 
tool and the groove, the critical uncut chip thickness of these 
exemplary grooves are correspondingly calculated to be and 
484.4 nm and 101.6 nm (i.e. a 376.8% improvement). 
 

 
 

Figure 2. (a) Top view optical image comparison of the ductile- and 
brittle-regimes during orthogonal plunge-cutting of MgF2 corresponding 
to the 150° cutting direction ; (b) illustration of the plunge-cut and the 
methodology to determine the critical uncut chip thickness (𝑡𝑐) 

 
The single-crystal anisotropy indicates that the critical uncut 

chip thickness will vary along different cutting directions. Min et 
al. [8] reported the anisotropy in the tetragonal-structured MgF2 
during micromachining on the (100) plane orientation. Likewise, 
the anisotropic properties for the (111) plane are shown in 
Figure 3, where certain cutting directions exhibit high critical 
depths as high as 553.4 nm. This is congruent with the 
observations in [8], which reported critical cutting depths of up 
to 500 nm for the (100) plane. While the critical cutting depth of 
500 nm is considerably high in the ultra-precision level of 
machining, the fact that other directions have critical cutting 
depths as low as 25 nm creates a severe limiting factor for high 
throughput manufacturing. With the adoption of the coating-
assisted technique, the lowest critical uncut chip thickness is 
raised to 200 nm as shown in Figure 3.  

Although the lattice structure of MgF2 differs from CaF2, where 
the former has a cubic structure and the latter has a tetragonal 
structure, the concept of ductile-mode cutting as a result of slip 
activated plastic deformation can still be applied. During the 
course of material removal, a complex combination of shear 
stresses induced during chip formation and slip activity in the 
work material can also be resolved into tensile stresses that 
activate the primary cleavage planes of MgF2 (i.e. {100}, {110}) 
to result in brittle-mode cutting. Therefore, the application of 
the coating to provide an additional compressive type of stress 
against the material removal process would provide the impetus 
to keep preexisting and new cracks closed, and achieve ductile-
mode cutting.  

The results in Figure 3, however, show conspicuously 
substantial increases by up to 412% in critical uncut chip 
thickness along easy-to-cut directions (i.e. directions that 
exhibits higher ductility), while others are only a mere 60%. This 
refutes the assumption made in [5] that the coating resistance 
to deformation does not induce additional anisotropic traits to 
the ductile–brittle transition. While the current understanding 
of the enhanced ductile-mode cutting is due to the decrease in 
stress intensity factor, it is critical to revisit the theory with 
vectorized stresses acting on the cleavage planes to evaluate the 
effectiveness of this technique. This concept can be applied to 
the machining of emerging single-crystals such as sapphire [9] as 
well as brittle polycrystalline materials, such as spinel [10]. 
Future works will also focus on the factors governing the 
anisotropic improvements in the ductile–brittle transition. 

 

 
 
Figure 3. Anisotropic critical uncut chip thickness with and without 
coating on (111) MgF2 

4. Conclusions      

This paper presents the applicability of the coating-assisted 
microcutting technique on a rarely discussed optical material, 
magnesium fluoride single-crystal, with the use of DYKEM 
marker ink as the coating material. Evaluations using the plunge-
cutting method reveals the significant improvement in 
machinability of the brittle material with the increase in the 
lowest critical uncut chip thickness from 25 nm to 200 nm.  
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Abstract 
 
Magnetically driven internal finishing (MDIF) technique could effectively improve the inner surface finish of non-ferromagnetic parts. 
To further maximize the material removal rate of MDIF, magnetic polishing tools with various abrasive sizes and glue mass ratio were 
fabricated to polish AISI 316 stainless steel straight tubes in this study. Material removal rate and surface generation were evaluated 
in single point polishing experiments. Experimental results suggest that increasing abrasive size results in larger material removal 
rate and surface roughness. In addition, magnetic polishing tools with higher epoxy resin mass percentage could achieve higher 
material removal rate. A maximum material removal rate of 20.2 μm/min was achieved by employing a magnetic polishing tool with 
75 μm SiC abrasive and 70:30 epoxy resin. The resultant surface roughness is 0.575 μm Ra and 3.278 μm Rz.This study provides a 
promising polishing tool for finishing the internal surfaces of metallic tubes with high efficiency.  
 
 
Keywords: Internal finishing; magnetically driven finishing; material removal; surface finish   

 

1. Introduction 

Functional components with internal surfaces are widely 
used in aerospace, medical as well as mould and die industries, 
such as fuel injectors [1], biopsy needles [2] and cooling channels 
[3]. The surface finish of these internal surfaces plays an 
important role in the friction, fatigue, corrosion and fluid flow 
properties of those components [4–8]. Thus, surface finishing 
methods need to be conducted to reduce their surface 
roughness [9–11]. 

To improve the surface finish of internal surfaces, a number 
of techniques have been developed, including abrasive flow-
based, fluidized bed based and magnetic-based methods [12]. 
Though these methods have been proven to readily finish 
internal surfaces or cavities with various geometries and 
materials, they may still encounter limitations such as uneven 
material removal rate, abrasive embedding, workpiece material 
dependency or low efficiency. Hence, Zhang et al. [13–15]  
proposed magnetically driven internal finishing (MDIF) and the 
corresponding magnetic polishing tool which has a strongly-
bonded abrasive coating by epoxy resin glue adhesion. The 
fabrication process of this magnetic polishing tool was simple 
and did not require expensive magnetic abrasive particles 
(MAPs). The fixed-abrasive polishing tool increased the 
engagement of the abrasive abrasion process thus further 
increased material removal rate. Single point polishing 
experiments showed that an 82 % improvement of surface 
roughness was achieved within only 2 min polishing time. 
However, Zhang et al. [14] only validated the feasibility of the 
developed magnetic polishing tool in internal surface finishing in 

terms of surface finish and material removal rate by identical 
tools. The effect of tool fabrication parameters, such as abrasive 
size and glue mass ratio, on material removal rate and final 
surface finish has not been reported yet. 

 Hence, this paper aims to further investigate the polishing 
performance of magnetic polishing tools with different abrasive 
sizes and glue mass ratio so that a guidance of developing 
polishing tool with high material removal rate could be 
proposed.  

2. Experiment      

2.1. Principle of magnetically driven internal finishing 
The working mechanism of the magnetically driven internal 

finishing technique is schematically illustrated in Figure 1(a). A 
magnetic polishing tool covered by bonded abrasive is placed 
inside a stainless steel tube workpiece which is clamped on 
Kistler 9256C dynamometer through a purposely designed 
aluminum fixture. The fixture keeps a distance between the 
workpiece and the steel dynamometer so that the magnetic field 
of the polishing tool will not be affected by the ferromagnetic 
dynamometer. A set of external magnets is rotated by a spindle 
and the spinning external magnets will drive the internal 
polishing tool to rotate as well. Abrasive on the tool surface will 
abrade the workpiece and remove asperities. The picture of the 
actual polishing setup is shown in Figure 1(b). It is noteworthy 
that half of the workpiece is cut by EDM for convenient 
observation and measurement, as seen in Figure 1(c).  
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Figure 1 Polishing setup (a) schematic diagram, (b) actual setup and (c) 
AISI 316 stainless steel workpiece 

 
2.2. Preparation of magnetic polishing tools      

To fabricate magnetic polishing tools with evenly distributed 
abrasive coating, an in-lab fabrication process is developed. 
Firstly, a thin layer of epoxy resin glue is spread evenly to the 
surface of a sphere magnet. The glue contains two parts, i.e. 
epoxy resin A and curing agent B. Only by properly mixing A and 
B can the glue be cured and work. The mass ratio of A and B may 
affect the curing time and mechanical properties of solidified 
glue, such as impact strength, tensile energies-to-break and 
fracture toughness [16–18]. Secondly, the sphere magnet is put 
into a container with abrasive particles so that the abrasive will 
adhere to the magnet. To make the polishing tool round and 
ensure abrasive particles distributed uniformly, the polishing 
tool is constantly rolled between two flat plates. After rolling, 
the polishing tool is cured at room temperature until the epoxy 
resin glue solidifies thoroughly. The above process could be 
repeated to make multilayer polishing tools. The sphere magnet 
used in the experiments is NdB permanent magnet with an 8 mm 
diameter and N35 grade (Lifton Pte Ltd).  

Two types of magnetic polishing tools are fabricated in this 
study, as presented in Table 1. Type I polishing tool is fabricated 
by changing abrasive size while keeping the mass ratio of epoxy 
resin A and curing agent B constant as 50:50. Mass of epoxy resin 
A and curing agent B is measured by an A&D GR-200 analytical 
balance with 0.1 mg resolution. Since silicon carbide (SiC) 
abrasive is usually used to polish stainless steels due to its 
moderate hardness and low cost [19–21], it is also employed in 
this study. The average diameters of SiC abrasive are 3, 36.5 and 
75 μm, namely Group 1–3, respectively. Four identical polishing 
tools were fabricated for each abrasive size. The diameter of 
polishing tools is measured by a Vernier caliper at six different 
positions. The diameter deviations of fabricated tools are all 
within 0.06 mm and the abrasives are found to distribute 
uniformly on the tool surface. Type II polishing tool is made by 
changing epoxy resin and curing agent mass ratio while keeping 
the abrasive size constant as 36.5 μm. The mass ratios of epoxy 
resin A and curing agent B used in the experiment are 30:70, 
40:60, 60:40 and 70:30, namely Group 4–7. Similarly, four 
polishing tools were made for each glue mass ratio and the 
average diameter of all Type II polishing tools is 8.24 mm ± 0.05 
mm. Abrasive particle density on the fabricated Type II tools was 
measured and calculated by Keyence VHX-6000 digital 
microscope. The measurement results showed that no 

significant difference of abrasive particle density was found and 
the average abrasive particle density was 4.21 ± 0.19 × 108 per 
m2. 
 
Table 1 Glue mass ratio and abrasive size of fabricated polishing tools 
 

Tool type Tool group Glue mass 
ratio A:B 

Abrasive size/μm 

Type I 
Group 1 50:50 3 
Group 2 50:50 36.5 
Group 3 50:50 75 

Type II 

Group 4 30:70 36.5 
Group 5 40:60 36.5 
Group 6 60:40 36.5 
Group 7 70:30 36.5 

 
2.3. Experiment procedure 

Two types of fabricated polishing tools were employed to 
finish AISI 316 stainless steel tubes with a 19-mm outer diameter 
(OD), 15-mm inner diameter (ID), and 100 mm length. The 
workpiece tube was made by extrusion and the average initial 
surface roughness Ra of the inner surface is 2.226 μm. The 
polishing conditions are shown in Table 2. During polishing, the 
polishing tools stayed at a single point on the workpiece surface 
without linear feeding, which is named single point polishing 
experiments. When the polishing experiments were finished, 
the workpiece tubes were cleaned with ethanol. The polished 
area was observed under Keyence digital microscope and 
measured crossing the centerline by a Tylor Hobson Talysurf 
Model 120 profilometer. A cutoff length of 0.25 mm was used 
for surface roughness measurement and three measurements 
were conducted for each polishing condition. 
 
Table 2 Single point polishing conditions 
 

Parameters Values 

Spindle speed/rpm 1600 

External bar magnets NdB bar magnet, 20 mm × 10 
mm × 6 mm, Grade G50 

Workpiece tube OD 19 mm, ID 15 mm, L 100 
mm 

Initial surface roughness, 
Ra/μm 2.226 

Initial surface roughness, 
Rz/μm 11.097 

Gap distance/mm 11.5 
Polishing time/minute 10 

3. Results and discussion 

3.1. Effect of abrasive size on material removal rate and surface 
finish      

The three-dimensional profile of the polished area for 
different abrasive sizes is presented in Figure 2. It is seen that 
the polished area is a bent leaf-shape with good axisymmetry, 
which is confirmed by the centerline profile shown by the blue 
line in Figure 2. It is found that as abrasive size increases, the 
region of the polished area increases as well. Furthermore, the 
depth of the polished area also increases. However, abrasive size 
increase leads to high asperities on a polished surface, as seen 
in the surface roughness profile in the red line. The maximum 
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depth of the centerline profile is used to characterize the 
material removal rate. The dependence of material removal rate 
and surface roughness Ra on abrasive size is quantitively plotted 
in Figure 3. It is found that both material removal rate and 
surface roughness increase proportional with abrasive size, 
which is consistent with conventional abrasive finishing theory. 
In addition, the maximum material removal rate of 18.1 μm/min 
is obtained with the 75-μm abrasive polishing tool and the 
minimum surface roughness Ra of 0.117 μm is obtained by the 
3-μm abrasive polishing tool. 
 

 
 
Figure 2 Surface roughness profile, three-dimensional and two-
dimensional profile of polished footprint by magnetic polishing tool with 
(a) 3 μm SiC (b) 36.5 μm SiC and (c) 75 μm SiC abrasive coating 
 

 
Figure 3 Dependence of material removal rate in depth and surface 
roughness Ra on the abrasive size 
 
3.2. Effect of glue mass ratio on material removal rate and 
surface roughness 

Figure 4 shows the dependence of material removal rate in 
depth and surface roughness Ra on glue mass ratio. It should be  
noted that the results of Group 3 (glue mass ratio: 50:50 and 
abrasive size: 36.5 μm) from abrasive size experiments were also 
incorporated so that the incremental of glue mass ratio was 
smooth. Results show that as the mass percentage of epoxy 
resin A increases, the material removal rate shows an increasing 

trend as well. Whereas, the surface roughness Ra first decreased 
and then increased slightly and reached a plateau when the 
mass percentage of epoxy resin was larger than 60 %. The 
dependence of material removal rate on glue mass ratio might 
be explained by analyzing the material removal mechanism of 
this polishing process, which could be regarded as an abrasive 
wear process. According to abrasive wear theory [22,23], the 
material removal volume 𝑉𝑉 is expressed as: 

 
𝑉𝑉 = 𝛼𝛼𝛼𝛼𝑊𝑊𝑊𝑊

𝐻𝐻𝑣𝑣
       (1)  

 
where 𝑊𝑊  is the normal load, 𝐿𝐿  is sliding distance, 𝐻𝐻𝑣𝑣  is the 
hardness of workpiece, 𝛼𝛼  is the shape factor of an abrasive 
asperity and 𝛼𝛼 is the degree of wear at one abrasive asperity. 
Generally, 𝛼𝛼 is taken as 0.1 and 𝛼𝛼 ranges from 0 to 1.0. In the 
polishing experiments, the polishing conditions were kept 
consistent for different glue mass ratio tools. Hence, the load 𝑊𝑊, 
sliding distance 𝐿𝐿 , and workpiece hardness 𝐻𝐻𝑣𝑣  should be the 
same. In light of the fact that the average abrasive size and 
abrasive particle density were identical for these polishing tools, 
the larger mass percentage of epoxy resin A may increase the 
bonding strength [16] between abrasive particles and the sphere 
magnet, thus enlarge the wear of single abrasive 𝛼𝛼. Experiments 
and analysis will be further conducted in the future to verify this 
hypothesis that increasing the bonding strength of abrasive 
particles on the polishing tool will enhance the material removal 
ability of the tool. 
 

 
 

Figure 4 Material removal rate in depth and surface roughness Ra 
against glue mass ratio 
 

 
 
 
Figure 5 Surface roughness profile, three-dimensional and two-
dimensional profile of polished footprint by a magnetic polishing tool 
with 75 μm SiC abrasive coating and 70:30 glue mass ratio 
 

Based on the abrasive size experiments and glue mass ratio 
experiments, it is envisaged that the polishing tool with larger 
abrasive size and larger epoxy resin mass percentage will 
contribute to a higher material removal rate. Hence, another 
group of polishing tools was fabricated with 75 μm SiC abrasive 
and glue mass ratio 70:30. Polishing experiments with the same 
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parameters listed in Table 2 were carried out on the AISI 316 
stainless steel workpiece tube by using these newly fabricated 
polishing tools. The polishing results are presented in Figure 5. 
As expected, the new polishing tools achieved the highest 
material removal in depth of 202.4 μm, equivalent to a material 
removal rate of 20.2 μm/min, and the surface roughness is 0.575 
μm Ra and 3.278 μm Rz. The tool shows slight wear, i.e. abrasive 
shelding, after 10-min polishing time but the tool life can be 
extended to more than 30 min by making the second layer of the 
abrasive coating. In sum, this proposed polishing method with 
the novel tools is a highly efficient candidate for finishing 
industrial internal surfaces.  

4. Conclusions      

To develop a magnetic abrasive polishing tool with better 
performance, the effect of abrasive size and glue mass ratio on 
material removal rate and surface finish are experimentally 
investigated. The major findings of this study are listed below: 
• The polished area is a leaf-shape with a smooth axial 

symmetrical centerline profile; 
• As abrasive size increases, both material removal rate and 

surface roughness increase linearly as expected; 
• As the mass ratio of A glue increases, material removal rate 

also increases while surface roughness may reach a plateau 
when epoxy resin mass percentage is larger than 60 %;  

• The maximum material removal rate as high as 20.2 μm/min 
is achieved by using the magnetic polishing tool with 75 μm 
SiC abrasive and 70:30 glue mass ratio. The material removal 
rate is around seventy-five times higher than that in loosely-
bonded abrasive finishing [13]. 
In the future, experiments and analysis will be carried out to 

investigate the bonding strength between the abrasive and the 
polishing tool. In addition, the performance of polishing 
additively manufactured internal surfaces will be explored by 
this novel polishing tool. 
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Abstract 
In micromilling the most studies considers flat micro end-mill and workpiece “as-received” grain size to analyse surface quality, burr 
and chip formation, size effect, cutting force and so on. Investigations concerning part finer grains and ball-nose micro end-mill are 
scarce in literature due to the chip-tool interaction complexity. Thus, this paper determines the relationship between piece grain size 
and ball-end micromill with long neck length on part roughness and geometrical deviation. Micro channels were machined in 
low-carbon steels with 0.7 µm (ferrite) and 11 µm (pearlite-ferrite) grain sizes by using 400, 600 and 800 µm tool diameters; 15, 20 
and 30 krpm spindle rotation; 20, 40, and 60 µm depth of cut, and 0.5, 2 and 5 µm/tooth tool feed. Analysis of Variance (ANOVA) 
showed the effect of main parameters (workpiece material, milling type and tool feed) on finishing. The results indicated rougher 
machined surface for up-milling in both materials and ultrafine-grained workpiece machined with smaller tools’ diameter. Parameter 
Rz was more sensitive to changes on microcutting with ball-end mills and Rsm to ultrafine-grained workpiece with larger tools’ 
diameter. Geometrical deviations was notice during machining with 600 µm tool diameter. The application of a homogeneous 
microstructure showed better performance to some machining conditions and smaller tools’ diameter. 
 
 
Micromilling. Ball-end mill. Workpiece grain size. Finishing. Geometrical deviations. 

 

1. Introduction 

Micromilling cutting tools have a significant influence on the 
quality of parts [1]. Geometry of the microchannels, machined 
surface and burrs formation are heavily affected by tools 
geometry and cutting parameters [2]. Using ball-end milling, a 
minimum surface roughness depends on cutting parameters 
feed per tooth (ft) and width of cut (ae) when milling steels [3]. 
Then, investigations regarding feed per tooth and surface 
roughness are relevant as for maximum and minimum feed 
acceleration to machine free-forms surfaces in conventional 
milling and more significant during micromilling due to effects of 
workpiece microstructure and cutting parameters [4]. 

The effect of the workpiece microstructure has been studied 
by several researchers [5-7]. The results of those studies showed 
that the ultrafine grain material presents improved 
machinability at conventional and microscale cutting conditions 
using flat-end mills overcoming conventional problems due to 
the differences between parameters and microstructure scale. 
Regarding ball-end milling at microscale, the compreehension of 
the workpiece-tool interaction during milling of homogeneous 
microstructure can be considered a scientific and technological 
gap needed to be investigated and improved. 

In this study, ball-end mills performed microchannels in dual 
phase and ultrafine-grained steels. Different cutting conditions 
were considered in micro-endmilling operations to evaluate the 
interation of tool diameter, mill feed and workpiece material 
upon geometrical deviations and roughness Rz, Ra, Rsm and R∆q. 

2. Experimental procedure 

Micro-endmilling operations were carry out using a vertical 
CNC machining center Kern model D-824118 (maximum 

rotational speed of 50 000 rpm) with dry cutting condition. Each 
machining test was performed four times. Carbide ball-end mills 
of 400, 600 and 800 µm diameters produced microgrooves in a 
0.16 %C steel orinally received with a microstructure dual phase 
(ferrite-perlite) and grain size of 11 µm, and a version processed 
thermo-mechanically to reach finner grain (ferrite only) of 0.7 
µm grain size. Experimental matrix for micromilling tests is 
summarized in Table 1. 

 
Table 1. Cutting conditions to the micro-endmilling operations. 
 

Group Parameter 
Ball-end mill diameter 

400 600 800 

Micromilling 
process 

Spindle rotation/rpm 15 000 20 000 30 000 

Feed/µm/tooth 0.5; 2 and 5 

Length of cut/mm 2.5 

Depth of cut/µm 35 50 80 

Width of cut/µm 175 300 420 

Cutting tool 
Edge radius/µm 1.5 

Neck length/mm 2 8 6 

 
Workpieces were machined as a sandwich with dual phase 

(DPh) and ultrafine-grained (UFG) materials. This setup was 
applied to be sure that the same cutting tool perfomed the 
machining conditions on both materials. Figure 1 shows 3D view 
of the schematic workpiece. Roughness data and microchannels 
profile were assessed by using a Olympus 3D Measuring Laser 
Microscopy OLS4100. Analysis of Variance (ANOVA) by 
considering 0.05 significance level was employed to determine 
the contributions of the workpiece materials, milling type (up- 
and down-milling) and tool feed on roughness parameters Rz, Ra, 
Rsm and R∆q. 
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Figure 1. 3D view of the workpiece and ball-end mill (in mm). 

3. Results and discussion 

Aiming to simplify the terminology, ball-end mill sizes will be 
indicated as D400 (400 µm), D600 (600 µm) and D800 (800 µm). 
Figure 2 presents the microgrooves profile analysis made for 
D600 tool. Regular line is the tool profile and irregular line is the 
channel one. Analysis indicates a tool deflection upon channels 
millled with tool feed of 2 and 5 µm/tooth for both materials. 
For these machining conditions the volume of material removed 
is incresead, resulting in channels geometry deviation. No 
geometrical deviations of the profile were observed to other 
tools’ sizes. Due to complexity of the machining forces analysis 
with ball-end mills, this presented study can be a good indicative 
for qualifying the feed force behaviour. 

 

ft Dual phase (DPh) Ultrafine-grained (UFG) 

0
.5
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Figure 2. Microchannels’ profiles for D600 tool (in µm). 
 

Roughness parameters Ra, Rz, R∆q e Rsm measured on 
micromilled surfaces were submitted to Analysis of Variance 
(Table 2). Ball-end mill diameter was not included as source or 
control factor due to different levels of cutting speed and depth 
of cut used to each tool size. Therefore, a statistical analysis was 
done for each one. 

Material microstructure affected parameters Ra, Rz and R∆q 
during milling with D400 tool and parameter Rsm with D800 one. 
Milling type revealed statistical significance on Ra, Rz and R∆q for 
all tool diameters and on Rsm only for D600 tool. All roughness 
parameters were sensitive to tool feed regardless of mill 
diameter. The effect of microstructure grain refinement showed 
be more sensitive during micromilling with smaller tool size. In 
general, the behaviour between up- or down-milling and feed 
per tooth demonstrated be important during micromilling with 
ball-end mills. 

Table 2. Analysis of variance for roughness parameters. 
 

Source Parameter 
P-Value 

400 600 800 

Material 

Ra 0.005 0.804 0.096 

Rz 0.005 0.807 0.176 

R∆q 0.010 0.767 0.119 

Rsm 0.465 0.412 0.011 

Milling type 

Ra 0.000 0.000 0.000 

Rz 0.000 0.000 0.000 

R∆q 0.000 0.000 0.000 

Rsm 0.381 0.000 0.150 

Feed 

Ra 0.000 0.030 0.001 

Rz 0.000 0.008 0.000 

R∆q 0.000 0.012 0.002 

Rsm 0.000 0.000 0.000 

 
Finner part microstructure increased the amplitude and slope 

of the roughness when D400 tool was used. A rougher surface 
was formed having the parameters Ra, Rz and R∆q increased 
about 38 %, 43 % and 35 %, respectively. Down-milling 
demonstrates a smoother surface for both part materials. The 
difference of roughness between up- and down-milling 
considering the same microgroove is about 35 %, 40 % and 50 % 
for D400, D600 and D800 tools. Parameter Ra and Rz indicated a 
smoother surface when the smallest tool diameter was applied. 
Tool feed close to edge radius value resulted lower roughness 
for D800 tool. Parameter R∆q showed similar values for D600 and 
D800 tools when machining with 0.5 and 2 µm/tooth feed. 
Parameter Rsm was coincident to feed per tooth value for 
channels machined with 2 µm/tooth and D400 and D800 tools. 

4. Conclusions 

This study proposed a micro ball-end milling in materials with 
different metallurgical conditions. Geometrical deviations and 
roughness were analysed. Slots geometry are affected by tool 
size and feed. A good agreement between smaller ball-end mill 
diameters and cutting parameters (low feed) was noticed for 
both workpiece materials. Tool deflections is more pronounced 
for D600 tool and 2 and 5 µm/tooth feed. Parameter Rz was 
more sensitive than Ra to identify changes on slots’ topography. 
UFG part material machined with D400 tool increased the 
roughness about 40 % greater than DPh (parameters Ra, Rz and 
R∆q). Down-milling produced smother surface for both materials 
and cutting conditions. 
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Abstract	
The	paper	presents	novel	patented	material	denoted	WolCar	based	on	nanostructured	tungsten	carbide	WC.	It	performs	enhanced	
wear	resistance	and	is	feasible	for	the	waterjet	nozzles	and	the	tools	cutting	high	hardness	steel.	Unlike	most	WC-based	and	TiC-
based	 tool	 materials,	 WolCar	 does	 not	 contain	 cobalt.	 Typically,	 cobalt	 addition	 is	 used	 in	 order	 to	 increase	 strength	 and	 to	
decrease	sintering	temperature	of	the	cutting	insert	composite.	However,	when	the	temperature	during	machining	rises	up	to	800	
or	 1000	 °С,	 cobalt	 causes	 rapid	 decrease	 of	 both	 hardness	 and	 wear	 resistance.	 In	 WolCar,	 absence	 of	 cobalt	 overcame	 this	
demerit,	but	the	initial	strength	is	kept.	In	the	experimental	researches,	the	machining	of	the	TiC/Fe	material	with	45	vol%	of	TiC	
and	55	vol%	of	Fe	was	performed.	WolCar	inserts	provided	fine	surface	of	roughness	Ra	1.2,	corresponding	with	grinding	effect.	In	
the	 similar	 cutting	 conditions,	 WC	 –	 6	 wt%Co	 insert	 provided	 roughness	 Ra	 4.8.	 Thus,	 the	 novel	 material	 was	 proved	 to	 be	
advantageous	for	precision	machining	cutting	tools.	
	
	
Keywords:	cutting	tool,	wear,	tungsten	carbide,	precision,	machining	 	 	

	

1.	Introduction			

Tungsten	carbide	(WC)	is	one	of	the	hardest	materials	used	in	
many	 industrial	applications.	 It	 is	an	 inorganic	compound	with	
equal	parts	of	tungsten	(W)	and	carbon	(C)	with	cobalt	(Co)	as	a	
binder	 phase,	 and	 sometimes	 other	 carbide	 particles	 like	
titanium	or	tantalum	carbide	are	alloyed	in	a	small	quantity	[1].	
Conventional	 manufacturing	 of	 WC-Co	 composite	 involves	 a	
liqud	 phase	 suntering	 process	 [2].	 Obtained	 combination	 of	
hardness	 and	 toughness	 provides	 strength,	 high	 wear	
resistance,	toughness,	and	hot	hardness	property.	However,	in	
High	 Speed	 Cutting	 applications	 (HSC),	 temperatures	 in	 the	
cutting	area	reach	800	and	even	1000	°C,	and	the	durability	of	
WC-Co	 cutting	 inserts	 drops	 down	 due	 to	 the	 presence	 of	
cobalt.	
There	are	reports	on	the	submicron	binderless	compaction	of	

pure	WC	of	about	200	nm	grain	size	with	high	relative	density,	
high	hardness	 and	high	 fracture	 toughness	 [3].	 In	 the	present	
study,	 durability	 of	 patented	 binderless	 WC-based	 material	
WolCar	[4]	in	cutting	tools	application	is	examined.	

2.	Materials	and	methods						

The	 samples	 of	 cutting	 inserts	 were	 made	 out	 of	 the	
patented	 material	 WolCar.	 It	 consisted	 almost	 purely	 of	
binderless	 tungsten	 carbide	 with	 no	 additions	 of	 cobalt.	
Samples	were	prepared	using	the	electroconsolidation	method	
with	directly	applied	current	[5].		
The	 as	 prepared	 inserts	 had	 smaller	 radius	 of	 cutting	 edge	

than	that	of	WC-Co	ones,	namely,	the	cutting	edge	radius	was	
12	 μm,	 43%	of	 the	 typical	 edge	 of	 the	WC	 –	 6	wt%Co	 insert,	
where	 it	 was	 28	 μm,	 as	 shown	 in	 Figure	 1.	 The	 latter	 ones,	

denoted	BK6,	are	available	in	the	marked	and	were	used	in	the	
researches	for	the	comparative	analysis.	
	

	
	

Figure	1.	Cutting	edges	of	tested	 inserts:	a)	binderless	nanostructured	
WC	material	WolCar,	b)	WC	–	6	wt%Co	material	BK6		
	
The	machined	material	was	a	TiC/Fe	composite,	widely	used	

due	 to	 its	 significant	 advantages,	 such	 as	 low	 density,	 high	
hardness	and	excellent	chemical	 stability	 [6].	The	composition	
of	 machined	 samples	 was	 vol.%	 45	 TiC	 and	 vol.%	 55	 Fe	 with	
ferrite-pearlite	or	nickel-martensite	grains.	
During	 experiments,	 the	 cutting	parameters	were	 following:	

cutting	speed	vc	=	70	m/min	and	feed	rate	Sn	=	0.05	mm/rev.			

3.	Results	and	discussion						

Preparation	of	 the	binderless	nWC	cutting	 inserts	was	more	
simple	 than	 the	 similar	 process	 for	WC-Co	 composite.	 First	 of	
all,	the	difficult	homogenizating	operation	for	the	nanopowders	
was	 eliminated.	 In	 addition,	 without	 a	 cobalt	 powder,	 the	
electroconsolidation	 process	 was	 shortened,	 which	 further	
prevented	appearance	of	the	microcracks	and	micropores.		
The	 experimental	 results	 of	 the	 cutting	 process	

demonstrated	advantages	of	the	binderless	nanostructured	WC	
inserts	WolCar.	Small	radius	of	the	cutting	edge	contributed	to	
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the	 high	 quality	 of	 the	 obtained	 surface,	 and	 the	 machined	
surface	was	free	from	burned	areas	typical	for	grinding	process	
remains.	Compared	to	the	machining	with	BK6	inserts,	surface	
of	 the	 machined	 TiC/Fe	 composite	 was	 better	 both	 in	 visual	
analysis,	 and	 from	 the	 perspective	 of	 the	 roughness	
measurement,	illustrated	in	Figures	2	and	3,	respectively.	While	
Ra	obtained	by	WolCar	insert	was	1.23	μm,	the	BK6	insert	was	
able	to	produce	Ra	=	4.86	μm. 
	

	
	

Figure	 2.	 Quality	 of	 the	 TiC/Fe	 composite	 surface	 machined	 with	
different	inserts:	a)	WolCar,	b)	BK6	
		
a)	

	
b)	

	
	

Figure	 3.	 Roughness	 of	 the	 TiC/Fe	 composite	 surface	 machined	 with	
different	inserts:	a)	WolCar,	b)	BK6	
	
Apart	 from	 the	higher	 surface	quality,	 the	WolCar	 exhibited	

longer	 durability	 at	 increased	 cutting	 speeds.	 In	 particular,	
when	 vc	 =	100	 m/min,	 the	 edges	 made	 out	 of	 BK6	 material	
were	 able	 to	 cut	 for	 10-12	minutes,	while	 the	WolCar	 inserts	
worked	almost	three	times	longer.	This	can	be	explained	by	the	
increased	abrasive	wear	of	BK6	material	with	 cobalt	at	higher	
temperatures.	Wear	analysis	of	the	edges	and	flanks	suggested	
that	 among	 the	 main	 wear	 mechanisms	 (adhesion,	 abrasion,	
oxidation,	 diffusion,	 cracking	 and	 formation	 of	 built-up	 edges	
[7]),	the	abrasive	wear	of	cobalt-free	WolCar	was	reduced	due	
to	higher	hardness	kept	at	the	increased	temperatures	close	to	

1000	 °C.	 The	worn	 flank	 surface	 of	WolCar	 insert	 is	 shown	 in	
Figure	4.	
	

	
	

Figure	4.	SEM	image	of	the	flank	wear	of	WolCar	cutting	insert	
	
It	should	be	noted	that	the	experiments	were	performed	for	

dry	 cutting.	 In	 these	 conditions,	 at	 the	 cutting	 speed	 vc	 =	40	
m/min	 and	 higher,	 small-size	 built-up	 edges	 formation	 took	
place.	 Application	 of	 a	 coolant	 or	 lubricant	 caused	 its	
disappearance	also	at	higher	machining	speeds.	

4.	Conclusions						

The	researches	demonstrated	that	the	binderless	nWC-based	
cutting	 inserts	 (WolCar)	 have	 some	 advantages	 compared	 to	
the	typical	 	WC	tools	with	6	wt%	addition	of	cobalt	 (BK6).	Hot	
pressing	technology	with	directly	applied	electric	current	made	
it	 possible	 to	 eliminate	 complicated	mixing	 procedure	 and	 to	
shorten	the	manufacturing	process	of	the	WolCar	inserts.		
Next	 advantage	 of	 the	 WolCar	 insert	 was	 sharper	 cutting	

edge	with	radius	ca.	50%	smaller	than	that	of	BK6.	As	 it	could	
be	 expected,	 it	 was	 able	 to	 obtain	 higher	 quality	 of	 the	
machined	surface.	In	the	cutting	tests	of	the	TiC/Fe	composite,	
WolCar	tools	provided	Ra	close	to	1	μm,	which	was	ca.	25%	of	
the	roughness	obtained	with	BK6	inserts.	
And,	 finally,	 when	 the	 cutting	 speed	 was	 increased	 up	 to	

vc	=	100	 m/min,	 it	 was	 much	 less	 destructive	 for	 the	 WolCar	
inserts.	The	WC-Co	material	lost	its	hardness	and	durability,	so	
that	its	working	time	reduced	down	to	30%	of	the	WolCar	time	
at	the	same	conditions.	
Futher	researches	with	application	of	coolants	and	lubricating	

liquids	 may	 help	 to	 understand	 better	 the	 nature	 of	 wear	
mechanisms	 and	 to	 check	 wear	 resistance	 of	 the	 WolCar	
material.	 
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Abstract 
Due to international competition, continuous increases in productivity, product quality and reduction of production costs are 
required. Especially, the development of milling tools made of innovative cutting materials and application-specific tool geometries 
for the machining of brittle materials are in focus to overcome these challenges. One approach to improve the performance and the 
tool behaviour concerning milling of graphite is the use of monolithic ceramic milling tools. Unfortunately, the high brittleness of the 
ceramic leads to breakouts on the cutting edge during the grinding process. This results in an increased maximum chipping of the 
cutting edge, which has a significant influence on the milling process. To improve the breakout behaviour, a cutting edge preparation 
with the immersed tumbling process was applied. To enable a process reliable cutting edge preparation, a suitable lapping medium, 
the influence of the processing time as well as the depth of immersion were investigated. Besides the maximum chipping of the 
cutting edge, the rounded cutting edge radius was also analysed. The results show that a process reliable cutting edge preparation 
of monolithic ceramic milling tools with a maximum chipping of the cutting edge RS,max ≤ 3 µm and a rounded cutting edge radius of 
rβ ≤ 7 µm could be realised. In future investigations, the experimental applicability of monolithic ceramic milling tools will be proved. 
 
immersed tumbling process, ceramic, milling tools, cutting edge preparation      

 
1. Introduction 

The milling process is a key technology for the manufacturing 
of forming tools in the field of tool and mould making for a wide 
range of materials. Especially, for the manufacturing of 
electrodes for die-sinking electrical discharge machining 
graphite represents a suitable material [1, 2]. At the state of the 
art the machining of graphite will be carried out with uncoated 
carbide as well as diamond coated carbide tools, which leads to 
a considerable tool wear and reduced tool life times TSt. Using 
these tools results in an early elution of the binder phase and a 
fast chipping of the coating. Furthermore, the coating of the 
carbide tools leads to high process costs cp and a reduced 
economic efficiency [3].  

In order to overcome the current challenges, dedicated cutting 
tools made of an oxide ceramic type AZ25PPr represent a 
promising approach due to the specific properties. Previously 
performed scientific studies show the great potential of this 
ceramic as a cutting material [4]. The oxide ceramic type 
AZ25PPr is characterised by covalent binding forces fb, no binder 
phase as well as a high hardness H, which enables great 
advantages compared to uncoated and cost-intensive diamond 
coated carbide tools. Unfortunalety, the oxide ceramic shows a 
considerable breakout behaviour on the cutting edge during the 
grinding process. This can be related to the high brittleness of 
the ceramic. To improve the breakout behaviour, experimental 
investigations  for cutting edge preparation with the immersed 
tumbling process were carried out. Therefore, the immersed 
tumbling process presents an important process technology and 
needs to be evaluated for a defined cutting edge preparation of 
the monolithic ceramic milling tools [5, 6]. 
2. Experimental Setup 
2.1. Cutting material and tool geometry 

For the investigations, cutting tools made of a zirconium 
dioxide-reinforced aluminium oxide caramic type AZ25PPr were 
used. The oxide ceramic was provided by the company 

OXIMATEC GMBH, Hochdorf, Germany, and the cutting tools were 
ground by the company HOPPE Präzisionstechnik GmbH, 
Hoyerswerda, Germany. The used cutting tools were eqquiped 
with a parabolic radius transition to the cutting part. This 
enables optimised process conditions and allow improved 
process parameters. The cutting tools were ground with state of 
the art process technologies. 
2.2. Testing methods and devices 

For the experimental investigations, the immersed tumbling 
process was carried out with the machine tool DF-3 Tools of 
OTEC PRÄZISIONSFINISH GMBH, Straubenhardt, Germany. The 
measurement of the cutting edge micro-geometries rounded 
cutting edge radius rβ and maximum chipping of the cutting 
edge Rs,max were realised with the optical measurement device 
InfiniteFocus from the company ALICONA IMAGING GMBH, Graz, 
Austria. To enable a suitable visualisation of the experimental 
results, the scanning electron microscope (SEM) JCM-5000 of 
the company JOEL NEOSCOPE, Akishima, Präfektur Tokio, Japan, 
was used. 
3. Experimental investigations 

Within the investigations, experiments for the evaluation of 
three different lapping media, H4/400 (diamond paste with 
walnut shell granulate), M4/300 (corn granulate) as well as HSC 
1/500 (silicon carbide with walnut shell granulate) regarding the 
machining results were carried out (Figure 1). Figure 1 shows the 
influence of the lapping media on the rounded cutting edge 
radius rβ and the maximum chipping of the cutting edge Rs,max as 
a function of the machining time tm. As a result of the 
investigations the lapping medium H4/400 leads to a change of 
the rounded cutting edge radius in the range of 
4.7 µm ≤ rβ ≤ 5.3 µm and a maximum chipping of the cutting 
edge in the range of 4.5 µm ≤ Rs,max ≤ 6.9 µm. For the lapping 
medium M4/300 a rounded cutting edge radius in a range of 
4.8 µm ≤ rβ ≤ 7.1 µm as well as a maximum chipping of the 
cutting edge of 3.5 µm ≤ Rs,max ≤ 6.6 µm could be obtained.  
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Figure 1. Influence of lapping media on cutting edge micro-geometries  
A rounded cutting edge radius between 4.7 µm ≤ rβ ≤ 6.3 µm 
and a maximum chipping of the cutting edge between 
2.4 µm ≤ Rs,max ≤ 6.4 µm result for the application of the lapping 
medium HSC 1/500. In general, the findings show for all lapping 
media an asymptotic course of the rounded cutting edge 
radius rβ up to a machining time of tm = 30 s to a non linear 
function in the further course. Beyond that, the application of all 
three lapping media leads to a considerable reduction of the 
maximum chipping of the cutting edge Rs,max up to a machining 
time of tm = 60 s, followed by a flatter progression. The lapping 
medium HSC 1/500 shows the lowest maximum chipping of the 
cutting edge Rs,max and a moderate rounded cutting edge 
radius rβ. Furthermore, the consideration of the standard 
deviations shows that the immersed tumbling could be 
identified as a precise and reliable process technology for the 
cutting edge preparation of monolithic ceramic milling tools. 
According to the results, the lapping medium HSC 1/500 will be 
used for further investigations and experiments were carried out 
to identify the influences of the process parameters for the 
cutting edge preparation of ceramic ball end mills. For the 
investigations a statistical test plan based on the Design of 
Experiments (DoE) was applied. Each test series was repeated 
three times for statistical validation. The selected process 
parameters are the depth of immersion in a range of 
50 mm ≤ aI ≤ 100 mm, the rotor speed 20 1/min ≤ nR ≤ 50 1/min 
as well as the holder speed 120 1/min ≤ nH ≤ 200 1/min. Figure 
2 illustrates the findings of the investigations.  

 
Figure 2. Visualisation of the significance analysis  
Fundamentally, all process parameters show a significant 
influence on the cutting edge preparation. The red line in 
Figure 2 symbolises the significance of the investigated process 
parameters. The micro-geometries are strongly affected by the 
rotor speed nR and the holder speed nH. The increasing of these 
parameters results in an increased rounded cutting edge 
radius rβ and in a decreased maximum chipping of the cutting 
edge Rs,max, due to a growing machining speed vm and higher 
removal rates V̇W. Furthermore, the depth of immersion aI also 
shows a significance. Due to a growing lapping pressure pL the 
removal rate V̇W increases, which affects the preparation of the 
micro-geometries. To visualise the results of the defined cutting 

edge preparation, Figure 3 illustrates scanning electron 
microscope (SEM) images before and after the immersed 
tumbling process of an exemplary ceramic tool. Correllating to 
Figure 3 all process results are shown as averaged values. 
Figure 3 shows that the rounded cutting edge radius rβ 
increases, while the maximum chipping of the cutting edge Rs,max 
decreases during the immersed tumbling process. This effect 
needs to be considered for the cutting process. The process 
results during the cutting are strongly affected by the micro-
geometries of the used milling tools [7].  

 
Figure 3. SEM images of one exemplary ceramic tool  
a) reference; b) initial state; c) after tm = 1 min; d) after tm = 2 min 

4. Conclusion and further investigations 
The aim of the investigation was the identification of a suitable 

lapping medium and process parameters for a reliable cutting 
edge preparation of monolithic ceramic ball end mills. The 
findings show that the lapping medium HSC 1/500 is suitable for 
the preparation of monolithic ceramic milling tools made of a 
zirconium dioxide-reinforced aluminium oxide caramic type 
AZ25PPr. Furthermore, all investigated process parameters 
show a significant influence. The results for the investigation of 
the immersed tumbling show a great applicability for the cutting 
edge preparation of monolithic ceramic milling tools. Based on 
this, a defined preparation of the rounded cutting edge 
radius rβ ≤ 7 µm as well as the maximum chipping of the cutting 
edge Rs,max ≤ 3 µm could be proven. Further investigations will 
address the suitability concerning the tool wear and tool life 
times TSt of the monolithic ceramic milling tools during the 
cutting process. In addition, the correlations of the micro-
geometries and the tool wear will be analysed. This work is 
supported by the funding program Zentrales Innovations-
programm Mittelstand (ZIM) by the FEDERAL MINISTRY FOR 

ECONOMIC AFFAIRS AND ENERGY (BMWI). 
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Abstract 

Spherical shell thin-wall parts are often used as experimental pieces of shock wave and detonation physics experiments. The 
experimental effect is analyzed by comparing the deformation and destruction of parts before and after the physical experiment. 
Therefore, the surface accuracy and wall-thickness uniformity of thin-wall spherical shell parts are relatively high requirements. The 
current method for obtaining wall-thickness of the component requires the help of a complicated wall-thickness measurement 
device, and operation is complicated. In order to obtain the wall-thickness of thin-wall spherical shell parts accurately, a wall-
thickness measurement method is proposed. The meridian and the concentric trajectory are used to measure the wall-thickness of 
thin-wall spherical shell parts. The measurement benchmark coincides with the model; the measurement data of the inner and outer 
surfaces are unified in a same coordinate system, and wall-thickness error is obtained based on a reconstruction model method of 
spherical shell parts. The meridian and concentric circles are used to test a spherical shell with the outer diameter of Φ210.6 mm and 
the inner diameter of Φ206.4 mm. After removing the data points near the top, the surface error of the outer surface is about 5 μm, 
the surface error of the inner surface is about 6 μm, and the wall-thickness error is about 6 μm. 
Keywords: Spherical shell; Thin-walled part; Wall-thickness; Benchmark coincidence; Data processing  

 

1. Introduction 

There are a large number of thin-walled parts in aerospace 
equipment, such as rocket tank panels, rocket nozzles and 
aircraft skins [1]. Spherical thin-walled parts have typical 
geometric shapes, and the mathematical description of 
deformation and failure is easy to express. In terms of physical 
design, spherical thin-walled parts have the typical advantages 
of "high energy efficiency and low energy consumption", which 
are also often used as shock wave physics and detonation 
physics. Spherical thin-walled parts as typical test pieces are 
used to study the essential mechanism of various physical, 
chemical and mechanical phenomena during weapon implosion 
[2]. The deformation and destruction of the parts before and 
after the experiment are used as the result to obtain the 
important parameters involved in the characterization of the 
weapon implosion process. In order to improve the accuracy and 
reliability of important scientific experimental data of shock 
wave physics and detonation physics, the surface shape 
accuracy and wall-thickness uniformity of thin-walled parts of 
spherical shell put forward extremely high requirements [2-3]. 
The characteristics of thin-walled parts, such as low rigidity, easy 
deformation, and difficult to clamp, are a major difficulty in the 
thickness measurement of thin-walled parts. For the wall-
thickness measurement of curved parts, the difficulty is that the 
wall-thickness information of the part needs to be obtained in 
the normal direction of a certain point on the curved surface.  

At present, researchers at home and abroad have explored the 
wall-thickness measurement. The methods of measuring wall-
thickness mainly adopts direct measurement method and 
indirect measurement method. The main principle of the direct 
measurement method is to directly measure the distance 
between the inner and outer walls in the normal direction of the 
corresponding point as the point's wall-thickness. Cao et al. 

proposed a contact sensor measurement scheme. By 
constructing a theoretical curve, the articulation center is 
established to always move along the motion curve, so that the 
connection between the fixed contact and the sensor probe is 
always in the normal direction of the inner wall to obtain the 
wall-thickness value of workpiece [4]. Jin et al. proposed a tubing 
wall-thickness measurement method based on a measurement 
sensor and designed an online tubing wall-thickness 
measurement system with a wall-thickness measurement 
accuracy of ± 0.05 mm [5]. The indirect measurement method is 
mainly based on the principle of ultrasonic measurement, and 
the wall thickness information is calculated by the indirect 
quantity related to the wall thickness. Wu et al. used the 
principle of ultrasonic reflection to measure the thickness of the 
pipeline by calculating the difference in the arrival time of the 
echo signal according to the arrival time of the echo signal [6]. In 
order to reduce the influence of the measurement environment 
on ultrasonic measurement, Morana et al. used Monte Carlo 
simulation method to establish a mathematical model for the 
estimation of ultrasonic measurement thickness uncertainty [7]. 
The process of the direct method is cumbersome and the 
measurement takes a long time. Ultrasonic measurement is 
highly dependent on temperature and the ultrasonic system. 
The measurement environment and the strength of the 
ultrasonic echo signal have a greater impact on the 
measurement result, and the cost of the ultrasonic device is 
relatively high. For spherical shell parts with micron level 
precision, the above method is not suitable for the wall thickness 
detection of spherical shell parts. 

This paper proposes a method for measuring the wall-
thickness of thin-walled spherical shell parts. The measuring 
trajectory is planned for thin-walled spherical shell parts. By 
establishing a measurement reference coincidence model under 
the spatial coordinate system, the data on the inner and outer 
surfaces are unified to the same coordinate system. Based on 
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the reconstruction model method of spherical shell parts, the 
wall thickness information is obtained. 

2 Methodology 

The thin-walled spherical shell parts, as shown in Figure 1, may 
be rotate and move along the x-axis, y-axis and z-axis, or rotate 
around its own axis with the angle φ, as shown in Figure 2, when 
measuring the inner and outer surfaces. Therefore, a new 
method for measuring the wall-thickness of thin-walled 
spherical shell parts is proposed. In the process of measuring the 
inner and outer surfaces of the spherical shell part, the flange 
circumference is used as measurement benchmark. By making 
the two flange circumferences coincide, the rotation angle and 
the amount of movement are obtained. The measurement 
benchmark coincidence model under the spatial coordinate 
system is established, and the data of the inner and outer 
surfaces are unified under the same coordinate system. Finally, 
the reconstruction model of the spherical shell parts is 
established through interpolation, and the wall-thickness is 
obtained. The measurement trajectory mainly includes the 
meridian and the concentric trajectory, as shown in Figure 3. The 
measurement process is shown in Figure 4. 

 
Figure.1 The spherical shell parts 

 

 
(a) The amount of rotation and movement 

 

(b) The rotation angle 
Figure.2 The Schematic 

  
(a) The meridian trajectory      (b) The concentric trajectory 
Figure.3 The measurement trajectory 

 
Figure.4 The measurement process 

3. Experimental setups 

A spherical shell part with an outer diameter of Φ210.6 mm 
and an inner diameter of Φ206.4 mm is used for the 
measurement test, as shown in Figure 5. The processing 
machine adopts an ultraprecision single point diamond machine 
manufactured by Precitech, USA, which parameters are shown 
in Table 1. During the machining process, the pure iron spherical 
shell part is machined with cemented carbide tool (KC5010), and 
the constant speed is used for machining. The specific 
parameters are shown in Table 2. 

Table 1 The machine parameters 

Parameter Type Parameter Value 

X Stroke (mm) 350 

Z Stroke (mm) 300 

Position Feedback Accuracy (nm) 0.032 

X Horizontal Straightness (μm/ 25mm) 0.05  

Z Horizontal Straightness (μm/ 25mm) 0.05  

Spindle Load (kg) 85 

Spindle Radial Runout (nm) ≤15 

Spindle Axial Runout (nm) ≤15 

Maximum Spindle Speed (rpm) 7000 

 
Table 2 The related parameters in processing 

Parameter Type Parameter Value 

Tool Radius  (mm) 0.2  

Spindle Speed (rpm) 200  

F (mm/min) 20  

ap (μm) 10 

Adsorption Pressure (kPa) 50 
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(a) The outer surface                         (b) The inner surface 

Figure.5 The processed spherical shell 

Taking the lower face of flange as the measurement 
benchmark. First, measuring the circumferential surface of 
flange according to the circular track, and measuring the outer 
surface according to the meridian and concentric circles, as 
shown in Figure 6. After that, the lower face of flange is used as 
the measurement benchmark again, and the circumferential 
surface of flange is measured again according to the circular 
trajectory of the last time, and the inner surface is measured 
according to the meridian and concentric trajectory, as shown in 
Figure 7. 

 
(a) The measurement model                         (b) Measuring the real object 
Figure.6 The outer surface measurement 
 

 
(a) The measurement model                             (b) Measuring the real object 
Figure.7 The inner surface measurement 

4. Results and discussion  

4.1 Surface accuracy 
Using the meridian trajectory measurement method, the 

surface error of the outer surface of the spherical shell part near 
the top is about 22 μm, and the surface error after removing the 
data points near the top is about 5 μm, and the surface error of 
the inner surface of the spherical shell near the top is about 27 
μm, and the surface error after removing the data points near 
the top is about 6 μm. When measuring with concentric circles, 
the surface error of the outer surface of the spherical shell near 
the top is about 8 μm, and the surface error after removing the 
data points near the top is about 5 μm; the surface error of the 
inner surface near the top is about 14 μm, and the surface error 
after removing the data points near the dome is about 8 μm, as 
shown in Figure 8. 

 

 

 
(a) Surface error distribution of the outer surface with the meridian 

trajectory 

 
(b) Surface error distribution of the outer surface with the concentric 

trajectory 

 
(c) Surface error distribution of the inner surface with the meridian 

trajectory 

 
(d) Surface error distribution of the inner surface with the concentric 
trajectory  
Figure. 8 The surface error distribution  

4.2 Wall-thickness  
Drawing the spherical shell wall-thickness distribution in polar 

coordinates, as shown in Figure 9. The wall-thickness error of the 
spherical shell part with meridian trajectory is about 45 μm. The 

Φ210.6  Φ206.4 
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wall-thickness error of the spherical shell part with concentric 
trajectory is about 16 μm. After removing the data near the top, 
the wall-thickness error is about 6 μm with the meridian 
trajectory, and the wall-thickness error is about 7 μm with the 
meridian trajectory. 

 

(a) The wall-thickness distribution with the meridian trajectory 

 
(b) The wall-thickness distribution with the concentric trajectory) 
Figure.9 The wall-thickness distribution 
 

4.3 Discussion 
The surface error of the top using the meridian trajectory is 

larger than that of the concentric trajectory. This is because the 
measurement of the concentric circle method fails to collect the 
top data information. In actual processing, due to the poor 
cutting conditions at the top, the presence of entangled chips 
and a long distance from the positioning surface (flange) will 
result in a large wall-thickness error, making the uniformity of 
the wall-thickness at the top more difficult guarantee. The 
meridian trajectory can more accurately reflect the wall-
thickness information at the top, so for the measurement of 
spherical shell parts, the meridian trajectory is better than the 
concentric trajectory. Except for the top, the closer to the top, 
the greater the wall-thickness error. This may be due to the fact 
that in the actual processing of the inner and outer surfaces, the 
tool is always processed from the flange position to the dome. 
And spherical shell part is a thin-walled part, which the rigidity is 
insufficient. In the top, the surface error and the wall-thickness 
error are larger. The main reasons may be that there is a built-
up edge in machining process, the tool installation center and 
the rotation center of the workpiece are not on the same line, 
there are tool setting errors in the x and z directions, and poor 
processing conditions. Relevant research will be further carried 
out. 

5. Conclusions 

This paper proposes a method for measuring the wall-
thickness of thin-walled spherical shell parts. Experiments are 
conducted on a spherical shell part with an outer diameter of 
Φ210.6 mm and an inner diameter of Φ206.4 mm. The meridian 
trajectory and the concentric trajectory are used to measure the 
spherical shell.  

1. After removing the data points near the top, the surface 
error of the outer surface of the spherical shell is about 5 μm, 

and the surface error of the inner surface is about 6 μm, and the 
wall-thickness error is about 6 μm with meridian trajectory. 

2. After removing the data points near the top, the surface 
error of the outer surface of the spherical shell is about 5 μm, 
and the surface error of the inner surface is about 8 μm, and the 
wall-thickness error is about 7 μm with concentric trajectory. 

3. The meridian trajectory measurement can more accurately 
reflect the wall-thickness information at the top of the sphere. 
Therefore, compared with the concentric trajectory, the 
meridian trajectory is used to measure spherical shell parts to 
better reflect the surface shape and wall thickness information. 
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Abstract 
Ni-based heat-resistant alloys are widely used for turbine blades of gas-turbines engines. Due to the increase in the production of 
these engines all over the world, the demand for high-efficiency machining of Ni-based heat-resistant alloys is expected to rise. 
However, high-efficient grinding of Ni-based heat-resistant alloys is challenging because of its low thermal conductivity and thermal 
diffusivity, high chemical activity, large work hardening properties and high-temperature strength. The authors propose the high-
efficient grinding using the high-speed-stroke grinding of Ni-based heat resistant alloys, and the goal of this study is clarifying the 
optimum grinding condition for the grinding method. In the experiment, the workpiece material is CMSX4 used in turbine blades, 
and Cubitron (precision-shaped ceramic grain) grinding wheel, and WA (white alumina grain) grinding wheel mounted on a linear 
motor-driven surface grinder have been used, and the grinding force, surface roughness and grinding ratio have been investigated. 
The rotational speed of the grinding wheel is set as constant. The grinding fluid was prepared in two types, solution and soluble. As 
a result, the wet grinding showed lower grinding force, smaller surface roughness, and a higher grinding ratio compare with dry-cut 
grinding. The improvement in the grinding ratio on the high-table speed was significant, and it was greater with the soluble type than 
the solution type. 
 
Keywords: Grinding, Heat-resistant alloy, Creep-feed, Speed-stroke, Grinding fluid, Plunge grinding, Cubitron  

 

1. Introduction 

Demand for turbine blade's higher production volume is 
increasing; gas-turbine production volume had been increased 
till 2019, and maintenance parts volume for these engines is 
expected to reach the maximum in the past. As a result, high- 
efficient production of the turbine blade is required from the 
world. However, heat-resistant alloys are difficult to grind in 
high efficiency due to their low thermal conductivity and 
thermal diffusivity, high work hardenability, and high-
temperature strength [1]. 

Historically, the Christmas-tree portion of the turbine blade 
had been machined by the creep-feed grinding, such as the 
continuous dressing grinding method [2]. Furthermore, the 
Cubitron grain grinding wheel, which uses ceramics grain and 
porous type grinding wheel, is also commercialized for heavy-
duty grinding. Cubitron is a precision-shaped ceramic grain 
which bonded rigidly with white alumina grain; WA, using the 
vitrified bond.  

The goal of this research is to achieve the high-efficient and 
high-speed-stroke grinding of heat resistant alloys. This 
experiment aims to investigate the effects of grinding fluid, 
grinding wheel, and other grinding conditions on the grinding 
characteristics and enable the selection of more efficient 
grinding conditions. 

2. Experimental setup and grinding condition   

The authors conducted surface grinding experiments on 
CMSX4, one of the significant turbine blade materials used for 
many kinds of aircraft engines, using a Cubitron + WA wheel and  
a WA wheel, and investigated the normal grinding force, surface 
roughness, and grinding ratio. The grinding machine used in this 

experiment is the UPZ315Li manufactured by Okamoto Machine 
Tools. The UPZ315Li is a grinding machine with a linear motor-
driven table that realize a high feed rate and high-acceleration.  

As shown in Figure 1, a Kistler Type 9257 Quartz three-
component dynamometer was fixed to the grinding machine's 
table. The workpiece was fixed using a vice, which set on the 
dynamometer. 

The workpieces have a cylindrical shape with a diameter of 14 
mm, and the circular cross-section side is ground in the 
experiments. CMSX4 is a typical difficult-to-cut material, which 
contains Cr: 6.4, Co: 9.3, Al: 5.5, Ti: 0.9, Mo: 6.3, Ta: 6.2, W: 6.2, 
Re: 2.8, Hf: 0.1 and Ni: bal. 

The rotational speed of the grinding wheel was set constant in 
1,590min-1 from the allowable peripheral speed of the wheel. 
The table speed was varied from 50 mm/s to 1000 mm/s from 
the performance of the grinding machine.  The depth of cut was 
varied from 10 µm to 0.5 µm within a sufficiently safe for the 
current clamping method, and the removal rate was set at 0.5 

mm 3 /mm･ s. Two types of grind fluid were used in 5.2 vol.% 

diluted, solution and soluble type. For comparison, a WA 

 

Figure 1. Schematic of experimental setup 

Table

Magnetic chuck

Dynamometer

Jigs
Vice

Workpiece

Spindle
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grinding wheel was used in two grinding conditions, dry grinding 
and grinding using soluble type grinding fluid. The grinding 
conditions are shown in Table 1. Specifications of the grind 
wheels are shown in Table 2. Grinding experiments were 
performed once for each condition. The wear height and surface 
roughness were measured three times and averaged. The 
grinding ratio is measured by the transcription method using a 
thin carbon plate, as shown in Figure 2. In the method, the 
grinding ratio was calculated from the worn height of the 
grinding wheel on the centre of the worn part transferred on the 
carbon plate and the worn height of the workpiece on the centre 
of the grinding surface.  

3. Experimental result  

Figure 3 shows the normal grinding force, and Figure 4 shows 
the grinding ratio, and Figure 5 shows the surface roughness of 
the workpiece.  

The apparent depth of cut of Dry condition increased due to 
thermal expansion of the workpiece. In the WA/soluble 
condition, the grinding force is much higher at the creep-feed 
grinding side. However, the surface roughness is slightly 
improved. Also, the WA wheel has a higher bond strength than 
the Cubitron wheel, resulting in glazing caused by the wearing of 
abrasive grain on WA/dry.  

In the WA/soluble, the grinding ratio decreased when the 
table speed was 1000 mm/s. That is due to the higher porosity 
of the Cubitron wheel and the more pronounced effect of the 
grinding fluid. Cubitron/soluble shows a better grinding ratio 
than Cubitron/solution on the speed-stroke side. The result 
indicates that in the high table speed range, the soluble type 
with better lubrication and permeability is more advantageous 
in improving the grinding ratio than the solution type with better 
cooling. 

Surface roughness was improved for both Cubitron and WA 
with the grinding fluid compared to the dry condition. However, 
there was no notable effect on the surface roughness caused by 
the grinding fluid type difference. The Cubitron/Soluble 
condition showed improved surface roughness in the speed-
stroke grinding side compared to the other conditions. 

4. Summary 

On the creep-feed grinding side, the result shows the tendency 
of glazing wear with the WA wheel. As the table speed increased, 
dry showed the opposite trend to the other conditions because 
the apparent depth of cut of Dry condition increased due to 
thermal expansion of workpiece. At the highest table speed, the 
grinding ratio of the soluble type grinding fluid is much higher 
than the solution type. This result indicates that permeability is 
a key property of the grinding fluid in improving the grinding 
ratio at the speed-stroke grinding side. Since this was a 
foundational experiment using a small workpiece, further study 
is needed to apply the results to the actual products. 
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Figure 2. Transcription method of grinding ratio 

Type 
93DA60 

/80FISVPH901W 
WA60KV35 

Abrasive grain 
type  

Cubitron(250µm)30% 
+WA(500µm)70% 

WA (250µm) 

Bond type 
Vitrified  

(Low-strength type) 
Vitrified 

Porosity Polus type Normal type 

Wheel Size 205x20x50.8 205x19x50.8 

Manufacture 3M Noritake 

 

Table 2 Specifications of grinding wheel 

Table feed rate Depth of cut Removal rate 

50 mm/s 0.01 mm 

0.5 
mm3/mms 

100 mm/s 0.005 mm 

200 mm/s 0.0025 mm 

1000 mm/s 0.0005 mm 

 

Table 1 Grinding condition 

Carbon plate

CMSX4

Grinding Wheel

Reference

Wear height 
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Abstract 
Single-crystal SiC consists of 1:1 covalent bonds between carbon and silicon. SiC is the third hardest compound on earth after diamond 
and boron carbide, and it has excellent hardness, thermal conductivity, thermal expansion, oxidation resistance, heat resistance, 
corrosion resistance, and electrical properties. Furthermore, it has significant chemical stability  and a high dielectric breakdown 
strength.  Consequently,  it  is  applied  widely,  e.g.,  in  mechanical  seals,  chemical  pump  bearings,  next-generation  power  device 
materials, and molds for optical components. However, it is extremely difficult to machine owing to its excellent properties. Therefore, 
several studies have investigated measures to improve its machining efficiency and surface characteristics. Herein, we focused on 
the materials of the tools used for SiC machining. In this regard, diamond tools are commonly used; however, they undergo wearing 
and incur costs accordingly. Therefore, we examined a lever-type dial gauge, composed of rubies as an alternative tool material, for 
constant-pressure  machining  of  SiC.  The  conditions  of  the  ruby  and  machined  surface  of  the  SiC  were  observed  via  white  light 
interferometry  and  scanning  electron  microscopy.  The  results  confirmed  the  feasibility  of  using  rubies  to  machine  SiC  wafers. 
Moreover, the possibility of mechanochemical reactions was examined. 
 
 

Keywords: ruby sphere, single crystalline silicon carbide, constant-pressure machining, dial gauge   

1. Introduction 

Single-crystal SiC has excellent properties such as hardness, 
high dielectric breakdown strength, and significant chemical 
stability. Therefore, it is expected to be used in various 
applications such as next-generation power devices and molds 
for optical components. Meanwhile, SiC is a brittle material that 
is extremely difficult to machine. Consequently, several studies 
have focused on SiC machining to improve its machining 
efficiency and surface characteristics [1]. 

The machining of single-crystalline SiC wafers was investigated 
in [2], where a trace was produced on the surface of the SiC 
wafer and measured using a ruby sphere lever-type dial gauge. 
The traces might be considered that SiC could not be machined 
under normal circumstances, because the modified Mohs 
hardness of SiC is higher than that of the ruby. The main 
component of ruby is aluminum oxide, also called corundum, 
and Hirooka et al. reported that corundum has the same level of 
machinability as that of cemented carbide for tools [3]. In [4], 
the effect of machining speed on the constant-pressure 
machining of single crystalline silicon carbide using a ruby sphere 
was studied. 

With this background, in this study, the effects of constant-
pressure machining on SiC using ruby spheres as tool materials 
were compared with those on the single-crystal SiC. 

2. Experimental equipment and methods      

An ultraprecision vertical machining center (TOSHIBA 
MACHINE, UVM-450C-V2) was employed, and a rotary table 
(TOSHIBA MACHINE, ABC-50) with aerostatic bearings was 
installed on the table. Figure 1 shows a schematic of the 
experimental apparatus. A commercially available leverage dial 

gauge was used as a tool, were used to assess the influence of 
the measuring probe material on the machining of SiC. A TI-
113HRX ruby sensor was used, manufactured by Mitutoyo, with 
a diameter of 2 mm and a measuring force of 0.3 N or less. The 
workpiece was a poly type 4H-N SiC wafer, which was fixed to 
the jig using a thermoplastic resin (Nikka Seiko, ADFIX). Post-
machining wafer surfaces were observed using white light 
interferometry (Zygo, New View 6300) and scanning electron 
microscopy (SEM; Hitachi High Technology, SU4200).  

The wafer was machined while the probe was in contact with 
the wafer surface at a constant pressure of 0.3 N. The processing 
conditions are listed in Table 1. The machining speed v was 100 
m/min, and no cutting fluid was used to evaluate the basic 
machining characteristics. 

 

 
Figure 1. Schematic of the experimental apparatus 

 
Table 1 Machining conditions 

Measuring power p [N] 0.3 

Machining speed v [m/min] 100 

Machining time t [min] 10,20,30,40,50,60 

Lever-type  
dial gauge 

SiC wafer 

Jig 

Rotary table 

Processing 
marks 
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3. Experimental results      

Figure 2 shows SEM images of the  ruby sphere before and 
after processing. The appearance of the specimen was not 
significantly damaged or changed. In a previous study [4], no 
significant change was observed in the appearance of specimen, 
which confirmed that the ruby sphere was not affected by SiC 
during processing. 

Figure 3 shows the 3D model for different machining times 
obtained using white light interferometry. For a machining time 
of 10 min, the average width of the machined scar was 1.4 mm, 
while for a machining time of 60 min, it increased to 2.6 mm 
(approximately 1.8 times wider). Moreover, the machining 
marks became wavy in shape as the machining time increased. 
These phenomena might have been caused by the shifting of the 
contact surface of the ruby sphere owing to the effect of chips 
accumulating with increased machining time. 

Figure 4 shows the relationship between the machining time 
and the depth of the machined trace. The experiments were 
conducted three times for each machining time, and the 
measured values were plotted at three points for each 
machining mark. The smooth line represents the average of the 
measured values for each machining time. As shown in Fig. 4, 
the depth of the machined trace tended to increase with the 
increase in machining time: a depth increase of 0.0929 µm/min 
was observed, which is a linear increase, considered to be based 
on Preston's law. In our previous study [4], when the machining 
time was set to 4 min and the machining speed was varied from 
20 to 100 m/min, no significant difference in the depth of the 
machined mark was observed. However, in this experiment, the 
machining time had a clear effect on the depth of the machined 
mark. The results of this experiment reconfirmed the possibility 
of processing SiC wafers using ruby spheres. However, because 
ruby contains a small amount of chromium oxide, the processing 
of ruby spheres may be accelerated as a result of the mechano-
chemical reactions taking place during the grinding of SiC [5].  

4. Conclusions 

In the constant pressure machining of single crystal SiC using 
ruby spheres as tool material, the following results were 
obtained: 
(1) No damage was observed on the contact surface of the ruby 

sphere during constant-pressure machining at a measuring 
power of 0.3 N.  

(2) As the machining time increased, the width of the machining 
marks increased by approximately 50%. 

(3) As the machining time increased, the shape of the machined 
marks became wavy and more disordered. 

(4) The depth of the machining marks increased with an increase 
in the machining time. 

we have confirmed the potential of ruby as a tool material. 
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(a) Before                                         (b) After 
Figure 2. SEM images of the measurer before and after processing 
 

(a) 10 min  

(b) 20 min 

(c) 30 min 

(d) 40 min 

(e) 50 min 

(f) 60 min 
Figure 3. 3D model for each machining time 

(left 5 times,right 50 times) 
 

Figure 4. Machining mark depth vs. machining time 
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Abstract 
Although lapping of curved surfaces has been replaced by precision grinding in many cases, especially in optics manufacturing, its use 
can be advantageous over grinding under certain conditions. The task investigated is the precision machining of slightly curved 
cylindrical surfaces of mechanical components made of aluminum, which were pre-machined by 5-axis CNC milling and anodized 
with a layer of about 25 µm thickness. The lapping process was performed with a specially designed lapping device mounted on the 
wheel head of a CNC surface grinding machine. This allowed the tool path to be freely programmed with the CNC control of the 
surface grinding machine. The shape accuracy and the roughness of the workpieces were measured with a tactile profilometer. The 
lapping process significantly improved the shape accuracy of the components (cylindricity) and the roughness. 
 
lapping, functional surfaces, … 

 

1. Introduction 

For the primary functional surface of the precision 
components ("wafer assembly platform") considered here 
(Fig.1) with cylindrical or toroidal geometry, relatively high 
hardness and high wear resistance are required in addition to 
high dimensional accuracy. 

In the application, it is important to guide and position the 
wafers for the assembly process with very high accuracy. Due to 
the complexity of additional secondary functional surfaces or 
geometry elements, the component is made of an aluminum 
alloy with low residual stresses. This results in very low 
deformation of the component after a  5-axis CNC milling 
process, enabling high-precision pre-machining. 

To meet the requirements for hardness and wear resistance, 
the parts are subsequently  anodized. The shape accuracy of the 
envelope geometry of the surface is of high importance for the 
function and, to a lesser extent, the roughness. 

 

 

Figure 1. Wafer assembly platform (radius of curvature 670 mm) 

 
Thus, to achieve the precision required of the primary 

functional surface, the shape deviation must be less than 0.5 µm 
while the radius tolerance is less than 0.2 % despite the 
boundary conditions resulting from the low anodized layer 
thickness. 

2. Experimental setup 

2.1. Workpieces 
In the following it is described the precision machining of 

slightly curved cylindrical surfaces (radius in the specific case 
R = 670 mm) of mechanical components with a rectangular base 
area of 96 mm x 90 mm and a test area of 50 mm x 38 mm made 
of aluminum. Pre-machining was done by 5-axis CNC precision 
milling. Subsequently, the parts were anodized with a layer of 
about 25 µm thickness. The general objectives were to improve 
the shape accuracy and roughness of the cylindrical enveloping 
surface. 
 
2.2. Lapping device 

The lapping device was specially developed for this machining 
process. The lapping device has a gimbal mount of the lapping 
tool and enables an adjustable lapping normal force by means of 
a balance beam (Fig. 2). 

Additionally, the lapping device has an adjustment unit for 
aligning the cylindrical axis of the lapping tool parallel to the 
workpiece cylindrical axis. The lapping device was mounted on 
the wheel head of a CNC surface grinding machine. The relative 
movement between the lapping tool and the workpiece, the 
path velocity and the overruns in both circumferential and axial 
direction can be freely programmed with the CNC-control of the 
surface grinding machine. 

The lapping tools (tool material: brass) with a special designed 
structure were also machined by 5-axis CNC precision milling. 
Fig. 3 shows a schematic presentation of the lapping tool.
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Figure 2. Lapping device with workpiece 

 

Figure 3. Schematic representation of the path of the lapping tool center (0;0). The blue and red arrows and the numbers 0 -13 indicate the path 
respectively the end positions of the lapping tool center point during one cycle 
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2.3. Machining experiments 
The axes of the CNC system of the surface grinding machine 

are used both for positioning the lapping tool and for the relative 
movement between lapping tool and workpiece during the 
lapping process. 

Before machining, the nominal normal lapping force is set 
using a laboratory balance by shifting the weight on the balance 
beam of the lapping device in the horizontal position of the 
lapping tool. The workpieces were fixed on the magnetic 
clamping plate with a manual device.The cylindrical axes of the 
workpiece and the lapping tool are set parallel to the x-axis of 
the grinding machine. 

The lapping tool is brought into contact and aligned 
symmetrically to the workpiece in the x-z-plane. In this position 
the coordinates for the workpiece coordinate system are taken 
over and the CNC program is started. 

The relative movement between lapping tool and workpiece 
during the lapping process is carried out by the x- and z- axis 
according to the tool path in Fig. 3. The lapping process was 
carried out in several process steps with manual feed of the 
diamond slurry. 

 
2.4. Surface measurement 

The shape accuracy and the roughness of the workpieces were 
measured with a tactile profilometer (3D-measurement for 
shape accuracy /cylindricity, 2D-measurement for straightness 
of the surface line, circular shape of the peripheral line and 
roughness). 

From the raw data of the 3D measurement, the cylinder shape 
was removed to compute the radius of curvature and the shape 
deviation. Based on the roughness profiles the parameters Rz, 
Ra, Rp and Rv as well as the amplitude distribution and the 
Abbott curve were computed (robust Gaussian filter 
λc = 0.8 mm). 

 

3. Experimental results 

The machining tests were performed with oil based lapping 
slurries / diamond grain sizes 12 µm/ 9 µm/ 6 µm, the results in 
this paper were achieved with the grain size 6 µm. The surface 
measurements were carried out in the initial state and after 20/ 
60 /100 /140 and 180 cycles (overruns). 

A specific property of the anodized aluminium layer is its 
porosity with a relatively large number of pores, which are 
affecting the results of the surface measurements (Fig. 4). This 
influence was considered by the selected filter type. 

During the lapping process the abrasive action of the diamond 
grains is concentrated on the peaks of the surface topography, 
whereas the pores are hardly affected. This means that the 
topography is smoothed from the top. The abrasion of the peaks 
in combination with the existence of pronounced pores lead to 
typical curve characteristics of the roughness parameters 
(Fig. 5). 

The parameters Rz and Rp decrease due to the removal of 
peaks. The reduction of the parameter Ra is less marked. Since 

 

Figure 4. Roughness profiles of the anodized layer in the initial state and after 180 lapping cycles with diamond slurry D6 

 

 
Figure 5. Roughness parameters of the anodized layer as a function of 
the number of cycles in the lapping process 
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the parameter Rv is primarily defined by the deep pores, its 
value remains practical unchanged. 

The comparison of the amplitude distribution and the Abbott 
curve for the initial state and the surface after 180 lapping cycles 
shows that the amplitude distribution becomes noticeably 
smaller and the Abbott curve is steeper and shifted upwards as 
a result of the smoothing, which is in accordance to the 
roughness parameters (Fig. 4-6). The lapping process 
significantly improved the shape accuracy of the components 
(cylindricity, Fig. 7). 

4. Conclusions 

Slightly curved cylindrical surfaces of mechanical components 
made of aluminum, anodized with a layer of about 25 µm 
thickness were machined by a CNC system using a special 
lapping device and deterministic relative motion between 
workpiece and lapping tool. According to the specific structure 
of the anodized layer characteristic curves of the roughness 
parameters Ra, Rz, Rp and Rv were determined during the 
machining process. The lapping process substantially improved 
the shape accuracy of the components (cylindricity). 

The deterministic relative motion between lapping tool and 
workpiece can in principle lead to deterministic shape deviations 
of the workpiece surface, which can be compensated for by 
adapting the CNC program of the tool path. 

 

 
Figure 6. Amplitude distribution and Abbott-curve of the roughness 
profiles of the anodized layer in the initial state and after 180 lapping 
cycles 

 
Figure 7. Comparison of the shape accuracy of the surfaces in the initial state and after 180 lapping cycles (cylinder  with R = 669.7 mm removed) 
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Abstract 
Micro-milling can be applied for manufacturing in a wide range of materials and complex geometries. This process is especially 
important for the aerospace industry. High-alloyed aluminium is a common material for aerospace applications with complex micro- 
and macro-geometry due to its high wear resistance. The costs-effectiveness of producing these parts can be increased by using tools 
with improved wear behaviour and higher life times. However, wear-resistant tools are often associated with higher tool costs, which 
reduces the cost-effectivness of the whole production. An innovative solution is offered by the use of a cutting tool made of binderless 
tungsten carbide. 
The micro-milling of conventional and high-alloy aluminium with a new cutting material based on a binderless tungsten carbide is 
analysed in this investigation. The absence of a binding phase leads to an increased hardness and improves the wear behaviour of 
these tools. Therefore, tools with a tool diameter of D = 10 mm were manufactured and there machinability was successfully proven. 
The feasibility of these innovative tools is demonstrated in a series of experiments. The experimental investigations were carried out 
on the five-axis high precision machine tool PFM 4024-5D PRIMACON GMBH, Peißenberg, Germany, with a  
workpiece made of TiAl 48-2-2. A surface roughness of Ra = 0.202 µm was detected after a path length due to primary motion lc = 70 
m without any noticeable wear marks on the cutting tool. These results show the economic potential for milling tools based on 
binderless carbide for achieving high precision surfaces while reaching high lifetimes. 
 
Binderless carbide, milling, toolwear, surface roughnes   

 

1. Introduction 

Manufacturing through cutting processes is the subject of 
extensive research in recent years. The high number of tool and 
mould manufacturers on the market leads to a extensive 
competition in this sector and thus to a high demand of 
technological advances, in order to be economically successful. 
The tool costs KP in correlation with the tool life ts and obtaining 
the needed quality of the machined components are 
increasingly important. The choice of the right cutting material 
is a key factor in this consideration. The cutting material most 
commonly used in industrial cutting processes are various kinds 
of cemented carbides. They are mainly used in tool and mould 
making, precision engineering and for medical 
applications [1, 2]. Cemented carbides are made of tungsten 
carbide particles (WC-particles), combined with a cobalt (Co) 
binder material. The toughness and plasticity of the cemented 
carbide strongly depends on the content of binder material. 
However, the Co binding phase exhibits a  
cubic face-centred (cfc) lattice from a temperature ϑ > 420 C 
(under cutting conditions), which favours the influence of 
abrasive wear. The resetting of the binding phase increases the 
surface roughness of the cutting tool and the preceding tungsten 
carbide particles reduce the surface quality of the machined 
surface. If a tungsten carbide particle is almost completely 
exposed, it breaks out and leads to a defect of the cutting edge. 
In addition, the price for cobalt has increased by over 200 % in 
recent years, due to the growing demand for products like  
high-performance accumulators and batteries.  

 
 
 

As the electromobility sector will continue to grow in line with 
current trends, further price increases are to be expected. This 
has a direct impact on the price of cemented carbides with 
cobalt as the binding phase [3, 4]. 

The cutting material binderless tungsten carbide (binHM) 
offers a possible alternative for cutting processes. Due to its high 
hardness H > 2700 HV, binHM promises increased path length 
due to primary motion lc through reduced tool wear as well as 
reduced machining times tB through a possible increase in 
cutting speed. At the same time, this innovative cutting material 
is independent of the growing price for Co as binding material. 
The presented study is concerned with evaluating the feasibility 
of binHM for industrial applications by conducting milling 
experiemtents with this cutting material on aluminium-alloy 
workpieces. 

2. Experimental methodology 

In order to generate an basic state of knowledge, it is 
necessary to manufacture tools from binderless WC and to carry 
out an initial milling experiments with them. For this purpose, 
tools illustrated in Fig. 1 with a tool diameter of D = 10 mm were 
manufactured. The tools were examined using a scanning probe 
microscope JCM-5000 JEOL, Akishima, Japan and their suitability 
was analysed. After a positive assessment, the tools were 
subjected to a wear and precision investigation. Before starting 
the relevant investigations, an initial determination of the 
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application parameters was carried out. For this purpose, the 
process parameters of the tools were defined by means of slot 
milling. The machining forces F as well as the resulting surface 
roughness and edge sharpness r were considered. 

 

Figure 1. Prototypical milling tools made of binHM 

Subsequently, the performance of the binHM tools under the 
conditions of the predetermined process parameters were 
investigated in face milling experiments. These experiments 
comprise a maximum tool paths with a path length due to 
primary motion of lc = 70 m. The achieved surface quality was 
determined after path lengths due to primary motion of 
lc = 15 m, lc = 30 m, lc = 45 m and lc = 70 m. 

3. Experimental procedure 

The experiments were carried out on the five-axis high 
precision machine tool PFM 4024-5D, PRIMACON GMBH, 
Peißenberg, Germany. For the evaluation of the surface 
roughness Ra and Rz, the opto-mechanical measuring system 
Nanoscan 855 from HOMMEL-ETAMIC, Ratingen, Germany was 
applied. In addition, the 3-component dynamometer type 
Z21317AT from Kistler Instrumente AG, Winterthur, Switzerland 
was used to measure process forces F. 

The initial series of slot milling experiments includes a 
variation of the process parameters feed per tooth fz, 
depth of cut ap and spindle speed n. The final process 
parameters for the first series of experiments are a tooth feed 
of fz = 0.1 µm, a depth of cut ae = 0.5 mm and a 
width of cut ap = 0.5 mm. With the process parameters 
mentioned and a width of cut ap = D, surface roughness values 
in the range of Ra ≈ 0.297 μm and Rz ≈ 1.162 µm could be 
achieved. The occurring feed forces Ff were within a reasonable 
range of Ff = 10 N.  

3.1. Surface roughness 
Based on the preliminary tests to determine the process 

parameters, the surface roughness was measured during the 
face milling experiments with two comparable Tools. Surface 
roughness in the range of 0.202 µm ≤ Ra ≤ 0.335 µm were 
achieved using up milling and down milling. As can be seen in 
Fig. 2, only very slight variations of the surface roughness Ra for 
increasing path lengths due to primary motion up to lc = 70 m 
are recognisable. The differences between tool 1 and tool 2 are 
due to the problems that still exist in the tool manufacturing 
process. The results of the surface roughness Rz measurements 
are within a range of 0.886 µm ≤ Ra ≤ 1.384 µm. The influence 
of the cutting length due to primary motion lc on the surface 
finish Rz corresponds to the surface roughness Ra curves 
illustrated in Fig. 2. 

 

 

Figure 2. Representation of the surface quality Ra in relation to the path 
length due to primary motion lc 

3.2. Toolwear and geometric accurancy 
During the face milling experiements, an initial analysis of the 

wear behaviour of the tools was carried out. From the results of 
the surface roughness Ra and Rz and the SEM images of the tools 
before and after the milling process shown in Fig. 3, a positive 
result can be observed. The depicted cutting tool does  
not show any signs of wear after a path length 
due to primary motion lc = 70 m. Just the defects resulting from 
the manufacturing process are visible. 

 

Figure 3. Representation of toolwear before and after milling of a path 
length due to primary motion lc = 70 m 

4. Conclusion 

The first experiments on the application of milling tools made 
of binderless tungsten carbide demonstrated the major 
potential of the new cutting material. The milling tools used with 
a tool diameter of D = 10 mm were convincing under the given 
conditions due to the promising surface roughness. The 
observed wear behaviour clearly showed the potential of the 
cutting material. No chemically induced instabilities could be 
detected, and the significantly higher hardness H resulted in no 
chipping due to the milling process. In future development 
steps, the manufacturing strategy will be revised and suitable 
process parameters will be analysed in detail. 
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Abstract 
Many industries rely on plastic components manufactured by micro-injection moulding. There is a high potential to further increase 
the cost-effectiveness by machining the moulds needed for this process from non-ferrous metals and reinforcing the parts of the 
mould, which experience high loads during the micro-injection moulding. Inserting tungsten carbide particles locally into the surface 
of these non-ferrous metals is one possibility of reinforcement. The resulting metal-matrix-composites (MMC) exhibit the needed 
wear resistance, while the ground material can be machined very effectively through micro-milling. In contrast, the Micro-milling of 
these MMC-materials is challenging and so far not state of the art. Thus, this investigation is concerned with the development and 
qualification of micro-milling parameters for tungsten carbide-based MMC-materials. Binderless polycrystalline diamond as 
innovative cutting material was applied for this purpose. The goal of the milling parameter development was to optimize the surface 
roughness and the form accuracy for machining an aluminium bronze workpiece reinforced with tungsten carbide particles through 
laser injection. Based on an analysis of a wide range of process parameters, an optimised milling strategy was applied to machine a 
sprue structure from the described MMC-material. Different parameter sets are evaluated by analysing the form accuracy and 
measuring the surface roughness of machined structures. A surface roughness of Ra = 80 nm and form accuracy of a = 3 µm could be 
achieved with optimized micro-milling parameters and qualified the developed parameters for industrial applications. 
 
 
 
Micro-milling, metal matrix composite        

  

1. Introduction 

The production of plastic parts by injection moulding is 
widespread due to its high cost-effectiveness [1]. The injection 
moulding tools, also called moulds, need to meet high 
requirements regarding surface roughness and form 
accuracy a [2]. The moulds are usually machined from hardened 
steel, because of local high loads during the injection moulding 
process. Since micro-milling with coated cemented carbide tools 
is the preferred machining process for manufacturing moulds, 
the high hardness H of this material limits the productivity [3]. 
The occurring wear of the milling tools is severe, reduces their 
life time tL significantly and affects the quality of the machined 
moulds negatively. A solution for this challenge is the use of a 
non-ferrous metal as a base material with improved 
machinability and a localized reinforcement in regions of high 
loads. Sufficient reinforcement can be achieved by inserting 
tungsten carbide (WC) particles into the surface of the base 
material [4]. This leads to the formation of a WC-based metal-
matrix composite (MMC). Further research about milling these 
MMC-Materials needs to be conducted in order to qualify this 
new solution for industrial applications. Recent studies suggest, 
that binderless polycrystalline diamond (PCD) is a promising new 
cutting material for WC-based MMCs [5, 6]. The possibility to 
machine these materials through micro-milling and the potential 
for further improvement by optimization of the milling 
parameters was shown. Thus, the subject of this investigation is 
to show the feasibility of machining WC-based MMC-materials 
through micro-milling with binderless PCD as cutting material.  

2. Experimental setup and methodology 

Optimized milling parameters have been applied to machine 
sprue structures from the described MMC-material as a test 
geometry to show the potential for industrial application. Details 
about the sprue structure can be taken from figure 1. The same 
geometry was milled from the moulding steel 1.2344 for 
reference. Two parameter sets for machining the sprue 
structure from the MMC-material are presented here, which will 
be referred to as sprue 1 and sprue 2. In case of sprue 1, the 
depth of cut ap = 10 µm, the stepover ae = 20 µm, the spindle 
speed n = 39,000 1/min and the feed per tooth fz = 2 µm were 
chosen. For sprue 2, the feed per tooth was reduced to 
fz = 0.8 µm. Comparable finishing parameters have been 
selected for the steel 1.2344 sample. The used MMC-material 
comprises spherical WC-particles, which have been inserted into 
the surface of a CuAl10Ni5 base material by laser melt injection. 
MMC-workpieces have been prepared at the Bremen Institute 
for Applied Beam Technology BIAS, Bremen, Germany. 
Binderless PCD ball-nose milling tool, with a diameter D = 1 mm 
and a number of teeth z = 1, was applied for machining the 
MMC-material. It was provided by SUMITOMO GMBH, Willich, 
Germany. The machining was conducted using the 5-axis high 
precision milling centre HSC MP7/5 from EXERON GMBH, 
Oberndorf, Germany. The surface roughness Ra of the milled 
structures was measured on the sprue ground with the surface 
measurement device Hommel-Etamic nanoscan 855 from 
JENOPTIK AG, Jena, Germany. A cut-off wavelength λC = 0.25 mm 
and an evaluation length ln = 1.25 mm were applied for this 
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purpose. The 3D measurement system InifiniteFocus from 
ALICONA IMAGING GMBH, Graz, Austria, served to create a 3D-
image of the machined sprue structures and to analyse the form 
accuracy a from that.  

 

 
Figure 1. Schematic depiction of  

the main geometrical features of the milled sprue structure 

3. Experimental results 

The evaluation for different sprue structures is depicted in 
figure 2 and figure 3. The two sprue structures that have been 
machined from the MMC-material are compared to a reference 
sample machined from steel 1.2344. According to the state of 
the art, the feed per tooth fz was considered as a critical  
parameter [5, 6]. It can be seen, that the reduction of the feed 
per tooth from fz = 2 µm to fz = 0.8 µm has a significant effect on 
the measured process results. Figure 2 shows the surface 
roughness Ra. The value for the steel sample is Ra = 40 nm. The 
described reduction of the feed per tooth fz decreases the 
surface roughness from Ra = 170 nm in case of the sprue 1 to 
Ra = 80 nm for sprue 2.  

 
Figure 2. Surface roughness Ra for milled sprue structures  

machined from WC-based MMC-material and steel 1.2344 
 

A comparison of the accomplished form accuracies a, 
measured from 3D-image of each sprue structure, can be taken 
from figure 3. The reference sample made from steel 1.2344 
reaches a form accuracy of a = 4 µm. The same value can be 
achieved for the WC-based MMC by applying the parameters 
from sprue 1. A reduced feed per tooth fz again has a positive 
effect on the form accuracy a, if the result for sprue 2 is 
considered. In this case a value for the form accuracy a = 3 µm 
was achieved. 

 
Figure 3. Form accuracy a for milled sprue structures  

machined from WC-based MMC-material and steel 1.2344 

4. Summary 

This investigation shows, that the micro-milling of WC-based 
MMC-materials can lead to high quality process results. A 
surface roughness Ra = 80 nm and a form accuracy a = 3 µm 
could be achieved in milling the sprue structure from figure 1. 
The experimental results suggest that a further improvement is 
possible through continued parameter optimization, especially 
in case of the surface roughness Ra. These findings demonstrate 
the potential of innovative MMC-materials for industrial 
applications and for enhancing the wear resistance of injection 
moulds in particular. Further research is needed to confirm 
these observations for more complex geometries and to take 
machining efficiency into account. 

Acknowledgement 

This work is financed by the FEDERAL MINISTRY OF ECONOMICS AND 
TECHNOLOGY (BMWi) via the FEDERATION OF INDUSTRIAL RESEARCH 

ASSOCIATIONS AIF. 
 
References 

 
[1] Heckele, M.; Schomburg, W. K.: Review on microinjection molding 

of thermoplastic polymers. Journal of Micromechanics and 
Microengineering 14 (2004), p. R1 – R14. 

[2] Giboz, J.; Copponnex, T.; Mele, P: Micro molding of thermoplastic 
polymers: a review. Journal of Micromechanics and 
Microengineering 17 (2007), p. R96 – R109. 

[3] Biermann, D.; Kahnis, P.: Mikrofräsen filigraner Strukturen in 
Formeinsätzen. MM Maschinenmarkt 5 (2010), p. 36 – 40. 

[4] Freiße, H.; Langbeck, A.; Köhler, H.; Seefeld, T.: Dry strip drawing 
test on tool surfaces reinforced by hard particles. Dry Metal 
Forming Open Access Journal (2016), p. 1 – 6. 

[5] Uhlmann, E.; Oberschmidt, D.; Löwenstein, A.; Polte, M.; Polte, J., 
Gonia, D: Binderless-PCD as cutting material for micro milling of 
cemented carbide moulds. In: Proceedings of the 15th International 
euspen Conference. Hrsg.: R. Leach, P. Shore, Bedford (2015), 
p. 299 – 300. 

[6] Uhlmann, E.; Hein, C.; Polte, J.; Polte, M.; Jahnke, C: Fräsen von 
Wolframkarbid-basierten MMC-Werkstoffen. wt Werkstattstechnik 
online 7/8 (2020), p. 462 – 466. 

cone angle γS = 3 

length lS = 12.5 mm

diameter dS1 = 1.2 mm

CuAl10Ni5 workpiece with 
laser injected WC-particlessprue structure

0

50

100

150

200

sprue 1 sprue 2 reference

su
rf

ac
e 

ro
u

gh
n

es
s 

R
a

milled sprue structure

nm

milling tool:
binderless PCD,
ball-nose endmill, 
D = 1 mm, z = 1,
SUMITOMO GMBH

workpiece material:
WC-based MMC
steel 1.2344

geometry:
sprue structure

0

2

4

6

8

sprue 1 sprue 2 reference

fo
rm

 a
cc

u
ra

cy
 a

 

milled sprue structure

µm

milling tool:
binderless PCD,
ball-nose endmill, 
D = 1 mm, z = 1,
SUMITOMO GMBH

workpiece material:
WC-based MMC
steel 1.2344

geometry:
sprue structure

442



 

          
 

 

 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Micro-endmilling of Fresnel structure on RSA 6061-T6 and PMMA  
 
Enrico Ferro Demarchi1; Marcel Henrique Militão Dib2; Renato Goulart Jasinevicius3 
  
1Faculdade de Ciências Aplicadas, UNICAMP, CEP 13484‐350 Limeira – SP, Brazil  
2Inst. Federal de Educ. Ciência e Tecnologia de São Paulo, CEP 14801‐600 Araraquara – SP, Brazil   
3Depto Eng. Mecânica, EESC, USP, C.P. 359, CEP 13566‐590, São Carlos, São Paulo, Brazil  
 

renatogj@sc.usp.br      

  
Abstract 
 
 This paper aims to present both approaches of micro endmilling of stepwise-phase Fresnel lens in polymer and mold in non ferrous 
metal. The cutting was performed using a CNC machining Center. Optical profilometry and Scanning Electron Microscopy 
techniques were applied to assess surface finish, tool wear and chips formed after micromachining. The performance of the 
micromachining technique applied were compared for both materials in order to evaluate the choice and the viability of producing 
diffractive optical elements by micro end milling process directly in polymer or to fabricate a non ferrous metal mold for 
replications. 
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1. Introduction  

 The advance in micromachining techniques has enable 
several approaches on different  aspects of material removal in 
small scale [1]. The developments achieved helped in the 
improvement of machining conditions in order to obtain better 
surface integrity and tool performance [2]. There are different 
manufacturing processes that can be used to fabricate 
microstructures with optical functions such as Fresnel lens 
array [3-5]. The difference among them depends upon different 
aspects, to know: workpiece material, quantity, tolerances, 
costs, size, applications, etc.. Fresnel lenses are most 
commonly used in applications aimed at capturing light, for 
example in condenser systems or emitters / detectors. Fresnel 
lenses can also be used as magnifying and / or projection lenses 
[6]. Most commom processes used to fabricate Fresnel lenses 
are by direct micromachining of the Fresnel zones into polymer 
workpiece or by micromolding using a machined metallic mold 
[7].  The option of machining a Fresnel lens directly on a PMMA 
or on metal workpieces depends on factors such as: quantity 
demanded, application and functionality. Micro endmilling is 
generally used in the production of electronics, sensors, 
microheat exchangers, arrays of micro lenses as well as in 
molds and inserts [8]. When compared to chemical processes 
used in microfarbication, micro machining can be applied to 
the fabrication of three dimensional complex shapes. For 
instance, the machining of several Fresnel lenses off-axis 
generally demands a 3-axis machine tool and the endmilling 
process. The use of ball nose endmill tools can be considered a 
alternative choice to cut continuous-phase Fresnel lenses. 
However, in the case of machining stepwise-phase Fresnel lens 
the use of endmill cutter becomes the most suitable 
alternative. In this paper we will present both approaches of 

micro micromachining of stepwise-phase Fresnel lens in 
polymer sample and in non ferrous metal for molding using 
microendmill cutter. The cutting was performed using a CNC 
machining Center. 

2. Methods and Materials      

For the manufacture of PMMA lenses and aluminum molds in 
RSA 6061-T6 aluminum alloy, we used a CNC vertical machining 
center ROMI model D 600. The machine tool is equipped with 
the CNC Fanuc Oi - MD. We adapted an air spindle head with 
maximum spindle speed of 50000 rpm. The lenses and molds 
were machined from cylindrical samples of Aluminum RSA 
6061 and PMMA (Figure 1 a), in which the RSA parts were fixed 
using an M3 screw, while the PMMA samples were fixed in the 
machining center, using a device, shown in Figure 1 b). We 
polished the both samples before cutting tests in order to have 
a mirror like surface finish. The root mean square (Rq) surface 
roughness for the aluminium alloy and the PMMA sample 
were, 8.96 nm and 7.47 nm, respectively. 

The machinability of aluminum is high, due to its high 
ductiility, allowing its molding and machining in different 
formats. In addition, energy consumption during machining is 
low, with low environmental impact. Poly (methacrylate) or 
PMMA, also known as 'acrylic plastic', is a thermoplastic 
polymer widely used for optical applications, mainly due to the 
following properties: similarity to glass, good chemical 
resistance, high weather resistance, impact resistance, 
transparency and ability to reflect light. PMMA samples of 
16 mm in diameter and 5 mm in height. 

After defining the geometries of the lenses and molds, and 
the tools for micro-endmilling each one, the “Autodesk 
Inventor” software was used, in order to generate the 3D 
modeling of the parts through the CAD-CAM system, and 
obtain its machining simulation by setting the cutting 
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parameters (Figure 2a).  After simulating the parts (Figure 2b), 
the program generates the G code to be inserted in the CNC of 
the machining center. We used a LEO scanning electron 
microscope (SEM), model 440, operated under a power of 
20kW, in order to assess the damage to the tools used, chip 
formation, and measure the condition of the micro-milled 
faces. The surface finish were measured using a WYKO NT1100 
Optical profilometer. 

 

 
 

Figure 1. a) RSA60601-T6 and PMMA sample used in the 
cutting tests; b) Fixture for micro-milling of PMMA samples. 

 
The stepwise-phase Fresnel lens machined are schematically 

represented in Figure 2. Figure 2 c) shows the convex shape of 
a aspherical Fresnel lens. Figure 2 d) and 2 e) show the 
stepwise-phase Fresnel lens shape  
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e) 
 

Figure 2. Schematic profile of the stepwise-phse Fresnel 
machined: RSA60601 and PMMA. A) 3D modeling , B) 
Simulating the parts, C) convex and concave shape, D) Variable 
height and E) Constant height 

 
The endmill cutter used to machined the Fresnel profile in 

both materials is presented in Figure 3. 

 
 
Figure 3. Scanning electron microscope image of the micro 

endmill cutter used to machine the stepwise-phase Fresnel in 
PMMA and RSA6061; top view, Endmill cutter diameter = 0.3 
mm. 

 

After machining, the microtopography of the surface was 
inspected by means of optical profilometer (Wyko NT 1100). 
The selected roughness parameter used to assess the surface 
finish was root mean square roughness (Rq) since information 
on optical performance of the machined surface is more 
representative. 

 The cutting strategy and cutting parameters used to machine 
the Fresnel profiles according to Fig. 2 are describe in Table 1. 
The tests, both in PMMA and RSA 6061, were performed under 

programmed feed of 500 mm / min, feed per tooth of 2.5 m / 
rev, with a spindle speed of 50000 rpm. The machining 
tolerance used for the tool path generation and geometry 

triangulation configured in the program was 1 m. 
 
Table 1. Cutting strategy used in the rough and finish cut. 

Work 
piece 

R. 
Cut* 

Max. 
ap 

[m] 

Max. 
ae 

[m] 

Stock 
mat. 

[m] 

F. 
Cut* 

Max. 
ap 

[m] 

Max. 
ae  

[m] 

RSA P 30 240 10 P 15 220 

RSA P 30 240 10 P 150 220 

PMMA P 50 250 50 P 50 250 

PMMA P 50 300 20 p 20 300 

*P:Pocket; R: Rough; F: Finish 
   

3. Results and Discussion 

Figure 4 show the three dimensional images and 2D analysis 
of the machined Stepwise-Phase Fresnel (variable height) 
shown in Fig. 2 A  cut with microendmill cutter.  

 
RSA6061 PMMA 

 
 

 
 

a) 

  
b) 

Figure 4. Images obtained by optical Profiler a) Three 
dimensional image of the machined Stepwise-phase Fresnel 
structures on different materials; and b) Cross-section profile of 
the machined samples with variable height. 

 

100 m 

RSA6061-T6 
PMMA 

a) b) 
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Figure 5 show the three dimensional images and 2D analysis 
of the machined Stepwise-Phase Fresnel (constant height) 
shown in Fig. 2 B cut with microendmill cutter. We measure the 
root-mean-square surface roughness (Rq) of each zone from 
each sample and the average value from 3 measurements are 
shown in Table 2. The Rq values for the samples (metal mold 
and plastic lens) with variable height zones, shown in Fig. 4, 
presented close values among the the results, but the surface 
roughness for the PMMA sample presented slightly higher 
values in most zones. However, surface roughness results for 
the machined surface of the metal mold and the plastic sample 
with constant height zones Fresnel structure showed a more 
clear difference higher than 100 nm in some cases(*).  

 
RSA6061 PMMA 

 

 

 

 
a) 

  
b) 

Figure 5. Images obtained by optical Profiler a) Three 
dimensional image of the machined Stepwise-phase Fresnel 
structures on different materials; and b) Cross-section profile of 
the machined samples with constant height. 

 
Table 2. Average values of root-mean-square roughness (Rq) 

and standard deviation () of each zone in the machined 
surface stepwise-phase Fresnel structures. 

Zone  A 6061 

Rq (nm) 

A PMMA 

Rq (nm)  

B 6061 

Rq (nm) 

B PMMA 

Rq (nm)  

1 228,224.6 223,909.8 184,993.7 286,013.9 

2 233,0224.8 271,6318 190,149.9 147,7416.4 

3 236,987.7 291,431.7 160,1216.8 249,2311.8 

4 231,0922.5 254,845.4 297,3256.2 126,7921.4 

5 229,416.3 265,085.02 212,9515.3 242,7710.4 

6 236,4719.1 206,154.3 189,0526.1 300,22*24.02 

7 231,7114.7 273,859.4 205,7116.4 131,281.63 

8 275,4419.4 229,8811.9 192,1039.8 229,3429.5 

9 243,7715.4 229,8811.9 222,2319.1 255,6022.1 

10 221,700.8 194,8829.2 186,468.1 265,9512.4 

11 181,688.1 222,7019.7 181,6817.9 246,3539.4 

12 189,6424.85 216,6019.6 166,5929.8 251,7512.62 

13   155,312.3 128,545.6 

  
Figure 6 show SEM images of the central zones of the 

constant height Fresnel metal mold and plastic lens. Fig. 6a 
shows the metal mold central zone where burrs are formed all 
around the board of the zone. The surface roughness in this 
case is greater than the plastic sample as it is presented in 
Table 2. Figure 6 b) shows the central zone of the plastic lens 
showing absence of burrs from cut of the prior zone. 

Figure 7 zhow three dimensional images from the surface 
finish from the 9th zones of the variable  and constant height 
Fresnel metal molds (Figs.7a and 7c) and plastic lens (Fig.7b 
and 7d), respectively. It is important noticing that, in both 

cases, the Peak-to-Valley values for the metal mold, machined 
under the same cutting conditions are smaller than the value 
from the plastic lens, despite the average values of root-mean-
square roughness (Rq) be very similar for all samples within this 
zone, as shown in Table 2. Another aspect to be highlighted is 
the machined grooves marks left onto the surface by the 
cutting tool. This can be better observed in the images from 
the same zones probed by Scanning electron microscope 
shown in Figure 8. Figure 8 a) shows the cut grooves generated 
by the end-milling cutter on the RSA6061 surface. Figure 8b) 
shows shows the cut grooves generated by the end-milling 
cutter on the PMMA surface. The PMMA machined surface 
presents a scale-like surface generated during material 
removal. This surface texture may be attributed to the positive 
geometry of the tool, since the endmill cutter used has a small 
positive radial and axial rake angles. According to Carr and 
Feger [9], a positive rake will direct the force vector upward 
from the cutting plane, consequently, after the tool bit has 
passed, these little scales expand upward, increasing the 
overall roughness of the final surface. As the rake becomes 
increasingly positive, the magnitude of the excess increases. 

 
 

a) 

b) 
 

Figure 6. Scanning Electron Microscope images of the central 
zone of the Stepwise-Phase Fresnel structure with constant 
height, a) RSA6061-T6 metal mold and, b) PMMA lens.  

 

a) b) 

c) d) 
Figure 7. Three dimensional image made by optical 

profilometry from the machined surfage in the 9
th

 zone from al 
the samples: a) variable height Fresnel metal mold; b) variable  
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height Fresnel plastic lens; c) constant height Fresnel metal 
mold; d) constant height Fresnel plastic lens. 

 

a) 

b) 
 

Figure 8. Scanning electron microscope images of the cut 
grooves generated by the end-milling cutter, a) RSA6061 
surface b) PMMA surface. 

4. Concluding Remarks 

In this paper, we carried out the machining os Fresnel 
structures in a amorphous polymer and a fine grain aluminium 
alloy, to know: PMMA and RSA6061-T6, respectively. The 
stepwise-phase Fresnel lens structures were machined using a 
microendmill cutter with diameter of 0.3 mm. The Fresnel lens 
structure was machined directly on the amorphous polymer 
workpiece while the mold for this lens was machined in the 
RSA6061-T6 sample. The Peak-to-Valley values for the metal 
mold, machined under the same cutting conditions are smaller 
than the value from the plastic lens, despite the average values 
of root-mean-square roughness (Rq) be very similar for all 
samples within this zone. The machined grooves marks left 
onto the surface by the cutting tool observed in the images 
from the same zones probed by Scanning electron microscope 
show the that the PMMA machined surface presents a scale-
like surface generated during material removal. This surface 
texture are attributed to the positive geometry of the tool, 
since the endmill cutter used has a small positive radial and 
axial rake angles. The surface roughness values are not low 
enough to be considered an optical finish. However it was 
possible to observed the main differences between the direct 
application of micro endmill cutter in polymer and non ferrous 
metals. Metals presented better results that can be attributed 
to its superior physical properties such as thermal conductivity 
and temperature of fusion as well as it mechanical properties. 
The possibility of direct machining is an important alternative 
since it allows to know the functionality of the lens structure. 
The use of a deterministic process such as micro endmilling 
instead of other available process used to fabricate such 
structure is also an advantage in terms of versality and rapidity 
to obtain free form structures. However, it is very important to 
note that these tests were carried out in a conventional 

machining center. The use of ultraprecision machine tools with 
greater rigidity and accuracy could offer much better results 
than those presented here. In addition, the use of tools with 
more precise and thin cutting edges, such as diamond tools, 
can also produce results closer to the requirements of these 
structures for application in optics and micro optics.  
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Abstract 
The surface topography of machined components is of paramount importance for product functionality. The surface is responsible 
for friction properties, appearance, and fatigue life of the parts. For components produced by material removal processes such as 
metal cutting, the characteristics of the surface topography are dependent on the interactions between machine tool, cutting tool, 
cutting parameters, and workpiece material. When high added value parts are machined, a wrong choice of cutting tool and cutting 
parameters can result in expensive rework loops or the discharge of the parts. In a previous work by the authors, it was shown how 
the contributions related to the cutting tool microgeometry, cutting parameters and material smearing phenomena could be derived 
from a high-resolution measurement of the tool used to generate the surface. The measurement is used as input to a model that 
predicts the 3D topography of machined surfaces by accounting for the effects of the cutting edge micro-profile, the cutting edge 
radius, and tool run out. However, in an industrial context, instruments capable of high-resolution measurements may not be 
available. In this paper, the influence of the point cloud density and instrument spatial resolution is discussed. High-resolution images 
of cutting tools are acquired and used for simulating the surface topography achieved in ball-end milling operations. The resolution 
of the images is decreased and the effect on the surface topography prediction is analyzed. The results are compared with surface 
topography produced by the measured tools while machining tool steel. The results are used to evaluate the applicability of surface 
topography prediction based on on-the-machine tool profile measurement. 
 
Machining, surface roughness model, tool measurements   

 

1. Introduction 

The surface topography of a machined component is a key 
aspect affecting the functionality of the component itself. In 
absence of dynamic effects such as chatter and machine tool 
errors, the topography of a machined surface is largely 
determined by the interaction between the material and the 
cutting tool generating the surface. Ball end milling is a 
widespread subtractive process used for the generation of free 
form components for the moulds and dies industry. The surface 
topography of those components directly affects the surface 
appearance and the surface frictional properties. Especially in 
finishing machining, where the added value of the machined 
component is high, the selection of wrong cutting parameters 
and /or wrong cutting tool may lead to the discharge of the part 
with considerable loss of money.  

Reliable models for surface topography prediction may 
mitigate this issue by guiding the machine operator toward the 
selection of optimized process parameters and conscious tool 
choice. 3D simulation models of ball end milled or turned 
surfaces do exist  [1], [2], [3], but the majority of them does not 
account for the material deformation occurring while cutting 
below the minimum uncut chip thickness (MUCT) and only a few 
accounts for the microgeometry of the tool [4]. 
The author proposed a model that, by using as input a high-
resolution measurement of the cutting tool, can simulate the 
surface topography accounting simultaneously for contributions 
of tool edge microtopography, edge radius, runout, and cutting 
parameters. The model is extensively described in [5]. While 
high fidelity results were achieved, the applicability of such a 
model in a workshop environment is limited by 

 
Figure 1. Surface generated machining tool steel using fz 15µm, ae 50 
µm, and ap 15µm. Notice the characteristics of cusps generated by the 
tool-workpiece intersections, the tooth mark due to the edge 
microtopography, and the side flow due to the finite size of the edge 
radius. 
 

resolution and capability of the available measuring 
instruments. 

2. Accurate model of surface topography      

Figure 1 shows the topography of a ball end milled surface 
machined with one of the tools used in the experiments. The 
topography of an ideal ball nose end milled surface is 
constituted by a series of spherical cusps generated by the 
physical intersection between the cutting tool and the 
workpiece. The projected area of those cusps corresponds to the 
value of the feed per tooth (fz) multiplied by the step over (ae). 
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The actual generated surface differs considerably from the 
theoretical one due to the effect of the edge microtopography 
generating characteristic tooth marks that are transferred to 
every single cusp surface. Furthermore, the finite size of the 
cutting edge radius generates side-flow phenomena on the 
separation between two consecutive tooth cusps. 

The accuracy of the model in predicting those two phenomena 
is intrinsically bounded to the accuracy and resolution with 
which the cutting edge profile and radius are known. In this 
work, the influence of the measurement resolution on the 
model prediction ability is discussed. Several simulations using 
3D images of cutting tools in which the pixel size was artificially 
increased were performed and the results compared to 
measurements of the Sa roughness of machined surfaces. 

 

 
 

Figure 2. Surface roughness variation according to the model prediction 
when the pixel size of the tool measurement is increased from 126 nm 
to 5000 nm. 

 

 
 

Figure 3. Percentage error on Sa roughness of the simulated surface 
compared to experimental results. The x-axis, in logarithmic scale, 
represents the number of pixels per project area of the theoretical cusps. 

 
 

Figure 4. Variation of the cutting edge radius measurement with the 
increase of the pixel size of the tool measurement 

3. Methodology      

High-resolution images of the teeth of ten different ball end 
mills were acquired using a confocal microscope LEXT OLS4100 
with 100x magnification objective lens and pixel size of 126 nm2. 
A special fixture was used to orient the tools under the 
microscope to be able to acquire the specific area of the cutting 
edges that will generate the surface during machining. The same 
microscope was used to acquire the topography of machined 
surfaces produced using the measured tools. Machining tests 
were performed using tool steel and copper with ratio 
MUCT/cutting-edge-radius of 4% and 25 % provided in [5]. The 
Cutting parameters were varied according to table 1. 
Simulations of the surface topography were performed using the 
tool measurements with increased pixel size in the range from 
126 nm2 to 5000 nm2 and compared with experimental 
roughness measurement of the machined surfaces 

 
Table 1. Cutting parameters used in the experiments. fz, ae and ap 
represent the feed per tooth, step over and depth of cut respectively. 
 

fz /µm ae /µm ap /µm Test# 
10 10 10 1,2 
15 50 15 3,4,5,10 
20 50 15 6,7 
25 100 25 10 
15 15 15 9 

4. Discussion and conclusion      

The decreased resolution of the tool measurement leads to a 
general reduction of the value of the simulated roughness, 
(figure 2). This trend is explained by the fact that fewer features 
of the tool edge micro-topography are captured by the 
measurement and therefore its effect is not adequately 
accounted for in the simulations. This effect is less evident when 
larger ae, fz, and ap are used for the experiment (test#8): in 
those conditions, the effect of the tool macro geometry prevails 
over the edge microtopography effect on the surface roughness 
calculation. Figure 2 shows that, depending on the cutting 
conditions, when a resolution of at least 100 pixels per projected 
cusp is used, the error in the predicted roughness drops below 
20%. The resolution of the measurement also affects the 
measurement of the edge radius and, in turn, the amount of 
predicted side-flow. The higher the resolution the higher the 
value of the edge radius. This contributes to increase the relative 
effect of the smearing phenomena over the edge 
microtopography in the prediction and therefore decreasing the 
model reliability. For the tested cutting parameters it is shown 
that instrument able to generated 3D representation of the 
surface with a pixel size of 500 to 1000 nm2 are sufficient to keep 
the prediction error below 20% for Sa roughness values between 
100 to 250 nm 
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Abstract 
Thin-walled copper parts with high precision are widely used in physical experiments. However, during double-sided lapping, the 
initial residual stress of the workpiece tends to cause deformation, which affects the machining accuracy. Therefore, it is necessary 
to establish a model to predict the workpiece deformation caused by the residual stress in actual manufacturing. However, the value 
of the residual stress is low after annealing, in some cases the measurement error will be unacceptable. To improve the accuracy of 
the prediction model, a deformation prediction method based on support vector regression (SVR) - genetic algorithm (GA) is proposed 
in this paper. First, a finite element method (FEM) model for double-sided lapping was established. Then, the relationship between 
residual stress and deformation is constructed using the SVR model. The optimization process was derived using GA to search for the 
optimal residual stress adjustment data. Finally, experiments are carried out to prove the effectiveness of the proposed method. 
Keywords: Initial residual stress; Double-sided lapping; Support vector regression; Genetic algorithm; Deformation   

 

1. Introduction   

During the double-sided lapping, the workpiece is easy to 
deform due to the release of initial residual stress after the 
material is removed. Therefore, it is of great significance to 
establish a model to reflect the influence of residual stress on 
the deformation of parts. 

In recent years, deformation caused by residual stress has 
attracted wide attention. Richter – Trummer et al. established a 
FEM to predict the deformation during high-speed milling [1]. 
Huang et al. has considered the initial residual stress and the 
machining residual stress. Simulation and experimental results 
show that the deformation caused by initial residual stress 
accounts for 90% [2]. To establish the FEM prediction model, the 
residual stress needs to be measured. Righetti et al. used X-ray 
diffraction (XRD) to analyse the initial residual stress of 7050 
aluminium alloy [3]. Du et al. measured the residual stress of 
aluminium alloy along the depth direction by XRD method 
combined with stripping method [4]. To measure the initial 
residual stress quickly, the electronic speckle pattern 
interferometry (ESPI) combined with the stripping method was 
adopted in this paper.  

To improve prediction accuracy, this paper proposed a 
method by amending initial residual stress slightly based on SVR-
GA. Firstly, a FEM model was established to predict deformation. 
Then, the relationship between the initial residual stress and the 
deformation was established by using SVR model. Then, the GA 
was used to amend the initial residual stress. At last, relevant 
experiments have also been carried out to prove its validity.  

2. Data acquisition      

2.1. Initial residual stress 
The size of thin-walled pure copper samples are Ø 100 x 3.2 

mm. The combination of ESPI (Prims by Stresstech Oy, 
Vaajakoski, Finland) and the stripping method is used to 
measure the initial residual stress along the depth of the 
workpiece. The initial residual stress distribution along the 
thickness direction of the workpiece can be obtained. 
2.2. Deformation 

The experiments were carried out on a double-sided lapping 
machine (YJ-6B5LA, Hunan Yujing Machinery Co., Ltd.). 
Experimental parameters are shown in Table 1. After double-
sided lapping, flatness was measured using a flatness measuring 
instrument (Flatmaster, Corning Tropel, New York, USA) at 0 h, 
0.5 h, 1 h and 1.5 h after machining. The measured results of 
workpiece deformation are PV =10.83μm, PV =12.14μm, PV 
=13.42μm, PV =14.61μm, respectively. 

Table 1 Experimental parameters 

2.3. Double-sided removal rate 
A high-speed CNC machine (NHM800, Beijing Ninghua 

Technology Co., Ltd., Beijing, China) is used to scrape V-shaped 
grooves on the upper and lower surfaces of workpiece. The 
surface topography measuring device (PF60, Sansei Corporation, 
Tokyo, Japan) is used to measure the depth of V-shaped grooves 
before and after processing. The measured material removal 
rates of the upper and lower surfaces were 14.84 μm/h and 
19.52 μm/h, respectively. 

3. Deformation Prediction model by FEM 

The geometrical model was established according to the size 
of the thin-walled pure copper sample, and the material is 
defined as pure copper. The mesh consists of C3D8R elements. 
Next, the initial residual stress is loaded into the model. The 
center of the workpiece is fixed constraint. Then, “element life 
and death” method is used to simulate actual material removal. 
Finally, the deformation results of the workpiece can be 
obtained after the residual stress is redistributed. 

4. Amending initial residual stress based on SVR-GA 

4.1. Establish SVR model 
The SVR model can be expressed as follow: 

( )f x wx b= +                                       (1) 

In Eq. 1, w is the weight and b is the deviation. 
Gaussian kernel function is selected, and its form is as follows: 

Machine 
Pressure 

(psi) 

Upper plate 
rotation speed 

(rpm) 

Lower plate 
rotation speed 

(rpm) 
Slurry 

Double-sided 
lapping 

1.5 8 40 Water 
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2

( , ) exp( )i j i jK x x x x= − −
                           

(2) 

The results of training and prediction are shown in Figure 1. 
The average error of the training set and testing set were 16.7% 
and 11.8%, respectively. 

 

 

Figure 1. SVR model training and testing results 

4.2. Genetic algorithm optimization of initial residual stress 
To obtain an accurate prediction model, the amended initial 

residual stress should be able to match the simulation results 
with the actual machining results. Therefore, the designed 
fitness function is as follow: 

1

F(x) ( )
n

i i

i

Y X k
=

= − −
                                   

(3) 

In Eq. 3, n is the number of actual machining results. Xi and Yi 
are the difference between the PV value after and before the i-
th machining and simulation, respectively. k is the difference 
between edge and center material removal caused by machining 
trajectory. 

The adjustment value of the initial residual stress optimized by 
the GA is σ1=-5.63, σ2=-6.78, σ3=-9.82. 

5. Verification experiment and simulation 

5.1. Verification experiment 
Using the experimental parameters in Table 1, the workpiece 

was processed to 2 h in double-sided lapping machine. The 
deformation measurement results are shown in Figure 2. 

 

 
Figure 2. Deformation measurement results of the workpiece after 2 h 
of machining 

5.2. Simulation 
Using the amended residual stress and the "element birth and 

death" method to simulate the material removal, the results are 
as shown in the Figure 3. 

  

(a)                                           (b) 
Figure 3. Simulation deformation of the workpiece before amending: (a) 
PV=1.15 μm after 1.5 h, (b) PV=1.57 μm after 2 h 

5.3. Analysis of experimental and simulation results 
The deformation caused by initial residual stress relative to the 

initial workpiece after machining is shown in Figure 4. It can be 
concluded that the deformation prediction results after 
amending the initial residual stress are in good agreement with 
the experimental results in terms of value and trend. Therefore, 
the application of SVR-GA to amend the initial residual stress of 
the FEM model is effective, and the prediction accuracy is 
improved from 31.1% to 15.4%. 

 

 

Figure 4. Deformation caused by initial residual stress relative to the 
initial workpiece after machining 

6. Conclusion 

To improve prediction accuracy of FEM model, this paper 
proposed a method to amend initial residual stress slightly based 
on SVR-GA. Primary conclusions drawn from the paper include: 

1. The main reason for workpiece warpage deformation is the 
redistribution of the initial residual stress after material remove. 

2. SVR method was applied to establish the relation between 
residual stress and deformation. The prediction error of the 
testing set was 11.8%. And the initial residual stress was 
amended by GA. 

3. The revised initial residual stress improves the prediction 
accuracy of the FEM from 31.1% to 15. 4%. 
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Abstract 
In order to obtain an ultraprecision surface, a new polishing slurry is proposed for the high-efficiency machining of steel materials. 
The prepared polishing slurry exhibits non-Newtonian power-law fluid characteristics with shear-thickening rheology. Shear 
thickening rheological properties of the slurry are precisely controlled to achieve material removal. Several controlled parameters 
are experimentally explored in this machining process. Under the optimum polishing conditions, a potential ultraprecision machining 
method for target materials is obtained in this work. 
 
 

Polishing, Shear thickening, Ultraprecision machining 

 

1. Introduction   

Ultra-precision polished components are finding rising 
practical applications, such as aero engine blades, medical 
artificial implants, optical moulds or bearing elements. The 
performance of these components usually depends on form 
accuracy and ultra-smooth surface with low or even no 
subsurface damage. Therefore, high-efficiency deterministic 
polishing methods are an important factor in the whole 
manufacturing process. 

In this sense, computer-controlled optical surfacing (CCOS) [1] 
methods can achieve shaping of high-precision surfaces. Some 
polishing methods, such as magnetorheological finishing (MRF), 
bonnet tool polishing (BTP), chemical mechanical polishing (CMP) 
can successfully remove material in extremely small amounts 
with rarely inducing fracture in the machined material. 
Nevertheless, the high cost of magnetorheological fluids/slurries 
in MRF, embed abrasive abrasives in the material in BTP, and 
certain environmental impact of chemical slurry in CMP reveal 
limitations for the potential applications. High-efficiency 
polishing is closely related to improving productivity for 
products. Consequently, new polishing methods with high-
efficiency, high quality and low cost have to be identified. In this 
context, Li et al. [2,3] proposed a novel polishing method, i.e. 
shear-thickening polishing (STP). During the STP process, a 
“flexible fixed abrasive tool” will produce in the polishing zone 
between the workpiece and slurries, and a persistent shear force 
makes the abrasives to remove the roughness peaks. However, 
precise rheological control of the slurries will determine the 
machining quality of the workpiece in the STP process. In 
addition, specific polishing slurries with adapted compositions 
show appropriate machinability for certain workpiece materials. 

Bearing steel materials have an important applications due to 
their superior properties such as high strength, high hardness, 
high elastic limit, impact toughness, dimensional stability and 
anti-corrosion behaviour. Thus, ultraprecision polishing of 
bearing steel parts with satisfying surface integrity is an 
interesting research field. 

The novel application of shear-thickening polishing slurries is 
usually restricted by the physical-chemical properties of the 
workpiece materials. In this paper, a new polishing slurry is 
proposed for the high-efficiency machining of steel materials. 
Shear thickening rheological properties of the slurry are 
precisely controlled to effectively remove material. Several 
control parameters are experimentally explored in the polishing 
process. Under the optimum polishing conditions, a potential 
ultraprecision machining method for the targeted materials is 
obtained in this work.  

2. Experiment and measurement       

2.1. Machining principle and experimental setup  
Figure 1 shows the machining principle and experimental 

device/setup. The two self-rotating workpieces were fixed and 
immersed in the new prepared slurries (i.e. shear-thickening 
polishing fluids). The polishing slurries with abrasive micro-
particles were prepared and added in a water tank with the 
annular groove. The liquid level depth of slurries should be 
controlled at 50 ~ 60 mm to facilitate greater contact with the 
workpiece surface. The rotational speed of the slurry tank and 
the self-rotational speed of the workpieces were not exceeding 
50 rpm and 800 rpm, respectively. 
 

 
Workpiece 

Slurries 

Fixture 
Fixture 

Slurries Workpiece 

 
 

Figure 1. Schematic illustration of machining principle and experimental 
setup.  

In this experiment, two bearing steel parts with spherical 
surface of ball diameter: 40 mm) were selected as workpiece. 
The polishing conditions are shown in Table 1. The polishing gap 
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between the slurries and work is less than 1.5 mm. The effects 
of these controlling variables were investigated. 

 
Table 1 Detailed experimental conditions. 
 

Polishing conditions Parameters 

Workpiece material Bearing steel 
Gap 1 mm, 1.5 mm 

Abrasive concentration  5 wt.%, 15 wt.%, 30 wt.% 

Abrasive size 5 μm, 15 μm 

Rotational speed (slurry tank) < 50 rpm 

Rotational speed (workpiece) 800 rpm 

Polishing time 30, 60, 90, 120 min   

 
2.2. Preparation and rheological test   

First, in order to obtain the shear-thickening slurries for steel 
processing, the base liquid was prepared  which contains 
polymer particle and metal complex agent including chemical 
stabilizer. Furthermore, the abrasives Al2O3 with 5 wt.%, 
15 wt.%, 30 wt.% as the second phase were added to the base 
liquid for preparing specific slurries [2]. Additionally, the 
abrasive sizes of 5 μm and 15 μm were explored to investigate 
the influence of material removal for steel polishing. The 
components of the slurries were entirely mixed and dispersed 
for approx. 1 h at room temperature prior to the experiments. 
Rheological  measurements were performed with a rheometer 
at the same conditions and repeated 3 times.  

 
2.3. Surface characterization   

The material removal of workpiece was measured by laser 
thickness tester CMT-1100. The material removal mechanism 
and polishing quality were characterized with a profilometer. 
The roughness and profile accuracy of workpiece were 
measured by an optical profilometer. 

 

   
Abrasives 

Thickening group 

100 μm 50 μm 

(a) (b) 

 
 Figure 2. States of the special slurries: (a) initial; (b) thickening  group.    

3. Results and discussion      

Figure 2 shows the behavior of slurries in initial state and after 
shear-thickening. An external disturbance will be easy to 
produce Al2O3 “thickening” groups. At the lower shear rate, 
slurries mainly present a viscous state with the liquid flow action. 
Under the high shear rate, the elastic state exhibits a solid-like 
action. Thus, the prepared polishing slurry exhibits non-
Newtonian power-law fluid characteristics with shear-
thickening rheology.  

Figure 3 shows the surface topography before and after the 
polishing process. If the abrasive concentration w% is low, there 
are not enough abrasive particles involved in the material 
removal. An ideal processing effect with high MRR and low 
surface roughness cannot be achieved. A rising concentration 
results in the increase of the active number of abrasive particles, 
and thus leads to faster material removal and a slower decrease 
of surface roughness [4,5]. However, excessive abrasives will 
decrease the surface quality due to uneven agglomeration of 
particles scratching the surface. The surface quality has been 

shown with slight differences by using different abrasive size. 
The surface roughness of the workpiece can be reduced from Ra 
800 nm to Ra 56 nm in the optimum process. 

   

Scratches Smooth mirror 

100 μm 100 μm 

(a) (b) 

 
Figure 3. Surface topography before and after the polishing process. 
 

Figure 4  shows the workpiece within 60 min polishing under 
the conditions above. The material removal mechanism would 
be a continuous process of micro-cutting, which could reduce 
machining scratches and other micro defects, and achieve 
“flexible polishing” on the steel surface. The discussion above 
showed that the surface defects were minimized dramatically. 

   (b) (a) 

(c) (d) 

 
Figure 4. Comparison of the initial and polished surface quality. 

4. Conclusions      

The prepared polishing slurry exhibits non-Newtonian power-
law fluid characteristics with shear-thickening rheology. Shear 
thickening rheological properties of the slurry are precisely 
controlled to achieve material removal. Several control 
parameters are experimentally explored in this machining 
process. Under the optimum polishing conditions, a potential 
ultraprecision machining method is obtained in this work. 
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Abstract 
This paper presents the development of a clamping system, including force controlled jaws, a method for position and orientation 
control in the XY, XZ and YZ planes, based on a visual pattern identification and a numerical compensation of the workpiece position, 
integrated into the machine tool control unit. Reproducible correction of workpiece position and orientation were investigated, 
evaluated, and combined to form the new adaptive workpiece clamping system to ensure accurate positioning and clamping 
repeatability. The developed system is made of an air (pneumatic) chuck with 3 clamping jaws, used for holding the workpiece with 
a defined clamping force, controlled by air pressure. A tilting device combined with a rotating table for inclination adjustment of the 
XY plane, controlled by the vision identification device, is used to measure and correct the position and orientation of the workpiece. 
A developed algorithm for X and Y motion of the machine tool axes as a function of the visually identified values  enables repositioning 
of the workpiece after re-clamping. The clamping forces are measured by strain gauges. The design of the associated jaws is based 
on FEM analysis to ensure small elastic deformations, allowing for accurate clamping forces. The visual identification of the workpiece 
position and movement algorithm were tested with the pneumatic chuck on a high precision CNC machine tool. The developed 
system provided in X and Y direction a repeatability of pattern positioning within 1.1 µm, which is three times better compared to 
the initial chuck reclamping repeatability. 
 
Keywords: machining, precision, clamping forces, pneumatic chuck        

 

1. Introduction 
 
   This paper presents a newly developed clamping system using 
a pneumatic chuck with three force controlled gripping jaws to 
control workpiece  deformation, combined with a visual pattern 
identification device to ensure high positioning repeatability in 
re-clamping. 

1.1. State of the art 
The purpose and features of workpiece clamping devices lies 

in providing adequate holding, preventing shifting or movement, 
avoiding workpiece deformation, and also ensuring accurate 
positioning when re-clamping. The amount of clamping force 
needed to hold the workpiece is determined by the cutting 
forces. In addition, the clamping force shall be appropriate to 
avoid workpiece deformation, thus guaranteeing component 
accuracy. Clamping chucks, normally used for cylindrical 
components, operate through mechanical, hydraulic, or 
pneumatic power. Most of the hydraulic and pneumatic chucks 
are self-centering devices.  Pneumatic   chucks are  normally 
used for small, low-strength and  flexible components and for 
micromachining [1]. Workpiece holding devices with sensing 
technologies and actuation systems are described, for example, 
in [2]. Hybrid micro-machining devices are implemented in order 
to achieve better performance [3].  

Monitoring and controlling  the clamping forces can influence 
errors of workpiece positioning and production outcome [4,5]. 
A method to monitor the gripping forces is presented in [6], 
using the pressure differences of an automatic chuck as a 
function of friction forces with a wedge mechanism. Other 

investigations combine force measurements using an integrated 
sensor in the spindle with workpiece quality and performance; 
however, the workpiece clamping force is not used as a separate 
parameter [7].     

Force control of three finger adaptive robot gripper, using PID 
control, is a simple and reliable system to provide an active 
compliance control through direct force control [8]. 
Piezoelectric actuators connected to a DOF parallel mechanism 
enabled motion in the x-y directions and a rotation around the z 
axis when manipulating a triangular stage [9]. The authors of this 
paper developed a high-precision clamping system for micro-
machining with three independent linear piezoelectric 
actuators, integrated in three separated force-controlled jaws, 
ensuring accurate positioning and force controlled clamping. 
The visual device for pattern recognition is used to identify 
workpiece position on milling machines.  The high-precision 
clamping system is designed for very low loads, not compatible 
with standard chucks, and  without using the control of CNC 
machine tool. 

The limitations of position repeatability for workpiece re-
clamping in manufacturing process chains is caused by 
workpiece geometrical tolerances, elastic deformation and 
accuracy of the clamping elements, machining conditions and 
accuracy of the machine tool [10].  

1.2. Challenges, aims and functions  
 The main challenge of the performed investigation lies in 

developing a non-rotating clamping system  for high quality 
production of microparts or precision componentes on CNC 
milling machine tools,  ensuring machining, measuring, or 
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accurate additional processing on other machines. The 
investigation is carried out on a pneumatic and highly accurate 
clamping chuck, equipped with force-controlled jaws, using a 
newly developed algorithm for position and orientation control 
in the XY, XZ and YZ planes. The algorithm implements data from 
a high precision pattern identification device and numerical 
compensation of the workpiece position integrated in the 
machine tool control units. The development is aimed to provide 
a clamping position actuation of 0.6 µm in X, Y and 2 arcsec angle 
repeatability of the tilting/inclination in the XY plane with 
positioning repeatability at target position of < 1 µm. The 
investigation was carried out on a pneumatic chuck with three 
jaws and controlled air pressure with a defined clamping force 
range to ensure workpiece holding. In addition, a newly 
developed tilting device, combined with a rotating table, 
enables inclination adjustment of the XY plane, controlled by the 
vision pattern identification device (see chapter 3.3). The 
measured position repeatability during testing workpiece re-
clamping with the pneumatic chuck without the position and 
force control system device was 2.7 µm, caused by the contact 
between jaws and workpiece, which is much lower than the 
required value of < 1 µm. 

The developed algorithm for the X and Y machine tool axes 
motion uses the visual position identification measurements to 
control repositioning of the workpiece after re-clamping. An 
additional challenge comprises controlling the clamping forces 
within a required range to eliminate elastic deformations, but at 
the same time allowing for accurate and secure clamping. In 
numerous cases the workpiece, for example, thin-walled tubes, 
have to be held with small and accurate clamping forces to avoid 
deformation. However, the forces should be high enough to 
avoid, or limit, movement or deflection during machining. Based 
on prior investigations and cutting data, the newly developed 
clamping system is designed for a clamping force range of >20 N 
and up to 300 N, which covers micro up  to medium machining 
conditions.  

2. The new clamping system with controlled forces and 

position using a visual recognition device 

2.1 Method, components and functions  
Figure 1 shows a block diagram depicting the components and 

functions of the  clamping system with the pneumatic chuck and 
a pressure control valve. A  workpiece with three HV (Vickers 
hardness) identation marks on the surface for position 
identation is XY-scanned by a visual device, focussing on the 
optics in the Z-axis for the best fit of the digital pattern (see 
chapter 3.3).  Providing accurate position repeatability during 
clamping and re-clamping of workpieces,  for example, after 
being removed and brought back to continue processing.  

 
 
Figure 1. Block diagram of the clamping system with pneumatic chuck, 
force controlled jaws, a visual position recognition setup and controlled 
repositioning, using a high precision servo controlled CNC machine 

A numerical compensation of X,Y,Z position generates CNC-code 
for the machine axes and inclination unit so that the workpiece 
pattern aligns with the optical axis. Each of the three jaws of  the 
pneumatic chuck is equipped with a strain gauge for force 
measurements. The measured force values are collected and 
analysed by a data acquisition software checking whether they 
are within the required range. In case of differences between 
the measured and pre-defined values, a pressure regulator is 
activated. A 5/2 electrically operated valve can change the air 
flow direction for clamping or releasing the workpiece. This two 
direction valve can be used for external clamping of bars and 
internal clamping of tubes, or hollow components. The vision 
pattern identification device can measure the actual workpiece 
position within <1 µm accuracy. The data is transmitted to a 
computer and analysed by the developed algorithm and 
software, resulting in activation of the x, y and z displacement of 
the CNC machine table and the inclination and angular position 
of the workpiece. The numerical compensation of X,Y,Z position 
generates the CNC-code for the machine axes and A,B,C for the 
inclination unit so that the workpiece pattern aligns with the 
optical axis. 

2.2 Pneumatic chuck and force controlled jaws 
The developed system is based on a high precision stationary 

pneumatic chuck by PML-PAL with three jaws and a self-
contained work holding fixture as shown in Figure 2a [11]. The 
piston acts on the wedge, resulting in the jaws moving on the 
slanted surfaces in the radial direction (Figure 2b). The 
maximum stroke of the piston is 3 mm, providing approx. 1 mm 
movement in the radial direction. The chuck provides 
automated self-centering of the workpiece with the same 
clamping forces on all three jaws. The pneumatic cylinder, with 
pressure control between 0.7 bar up to 4 bar actuates the self-
centering clamping function. The maximum pressure for the 64 
mm diameter chuck corresponds to approx. 300 N of clamping 
force on each jaw. The air pressure can be controlled within <0.1 
bar, which is reflected in the accuracy of the clamping force.  
Workpiece loading and unloading is simple, using the air inlet 
and outlet pressure control supplied through the side of the 
chuck body. The chuck and the components are produced with 
very  high accuracy providing true position and repeatability of 
5 µm and can be mounted on the machine table or on a pallet.  

 

Figure 2. Design and main components of the pneumatic chuck. (a) 
Chuck with various shaped jaws (b) Chuck cross-section  
 

The jaws comprise force sensors to control the clamping forces 
during their motion. Strain gauges, piezoelectric and foil type 
(FlexiForce) sensors were tested for measuring the applied 
forces. Jaws with various shapes and dimensions  were designed 
using FEA methods and tested to comply with the range of acting 
forces (Figure 3).   

 
Figure 3. Design of a typical jaw. (a) Dimensions of a jaw for clamping 
forces 20 N < F < 800 N (b) FEA of strain with  500 μ strain 
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The maximum calculated and measured strain, for the shown 
area, amounts to approx.  500 μ strain in the critical section of 
the jaw (red area). Calibration tests with different jaw shapes 
and different loads  were carried out with the device shown in 
Figure 4a. Each jaw was calibrated separately. The tested force 
range corresponds with the defined working range and the 
calculated FEA values. A typical calibration curve is shown in 
Figure 4b for acting forces  ranging from 20 N to 800 N for the 
jaw shown in Figure 3. 

 
Figure 4. (a) Calibration device for jaws with strain sauge sensors for a 
force range of 20 N to 800 N (b) A typical force strain calibration curve 
 

2.3 Inclination device 
The inclination device (Figure 5) was designed to 

accommodate an NC-controlled servomotor, including an 
eccentric with ball bearing. The servomotor rotates the eccentric 
with an high resolution of 0.0009°/pulse so that the rollers on 
the eccentric ball bearings slide on the sliding plate, thus 
generating a movement. Lifting the sliding plate causes an 
elastic deformation in the selected area. This deformation is 
realized by the solid-state joint and enables angle adjustment of 
± 2°. 

 
Figure 5. Design and features of the inclination device 
 

The function of the inclination device was investigated on a 3D 
coordinate measurement machine tool. The measurement 
showed high repeatability of the rotation as a function of 
different angle positions. The envisaged angle deviation range of 
± 2° was reached  with a 3.95° inclination by the system in 
combination with high stiffness (depending on selected solid 
state joint) and repeatability of less than 1 µm for the 79 mm 
mounting plate diameter and masses up to 4 kg. 

3. Implementation and testing of the clamping system 

3.1 Design and components of the clamping system 
Figure 6 shows the main components of the developed and 

investigated clamping system. The workpiece is clamped in the 
high precision pneumatic chuck with three jaws (see chapter 
2.2), combined with the specially designed inclination device 
(see chapter 2.3). The new clamping system comprises the 
workpiece holding chuck with the three force controlled  
clamping jaws and the visual device for actual workpiece 
position identification on the CNC machine tool. The measured 
values were compared to the required positions and used for 
repositioning the workpiece in the machine space by 
displacement of the X,Y,Z coordinates and rotations of the A,B,C 
directions. Displacements were controlled by incremental and 
accurate movements of the machine tool axes. Moreover, 

corrections of inclination angles can be performed by the new 
tilting device and a rotation table capable of  adjusting the  
inclination angle of the X-Y plane within ± 2° degrees in axis A, B 
with a resolution of 0.002 µm in XY and 0.05 µm in Z and a 
resulting overall repeatability of 0.1µm.  

The device is mounted on a rotating table which is fixed on the 
CNC machine tool table. The clamping forces of the pneumatic 
chuck are shown with the inlet and outlet connection  to control 
the pressure and air flow direction. The vision setup for 
workpiece position identification  uses a CCD camera technology 
[2]. 

 

Figure 6. The main components of the investigated clamping system 
mounted on a highly accurate CNC machine 

3.2 Experimental set-up controlling clamping forces  
Figure 7 illustrates the assembly of the force measurement 

setup using a pneumatic chuck with three jaws, each one 
equipped with three strain gauges. The chuck is connected to 
the air pressure supply, the pressure regulator and the valve 
with two directions for clamping and releasing and can be used 
for external and internal clamping. The strain signals are 
transformed from the strain gauges via amplifiers to a data 
acquisition unit (NI USB-6211) for evaluation.     

 
Figure 7. Layout for force measurements and force control of the 
pneumatic chuck 
 

The results showed that the air pressure is proportional to the 
clamping forces and can be used as an indicator for force values 
with a deviation of +/- 5%. The pneumatic chuck was tested with 
various jaws designed with FEA. The strain gauges, which were 
designed for 20N<F<300N, were tested with forces of up to 
800 N, which corresponds to 500-700 μ strain.  

3.3 Vision setup for position identificationn 
In order to identify the workpiece position three rhombic HV 

pattern were pressed on the surface  to enable very high 
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accuracy of position and repeatability measurements (Figure 8a 
and 8b). A typical HV mark is shown in figure 8c. Based on the 
contour, the CenterPoint of the mark can be calculated. The 
pattern position of single HV mark in the reference point and the 
new position after reclamping is shown in figure 8d. The vision 
device for position identification (camera) is searching for the 3 
HV pattern center points of the reference points using the image 
contrast information in a confocal microscope. The workpiece is 
released, re-clamped and  a measurement of the new position 
takes place (figure 8d). 

 

Figure 8. Testing the position identification algorithm using 3 HV 
patterns with the CCD camera on a CNC machine 
 

The measurements of the first point after re-clamping in 
relation to the values of the same point, defined as the reference 
position are used to calculate the required movements (dx1, 
dy1). The second and third point are identified in the same way 
for a combined procedure of workpiece repositioning and  
reorientation. 

This two centre points of the pattern and the (dx1, dy1) values 
(figure 8d) are transferred to the coordinate corrective values in 
the x and y directions to activate the motion axes drives. Finally, 
the pattern centre point of the re-clamped position is moving 
the motion axes of the machine coordinate system. The complex 
position identification system is characterized by very high 
repeatability of less than 1µm for pattern identification.  

After identifying the marks and implementing the software 
based on the algorithm the required correction values for exact 
positioning of the work-piece are  calculated and transferred to 
the control unit, as shown in figure 9.  

 
Figure 9. The repositioning procedure using the measured and 
calculated values to generate the CNC code for coordinate 
transformation 
 

The basic procedure activated by the new clamping system, 
carried out on the CNC machine is shown in figure 9. The new 
position values (Xi, Yi, Zi) can be defined in a new workpiece 
coordinate system (WCS) and the reference position (X0, Y0, Z0) 
are defined with the basic coordinate system (BCS). The 
workpiece is moved from the WCS to the BCS, respecting the 

positioning and rotation (Inclination) movements  in order to 
define the pattern misalignment. The coordinate system 
transformation is done by the difference vector through CNC 
code G54. Basic tests in X,Y plane were carried out with the 
developed clamping systems and the measured repeatability of 
pattern positioning was 1.1 µm, compared to a re-clamping 
repeatability of 2.7 µm without the position correction function. 
The reached value of 1.1 µm is a significant improvement of the 
repeatability of the pneumatic chuck with 5µm. 

4. Conclusions and outlook  
The new developed clamping system, tested on a high precise 

CNC machine tool with repeatability of ± 0.1 µm, provided high 
accuracy and high repeatability. Comparing state of the art 
pneumatic and mechanical chucks, the new clamping system 
controls workpiece position, allignment and clamping function, 
using a visual device for pattern identification on the workpiece. 
The developed algorithm for the X and Y machine tool axes 
motion is using the visual position identification measurements 
to control repositioning of the workpiece after re-clamping. 
Position and inclination control of  the workpiece in the XY plane 
is demonstrated in the paper. The investigated pneumatic chuck 
with FEA designed and force-controlled jaws can be used with 
clamping forces between 20N and 300N. The developed system 
provided repeatability of the pattern position of 1.1 µm, 
compared to the initial chuck reclamping repeatabiltity of 2.7 
µm. The next steps will investigate position and repeatability of 
all axis of the clamping system on a CNC machine tool and the 
behaviour during milling operation.  
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Abstract 
This paper describes the development and qualification of a tribometer to measure the dynamic and static coefficients of friction and 
contact stiffness of flat-on-flat mechanical contacts in both ambient and vacuum. The tribometer is used to validate and further 
develop models of these types of contacts in state-of-the-art equipment working with thin substrates. With these models the errors 
introduced by the contact deformation under mechanical and thermal loads can be predicted for design optimization or for correction 
by feedforward control. The novelty of the tribometer is in its ability to measure both lateral and normal contact stiffness of stiff flat-
on-flat contacts, in the order of 106 to 107 newton per metre, under normal loads as low as 5 mN. To build such an instrument, a 
range of precision engineering and mechatronic challenges had to be solved from reproducible sample mounting to tuning feedback 
controllers to be robust against the changes in dynamic response when the contact stiffness increases by orders of magnitude. 
Besides discussing the design, the paper also presents the results of the system level qualification which was done by measuring the 
well-known stiffness, in six degrees of freedom, of a special stiffness qualification sample. These results show that the tribometer can 
uniformly apply a normal load of 3 mN per contact with 0.6 mN precision, measure friction forces as low as 0.3 mN with a precision 
of 0.1 mN (3σ), and measure lateral and normal displacements / deformations with 0.05 and 0.06 nm resolution, respectively. 
 
 
Keywords: Precision engineering, Mechatronics, Tribology  

 

1. Introduction 

Thin substrates processed in semiconductor manufacturing 
equipment must be positioned reproducibly to align the many 
layers that make up an integrated circuit. With shrinking feature 
size, the positioning requirements become so stringent that the 
sub-nanometre deformations in the many flat-on-flat contacts 
between the substrate and its handler must be compensated 
for. Lacking a direct measurement, or feedback signal, models 
are employed to predict the required compensation. To develop 
and validate these models one cannot rely on just the data 
generated by classic pin-on-disc experiments because the 
presliding regime is dominated by the adhesive forces owing to 
asperity contacts [1] which depend on the manufacturing 
process and the use case. Therefore, a customer commissioned 
the design and realization of a tribometer for measuring the 
properties of exactly replicated contacts, in terms of geometry 
and conditions, as found in their products. They required the 
instrument to measure lateral and normal contact stiffness in 
the range of 104 to 2∙106 N/m at normal loads from 3 mN to 10 
mN with an accuracy of thirty percent, or better, and 104 to 107 
N/m above 10 mN up to 2 N with ten percent accuracy. 
Furthermore, it must be able to measure at ambient conditions, 
in dry air, and in high vacuum (10-5 mbar). 

Following a build, test, learn approach, to deal with the 
uncertainties in the requirements and design, the first 
tribometer was put into operation early 2015 and saw several 
minor upgrades in hardware and software. The design and some 
of the mechatronic challenges encountered during its 
development and realization have been discussed in a previous 
paper, Ref. [2]. Once the boundaries of fine-tuning were reached 
and many uncertainties clarified, a major upgrade was planned 
to replace the displacement sensors which were the bottleneck 

in measuring contact stiffness at low normal loads and low 
Coefficients of Friction (CoF). For example, when the stiffness is 
106 N/m at 3 mN, the displacement corresponding to the 
maximal lateral force of 0.3 mN (minimal CoF of 0.1) is only 0.3 
nm for the linear (stiffness) part of the pre-sliding curve. This 
leads to a desired resolution for the displacement and force 
metrology of 30 pm and 30 µN, respectively.  

In the next section the concept and design of the tribometer 
will be discussed focussing on the upgraded parts. The following 
section describes the feedback loops to control the normal load 
per contact and the position of lateral stage. Section four 
presents the qualification highlights and the final section 
summarizes the conclusion and outlook. 

2. Design   

The already challenging requirements are further complicated 
by the demand to exactly replicate contact geometry and 
conditions. Independent of the size of the area and the material 
of the samples the instruments must apply a uniform pressure 
over the contact areas. Having samples with three contact areas, 
to create an inherently stable interface (exact kinematic 
constraint), helps to achieve this. The next steps were to design 
the subsystem and a procedure to align the top samples with 
respect to the bottom sample in the out-of-plane Degrees of 
Freedom (DoF) z, Rx, Ry. 
   
2.1. Concept 

Figure 1 shows the concept of the tribometer which was 
discussed before in Ref. [2]. The contact sample is mounted on 
a stage which can move in two directions. It is actuated by three 
piezo actuators and the resulting forces are measured by three 
force cells. Two actuators and sensors would have sufficed, but 
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the symmetric design improves stability by creating a thermal 
centre at the heart of the sample.  

The counter surface sample is mounted in the so-called top 
sample interface which can be moved in three out-of-plane 
degrees of freedom using three piezo actuators (same design as 
the lateral actuators) for sample alignment and contacting. Once 
in contact, the piezo displacement is mostly absorbed in the 
normal force cells, behind the actuators, because their stiffness 
of about 105 N/m is typically lower than the contact stiffness. 
This effectively turns the position actuation into force actuation 
with the advantage of low power consumption and thus low 
thermal load compared to electromagnetic force actuation. 
Flexure mechanism guide constrain and the samples to 
guarantee reproducibility of the (parasitic) forces and motions. 
 

 

Figure 1. Concept of the flat-on-flat tribometer with piezo actuators to 
move the contact sample, supported by flexures, in lateral direction and 
to apply a uniform normal load to three contacts.  

 
 

2.2. Displacement and force metrology 
Although the displacement metrology is relevant for friction 

measurements, to determine the transition point from static to 
dynamic friction and the sliding velocity, the most demanding 
requirements come from the contact stiffness measurements. 
At normal loads in the order of (tens of) millinewton the 
deformations are typically sub-nanometre because the lateral 
force is limited by the typically low (0.1) to modest (0.3) 
coefficient of friction of the samples. While in normal direction 
more, and thus smaller, displacement increments are needed to 
characterize non-linearity of the force-displacement curve. To 
meet these requirements, the tribometer is equipped with six 
Zygo® ZPS absolute position sensors with 10 pm resolution and 
a measurement range of hundreds of micrometres [3].   

At higher normal loads (0.1 ~ 2 N), when the stiffness 
approaches 107 N/m, accurate displacement measurements is 
achieved by separating the metrology, shown in Figure 2, and 
force frames to keep deformations of the force frame outside 
the critical measurement loop and by using materials with 
relatively high stiffness, whenever possible, inside the loop, e.g. 
tungsten-carbide sample holders. 

Custom force cells were developed because commercially 
available force sensors could not meet the required combination 
of over 2 N range and 30 µN resolution or could not measure a 
constant force (normal load). The working principle of the force 
cells is to measure the deformation of titanium monolithic 
flexure mechanism, for reproducibility and stability, and from 
that calculating the applied force. With the upgrade the force 
cells got new internal sensors, also ZPS absolute position 
sensors, for higher force resolution and absolute instead of 
relative force measurements. Furthermore, dampers were 
integrated in the force cells to dampen the rigid body modes of 
the assembly holding the counter surface sample as discussed in 

Section 2.4. The stiffness of each individual force cell 
(1.1~1.2∙105 N/m), was calibrated using calibrated weights 
before integration into the instrument. 
 

 
Figure 2. Photograph of the lateral stage showing the separated 
metrology frame, with displacement sensors, and force frame.  

 
 
2.3. Sample interface 

Both samples are glued to their (specific) tungsten-carbide 
sample holder to keep the local angles of the contacting surfaces 
small, typically below 20 µrad, and thus replicate the flatness of 
the thin substrate in the customers application. To maintain this 
flatness when mounting the samples and achieve high stiffness 
between the metrology frame and the sample, an innovative 
sample interface was developed together with the project 
partner responsible for the sample holders and the sample 
preparation procedures and tooling. 

The concept is shown in Figure 3 and is based on the interface 
design from Ref. [4]. The holder is clamped between the force 
frame (fixed world) and metrology frame via ball/V-groove 
interfaces. Three of the interface sets constrain the DoFs of the 
frames exactly. 30 N is applied per ball/V-groove by a preload 
spring with a relatively low stiffness of 103 N/m to create a stiff 
connection insensitive to variations, e.g. of the lateral load on 
the sample. Because the holder is under purely compressive load 
the local angles of the sample remain unchanged. The soft spring 
first fully locates the sample holder before the preload is 
applied, achieving sub-micrometre positioning reproducibility. 
 

 

Figure 3. Concept of the interface for sample mounting  

 
2.4.Vibration isolation and damping 

To isolate floor vibrations the tribometer is placed on a 
vibration isolation table with commercial air-mounts, 
schematically depicted in Figure 4. The connections are made 
through the bottom of the environment chamber via steel, low 
stiffness bellows to stop the vibrations from entering through 
this path. Vibrations from the vacuum turbo pump are 
eliminated by using a pump with electro-magnetic bearings and 
by bolting its independent frame stiffly to the floor.  

On top of the measures above, passive dampers were 
integrated in the force cells to attenuate the rigid body modes 
of the top actuation and metrology assembly by approximately 
twenty times in the frequency range of 40 to 60 Hz. These so-
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called robust mass dampers consist of a stainless steel moving 
mass of about 100 g and (vacuum compatible) rubber leaf 
springs. In normal direction a coil spring applies the weight 
compensation force to avoid creep issues.  
 

 

Figure 4. Schematic depiction of the vibration isolation through the 
bottom of the environment chamber on air mounts. 
 

3. Operating procedures and control  

Before the samples can be brought into contact their contact 
planes must be aligned. This is done by slowly scanning for 
contact with the normal piezo actuators and normal force cells 
to detect the (steep) increase in stiffness. The procedure is 
already described in detail in Ref. [2]. Since then it has been fine-
tuned to lower the contacting forces (< 5 mN) and software 
compensation has been applied to reduce the normal load error 
caused by parasitic stiffness of the decoupling struts of the 
lateral force cells (Figure 1) to less than 0.1 mN.  

Once the samples are aligned, they are brought into contact 
using a low bandwidth force controller to keep the force per 
contact below 3 mN. Then the software switches to the normal 
load controller described in the next sub-section and increases 
the load or moves the lateral stage, depending on the type of 
experiment, following a user defined trajectory. Sub-section 3.2 
discusses the feedback controller of the lateral stage position 
which cancels the drift typical for piezo actuators. 
 
3.1. Normal load control 

A feedback loop with the normal piezo actuators and normal 
force cells precisely controls the applied forces, corrected for 
sample geometry, in the presence of disturbances such a drift, 
vibration, and varying lateral loads during the experiments. 
Besides normal load precision, robustness was an important 
objective for tuning this control loop because the contact 
stiffness can vary by several orders of magnitude. Figure 5 
demonstrates the resulting change in dynamic response of a 
single contact from zero (no contact) to 1 N normal load.  

Figure 6 shows the force signals during the contacting 
procedure. Initially, the low bandwidth contacting controller is 
active. Its integrator gain determines the approach / impact 
velocity and it has been tuned to keep the velocity below 1 µm/s 
corresponding to an impact force below 3 mN. When all three 
forces are below the threshold of -1.2 mN the contacting 
procedure switches to a normal load controller with a higher 
bandwidth (15 vs 4 Hz), i.e. higher disturbance rejection, and 

lowers the normal force to -3 mN or any value down to -2 N 
requested by the operator (decreasing the force corresponds to 
increasing the compressive load).  

 

  

 Figure 5. Frequency response of a single contact from setpoint to 
measured force without contact and at 1 N normal load. 

 

 

 Figure 6. Normal forces on the three contacts when making contact. 
Contact is established between t = 2.5-3 [s] and the switch from 
contacting to the normal load controller occurs around  t = 5 [s]. 
 

 
3.2. Lateral position control 

Small deviations of the relative lateral position of the samples 
can lead to a large shift of the measurement point on the 
presliding curve because the gross-sliding regime can start 
already after a few nanometres’ displacement, depending on 
the coefficient of friction and the normal load.  

The issue is observed in the left part of Figure 7 showing 10 
back and forth movements with 10 nm displacement without 
enabling the feedback controller (samples not in contact). The 
dominate disturbance source is the drift of the piezo actuator at 
sub-Hertz frequencies where their amplifiers transition from 
charge to voltage feedback control. A low bandwidth PID 
feedback controller is enough to supress this drift and by 
controlling the stage position, instead of the relative 
displacement, the control loop is insensitive to the changes of 
the transfer function due to sample to sample variations and the 
(non-linear) transition from presliding to gross-sliding regime. 
The right part of Figure 7 shows that the drift is reduced over 
two orders of magnitude from 4.4 nm/min to 0.037 nm/min by 
enabling the controller. 

 

  

 Figure 7. Ten back and forth movements without (left) and with (right 
feedback position control. Dashed lines show the drift (1st order fit). 
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4. Qualification  

Acceptance tests were conducted at the customers site to 
verify the performance of the tribometer from alignment 
accuracy, to maximal contacting force, achievable normal load 
range, and environment control. Two highlights will be 
presented in this section, first the measured displacement and 
force noise levels and second the qualification of the stiffness 
measurement accuracy and reproducibility. 
 
4.1. Displacement and force noise 

To characterize the displacement and force noise, critical for 
the measurement accuracy and precision at low loads and high 
contact stiffness, two separate tests were conducted.  

The force noise was measured without bringing the samples in 
contact when the acceleration forces acting on the top assembly 
/ sample interface, generated by vibrations, pass only through 
the force cells. These are dominating the cumulative Power 
Spectral Density (PSD), plotted in Figure 8, especially in the 
region from 1 Hz to 6 Hz due to the rigid body modes of the 
vibration isolation table. When in contact, these vibration 
induced forces pass mostly through the (stiffer) contacts and 
then the precision of the applied forces is equal to the measured 
3σ noise levels of 0.1 mN and 0.06 mN in lateral direction and 
0.5 mN in normal direction for a measurement bandwidth of 24 
Hz.  

For the displacement noise measurement, the displacements 
due to frame / floor vibrations were minimized by measuring 
with two special samples, made completely of tungsten carbide, 
brought into contact with 2 N normal load to accomplish high 
contact stiffness (sample ‘AT’ in Figure 5). The resulting 
cumulative PSD is plotted in Figure 9 and shows that the 3σ noise 
level of the tribometer is 0.05 nm in the lateral direction and 
below 0.06 nm in normal direction for a measurement 
bandwidth of 24 Hz. As for the forces, the rigid body modes of 
the vibration isolation table dominate the displacement noise 
(1-6 Hz).  

 

   
 
 Figure 8. Cumulative PSD of the lateral & normal contact force signals 
(samples not in contact). Noise levels (3σ) are 0.1 mN, 0.06 mN, and 0.5 
mN for Fx, Fy, and Fz, respectively. 
 

 
 
Figure 9. Cumulative PSD of the lateral & normal contact displacement / 
deformation signals (contact stiffness > 107 N/m). Noise levels (3σ) are 
below 0.05 nm in lateral and below 0.06 nm in normal direction. 

 
 

4.2. Stiffness measurement accuracy & reproducibility 
Besides through the qualification of the displacement and 

force sub-systems, the stiffness measurement accuracy and 
reproducibility were qualified by measuring the stiffness of a 
special qualification sample. The sample was designed to have a 
reproducible and constant 6DoF stiffness corresponding 
approximately to a sample with three times 106 N/m contact 
stiffness in both lateral and normal direction.  

The measured stiffness at various normal loads is plotted in 
Figure 10 together with dashed lines indicating the required 
accuracy and reproducibility, and the solid line indicates the 
nominal stiffness (from analysis/FEM). The results show that the 
measurement accuracy and reproducibility are within the 
requirement for both lateral directions and the normal direction 
(≤ 30 % below and ≤ 10 % above 10 mN load). 

   

 

 Figure 10. Measured stiffness of a special qualification is sample in 
lateral (X & Y) and normal direction. Dashed lines indicate the 
requirement and the solid line the nominal stiffness (FEM). 

5. Conclusion and outlook 

A tribometer to measure the coefficients of friction and the 
contact stiffness and flat-on-flat contacts in ambient air, in dry 
air, and in vacuum has been developed, realized, and qualified. 
Qualification results show that it can uniformly apply a normal 
load of 3 mN per contact with 0.6 mN precision, measure friction 
forces as low as 0.3 mN with a precision of 0.1 mN (3σ), and 
measure lateral and normal displacements / deformations with 
0.05 and 0.06 nm resolution, respectively. This could be 
improved in the future by installing a (active) vibration isolation 
table with isolation frequency below 1 Hz where the floor 
vibration spectrum is lower. 

The reproducible and constant 106 N/m stiffness of a special 
qualification sample was measured well within 30 % accuracy 
from 3 mN normal load and 10 % for loads above 10 mN. Analysis 
of the qualification results is ongoing to determine whether 
these accuracies are achieved over the complete stiffness range 
from 104 N/m to 107 N/m.  
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Micro milling is a micromachining process to manufacture miniaturized components and microstructured surfaces. However, micro 

milling is limited by high abrasive wear of the tools. Especially for tools with a diameter smaller than 100 µm this cannot be avoided, 
as the cutting edge radius cannot be further reduced; when using cemented carbide as substrate for micro end mills the cutting edge 
radius  is  in  the  range  of  the  grain  size  (≈200  nm). Here,  the  characterization  of  the  cutting  edge  radius  and  the  cutting  edge 
microstructure is not possible using optical imaging techniques due to the limited lateral resolution of these systems. Additionally, 
intermittent off‐machine measurements are not possible in this order of magnitude of the tools during machining to characterize 
progressive tool wear, as reclamping results in significant errors: The reclamping process would influence the tool‐spindle‐system, 
e. g. by introducing a change in the runout and the Z‐offset.  
Part I of  this paper series describes  the  integration of an atomic  force microscope  (AFM)  in a desktop sized machine  tool. The 

measuring possibilities, the established workflows and measurement results are presented. With the AFM, it is possible to measure 
tools immediately after their manufacture with respect to their macro and micro geometry. Furthermore, tools can be manufactured, 
applied  to produce micro structures and  the  tool wear can be measured process  intermittent without  the need  to unclamp and 
reclamp the tool. This enables the characterization of the progressive tool wear and its influence on machining. Measurements of 
coated and uncoated  tools are shown  to demonstrate  the capabilities of  the cutting edge evaluation. Part II of  this paper series 
presents a cutting edge characterization algorithm implementation, tailored to single edged micro end mills. This allows to derive a 
representative value of the cutting edge radius. 
 

micro milling, micro end mill, desktop sized machine tool, atomic force microscope, rounded cutting edge radius  

 

1. Introduction  

Micro milling is limited by high abrasive wear of the tools [1] 
due  to  severe  ploughing,  resulting  from  a  high  cutting  edge 
radius to chip thickness ratio. The increase of cutting edge radius 
caused  by  tool  wear  influences  the  surface  quality  and  the 
cutting forces [2]. The exceeding of critical force values can lead 
to tool breakages [3]. Especially for tools with a diameter smaller 
than 100 µm the high abrasive wear cannot be avoided, as the 
cutting  edge  radius  cannot  be  further  reduced. When  using 
cemented  carbide  as  tool  substrate  for  micro  end  mills  the 
cutting edge radius  is  in the range of the grain size (≈200 nm).  
For  tool  wear  measurements,  high  resolution  and  high 
magnification  instruments  are  needed  [1].  Commonly  optical 
microscopes, scanning electron microscopes (SEM), and atomic 
force  microscopes  (AFM)  are  used  for  wear  detection  [4]. 
However,  in  contrast  to  conventional milling,  it  is  no  longer 
possible  to use optical measuring devices  for  the quantitative 
characterization  of  tool wear  of micro  end mills with  cutting 
edge radii in the range of 200 nm or to unclamp the tools during 
machining. These techniques cannot be used due to the limited 
lateral  resolution.  The  lateral  resolution  is  limited  by  the 
diffraction  of  light,  described  by  the  Rayleigh  criterion.  The 
minimum  lateral  resolution  of  commonly  used  measuring 
devices  for  cutting  edge  measurement  such  as  stripe  light 
projection,  focus variation, confocal microscopy or white  light 
interferometry [5]  is about 0.4 µm [6]. Reclamping for process 
intermittent  wear  measurements  would  influence  the  tool‐
spindle‐system [7], e. g. by  introducing a change  in the runout 
and  the  Z‐offset.  However,  process  intermittent  wear 

measurements are necessary to determine the progressive wear 
to  understand  the  wear  mechanism.  In  literature,  only 
possibilities  for  indirect  determination  of  tool  wear  are 
mentioned.  These  are  for  example monitoring  cutting  forces, 
burr sizes or acoustic emission signals [1].  
Thus, for micro machining, a system is needed that is able to 

measure cutting edge radii in the order of the grain size of the 
carbide and,  in addition,  that does not  require  the  tool  to be 
unclamped during machining.  
In part I of this paper series, the integration of an AFM into a 

desktop  sized  machine  tool  to  realize  in  situ  tool  wear 
measurement of micro end mills is presented. AFMs are able to 
measure  cutting  edges  [8]  and  achieve  resolutions  below 
0.05 nm [9]. To demonstrate the capabilities of the cutting edge 
evaluation, measurements  of  coated  and  uncoated  tools  are 
shown.  
It will also be demonstrated that the manual characterization 

of single sectional cuts to determine the cutting edge radius of 
micro end mills has some disadvantages. The development of a 
cutting edge characterization algorithm is presented in part II of 
this  paper  series.  This  algorithm  enables  an  automated 
evaluation of the cutting edges of micro end mills measured with 
the AFM. 

2. Micro milling center 

The  desktop  machine  tool  into  which  the  AFM  has  been 
integrated  is  the micro milling  center  (MMC).  The MMC was 
developed  at  the  Institute  for Manufacturing  Technology  and 
Production Systems, TU Kaiserslautern and is described in detail 
in  [10]. The MMC consists of three modules: the main spindle 
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module, the application module, and the universal module (see 
Figure 1). These modules are implemented on a granite machine 
base. The application module consists of a linear stage in X‐ and 
Y‐direction  (travel  in  X‐  and  Y‐direction:  110 mm,  positioning 
accuracy:  ±300 nm,  minimal  step  size:  1 nm),  two  grinding 
spindles  for  tool manufacturing  [11],  and  a working  table  for 
workpiece mounting. The main spindle module  includes an air 
bearing  spindle  providing  spindle  speeds  up  to  125 krpm,  a 
linear  axis  for  the  Z  motion  (travel:  110 mm,  positioning 
accuracy:  ±250 nm, minimal  step  size:  1 nm)  and  a  clamping 
system  for  mounting  a  confocal  microscope  (µsurf  OEM  by 
Nanofocus1).  The  integration  of  the  confocal  microscope  is 
described in detail in [12]. This main spindle module is mounted 
on a precision linear axis with a length of 600 mm. This offers the 
possibility  to move  between  the  application module  and  the 
universal module. The universal module offers the possibility to 
mount components  for various applications such as additional 
grinding wheels or a rotational axis. 
With  the micro milling  center,  it  is possible  to manufacture 

micro end mills to machine workpieces, and to characterize the 
machined  surfaces  with  the  integrated  confocal microscope. 
However, it does not offer the possibility for tool measurement 
or in‐situ wear characterization.  

3. AFM integration 

A NaniteAFM  by Nanosurf1 was  chosen  for  the  integration. 
This instrument has the advantage of small dimensions (86 mm 
× 45 mm × 61 mm) and it is very suitable for customer specific 
applications.  This  distinguishes  it  from  most  commercially 
available AFMs which are too big to be integrated into desktop‐
sized machine tools. Further requirements which the AFM fulfills 
are the low Z‐measurement noise level of typically 90 pm (RMS, 
dynamic  mode)  and  the  sufficiently  large  scan  area  of 

110 µm x 110 µm x 20 µm.  These  dimensions  allow  the  three‐
dimensional measurement of cutting edges of micro end mills. 
The  integration of  the AFM  into  the MMC was realized by a 

mounting device made of aluminum, which  is placed between 
the application module and the universal module (see Figure 1). 
The  aluminum  mounting  device  provides  a  stiff  and  direct 
connection  between  the  pneumatically  vibration  isolated 
machine table and the AFM. The AFM  itself  is attached to the 
mounting device via a quick mounting plate that allows the AFM 
to be quickly installed and removed from the MMC, for example 
to protect it when it is not needed. The height of the mounting 
plate was selected in a way that the tool axis is positioned in the 
middle of the travel of the AFM axis (see Figure 2). This enables 
tools clamped in the spindle to be characterized. 

 
Figure 2: Sideview of the AFM and main spindle module. 

4. Measuring possibilities and workflow 

The integration of the AFM into the MMC offers the following 
measuring possibilities: 

Figure 1: AFM integrated into the MMC. 
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 Characterization  of  the  cutting  edge  geometry  of 
micro end mills  including  cutting edge  radii  in  the 
range of the grain size 

 In situ tool characterization after tool manufacture 

 Process  intermittent  wear  analysis  without 
unclamping the micro end mill 

To perform the different measurements, different workflows 
were  etablished.  The  linking  element  between  the  various 
modules is the precision linear axis (see Figure 4). This enables 
the main  spindle, where  the  tool  is  clamped,  to move  to  the 
respective active module. This results in different workflows for 
the different measuring possibilities: For tool characterization, 
the tool is clamped in the spindle and moved in front of the AFM 
module with the precision linear axis. Then the tool is positioned 
under the AFM using the Z axis. After the cutting edge of the tool 
is aligned upwards (see Figure 3) using the external positioning 
system of the spindle, the desired position of the cutting edge 
can  be measured.  Further  information  about  the  positioning 
system of the spindle can be found in [10]. 

 
Figure 3: Alignment of the cutting edge for AFM measurement. 

For manufacturing of  the  tools,  the main  spindle module  is 
positioned in front of the application module. A micro end mill 
is  manufactured  with  the  grinding  wheels  out  of  the  blank 
clamped in the spindle. Afterwards the main spindle module is 
moved to the AFM module for tool characterization.  

 
Figure 4: Top view of the MMC including modules and movements. 

For the process intermittent wear analysis, a micro end mill is 
first clamped in the spindle and placed in front of the application 
module. Then a workpiece  is machined with  this  tool. During 
machining, the AFM is covered by a shield. The cutting process 
is  interrupted  after  a  given  feed  travel  and  the  spindle  is 
stopped. In the next step, the main spindle module is moved to 
the AFM module for tool characterization. After completion of 
the characterization, the main spindle module is moved back to 

the  application  module  to  continue  machining  until  it  is 
interrupted  again  for  tool  characterization.  This  process  is 
continued  until  the machining  is  completed  and  a  final  tool 
characterization  is done. With  this procedure  it  is possible  to 
characterize the tool wear without unclamping the tool.  

5. Measurement results  

Two test measurements of micro end mills with a diameter of 
50 µm were carried out to demonstrate the capabilities of the 
cutting edge evaluation via AFM. The  single edged micro end 
mills are made of cemented carbide (91 % WC; 9 % CO, grain size 
0.2 µm).  For  the  test measurements  an uncoated  and  a  TiB2‐
coated  (layer  thickness: 200 nm) micro end mill were  chosen. 
Further information about the tools and the TiB2 coating can be 
found in [13] and [14]. 
The major  cutting  edge  has  a  length  of  about  20 µm,  the 

common depth of cut used when machining with these tools is 
5 µm. The size of  the cutting edge  radius of uncoated  tools  is 
assumed  to be  in  the order of  the grain size of  the cemented 
carbide.  This  radius  is  further  increased  by  the  TiB2  coating. 
Considering the dimensions mentioned above, an image size of 
5 µm x 5 µm was  selected  to depict  the  relevant  areas of  the 
cutting edge. This measuring area  is placed directly below  the 
corner (see Figure 5a). Table 1 shows a list of the measurement 
conditions used for the measurements.  

 
Figure 5: Measurement  results of an uncoated and a  coated  cutting 
edge: a) SEM image b) 3D view of the AFM image c) Sectional cut of the 
AFM image. 

Figure 5a) shows SEM images of the uncoated and coated tool 
including  a  detailed  view  of  the  major  cutting  edge.  The 
comparison of the uncoated and the coated cutting edge already 
qualitatively shows the increase of the cutting edge radius due 
to  the  coating.  However,  the  SEM  images  do  not  provide  a 
quantitative value for the cutting edge radius. Figure 5b) shows 
the topography height images of the AFM measurements of the 
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two examined cutting edges. For the illustration and evaluation 
of the measurements the software MountainsSPIP1 Premium V8 
was used. The 3D view of the uncoated tool shows, analogous to 
the  SEM  images,  the  individual  grains  located  at  the  cutting 
edge. In the case of the coated cutting edge, the grains are not 
that clearly visible, because they are covered by the coating.  
The  results  of  the  quantitative  cutting  edge  evaluation  are 

shown in Figure 5c). For the evaluation of the cutting edge radius 
and  the  wedge  angle  a  sectional  cut  with  a  length  of  2 µm 
perpendicular to the major cutting edge was used. In literature 
two different methods are reported to characterize the profile 
of  cutting  edges:  different  profiles  are  extracted  along  the 
cutting edge or data are summarized in an average cutting edge 
profile  [15].  In  this  study  a  single  profile  was  chosen  for 
evaluation  to  demonstrate  the  possibilities  of  cutting  edge 
evaluation using AFM. The cutting edge radius at the position of 
the selected sectional cut of the uncoated tool is 183.6 nm and 
the wedge angle is 67.82°. The wedge angle of the coated tool is 
70.73°. This agrees with the wedge angle of the micro end mill 
of 70°. Differences in angle occur due to slight deviations of the 
line fits, as the flank and rake faces are not completely smooth 
(see Figure 5c: uncoated micro end mill, right flank). As already 
shown  qualitatively  via  the  SEM  images,  a  significantly  larger 
radius  of  378.6  nm  was  determined  for  the  coated  tool 
compared  to  the  uncoated  tool.  Evaluations  of  the  radii  at 
further cuts of the cutting edges of the uncoated and coated tool 
have shown that there are deviations in the radius depending on 
the position. The radii vary up to 50 %. These deviations occur 
due to individual grains that form the cutting edge.  

Table 1: Measurement conditions. 

Image size  5 µm x 5 µm 

Points per line  256 

Lines  256 

Measurement 
environment 

Air 

Operating mode  Tapping mode 

Cantilever type  Soft  tapping  mode  AFM  cantilever 
(240AC‐NA by OPUS1) 

6. Conclusion and outlook 

This  paper  described  the  integration  of  an  atomic  force 
microscope  (AFM)  into  a  desktop  sized  machine  tool. 
Furthermore,  the  measuring  possibilities,  the  established 
workflows and measurement results were presented.  
Due to the limited space in the desktop sized machine tool, an 

AFM with very small dimensions and the possibility for costumer 
specific applications was chosen. This was integrated as a further 
module into the desktop sized machine tool.  
The  integration  of  the  AFM  extends  the  application 

possibilities of the desktop sized machine tool by the possibility 
to  measure  cutting  edges  of  micro  end  mills,  both  in  new 
condition as well as in the context of process intermittent wear 
characterization.  
The measurement results of the measurement of an uncoated 

and a coated cutting edge were shown. The AFM measurements 
enabled the cutting edge radius to be determined quantitatively. 
A cutting edge radius of 183.6 nm could be determined for the 
uncoated tool and 378.6 nm for the coated tool. 
In  further  investigations, not only  the  cutting edges of new 

tools but also already worn tools are to be measured. Thereby 
the  progressive  tool  wear  process  is  measured  process 
intermittent using the AFM. In combination with the evaluation 
algorithm  described  in  part II  of  this  series,  it  is  possible  to 

determine  the  progressive  wear  of  micro  end  mills  with  a 
diameter of less than 100 µm.  
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Abstract 
We demonstrate a novel approach for interferometric displacement and vibration sensing using range-resolved interferometry (RRI). 
The concept exploits the ability of RRI to reject the signal contributions due to multiple reflections that would otherwise lead to high 
levels of periodic non-linearity errors, allowing the use of very compact and cost-effective sensor heads based on gradient index 
(GRIN) lenses, with the presented approach thought to be widely applicable across many precision engineering applications.  
 
Keywords: Interferometry, Instrumentation, Metrology, Vibration measurement   

 

1. Introduction 

Optical interferometry can provide non-contact displacement 
and vibration measurements with nanometre-level resolutions, 
in many cases exceeding the performance and accuracy of 
competing sensing approaches [1]. However, the application of 
traditional optical interferometry for more mass-market 
displacement and vibration sensors is hindered by the cost and 
complexity of the technology, for example often requiring the 
use of polarisation-sensitive components and complex 
alignment procedures. In recent years, the emergence of 
interferometric techniques based on laser wavelength 
modulation, coupled with the availability of high-performance 
diode lasers and fibre-optic components, has simplified the 
design of sensor heads and interrogation units [2,3], for example 
removing the need for polarisation-sensitive components and 
also offering the benefit of fibre-coupled sensor heads with 
down-lead insensitivity. Several systems of compact fibre-
coupled sensor systems based on this approach using Michelson 
[2] or Fabry-Perot sensor head configurations [3] are now 
commercially available. In general, a major problem for the 
design of these sensor heads is the avoidance of multiple 
reflections that can lead to periodic non-linearities. Here, sensor 
designs based on the Michelson configuration limit the 
contribution of multiple reflections through optical means, at 
the price of more complex and less compact heads, for example 
involving beam splitters integrated into the sensor head, while 
sensing approaches using a Fabry-Perot configuration require 
careful alignment to ensure that either the direct or dual-bounce 
reflection exclusively enters the sensor head [3], with typical 
magnitudes of periodic non-linearities of commercial systems, 
at, or sometimes well above, nanometre levels [2,3].  

Therefore, a laser wavelength modulation interferometric 
technique that can provide linear measurements even in the 
presence of multiple reflections is highly desirable as it allows 
the use of very compact, cost-effective and alignment-
insensitive sensor heads. In this paper, we propose the use of 
our range-resolved interferometry (RRI) [4] approach in 
conjunction with sensor probes employing very compact and 
cost-effective gradient-index (GRIN) lenses. RRI is an 

interferometric interrogation technique based on sinusoidal 
wavelength modulation of diode lasers. Through its inherent 
ability to resolve signal contributions from different ranges, RRI 
can cope with the presence of multiple reflections by simply 
ignoring their contributions, leading to very low linearity errors 
below <0.2 nm as demonstrated in this paper. The high linearity 
performance achieved is thought to be especially relevant for 
the measurement of small displacements or vibrations (<~1um) 
where periodic non-linearities are typically the dominant cause 
of measurement uncertainties. The proposed sensors are 
universally applicable, with applications including precision 
motion control, surface probe microscopy, grating-based 
encoders or non-contact vibration sensors. 

2. Principle and Setup      

2.1. Range-Resolved Interferometry   
Range-resolved interferometry (RRI) [4] is a signal 

demodulation technique that uses sinusoidal wavelength 
modulation resulting from sinusoidal injection current 
modulation of a diode laser. Using appropriate range dependent 
demodulation carrier waveforms and a window function to 
select the appropriate parts of the wavelength sweep, the phase 
of one, or several interferometers that differ in optical path 
difference (OPD), can be demodulated simultaneously. Fig. 1(a) 
shows a typical interferogram and window function. Signal 
contributions from interferometers that do not correspond to 
the desired range are suppressed provided their OPDs differs 
sufficiently from the target interferometer, where any overlap 

Figure 1. (a) shows a typical interferogram over one modulation period 
as well as the window function used. (b) illustrates the optical setup, 
with a picture of the fully enclosed interrogation unit shown in (c). 
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would result in periodic non-linearities. In the present RRI 
implementation, a single discrete-mode laser diode (λ ≈ 1520.5 
nm) is sinusoidally modulated at a frequency of 24.4 kHz, with a 
resultant wavelength modulation amplitude of ± 0.3 nm. The 
laser emission is passed via a fibre-optic circulator to the sensor 
head. The returning light is guided to the InGaAs photodetector 
and the resulting interferograms are demodulated in real-time 
by field programmable gate array (FPGA)-based signal 
processing hardware. A schematic of the interrogation hardware 
is shown in Fig. 1(b) along with the interrogation unit in Fig. 1(c).  

 
2.2. GRIN lens sensor probes 

The general setup for the compact and cost-effective GRIN 
lens sensor heads is shown in Fig. 2(a). Here, a fibre pigtail within 
a flat-polished ferrule provides the reference reflection and an 
anti-reflection coated GRIN lens forms a collimated beam. In Fig. 
2 the interferometric standoff is defined as the effective 
distance (in air equivalent) including the GRIN lens to the 
minimum target position, while the physical standoff is the 
distance from the front of the GRIN lens to the minimum target 
position. The GRIN lens used has a length of 4.8 mm (air 
equivalent path length of 7.7 mm), therefore the interferometric 
standoff is 7.7 mm larger than the physical standoff. As shown 
in an illustration of the range view of the return signal in Fig. 2(b), 
in this approach the RRI system is set to evaluate the return 
signal at a range centred between the minimum and maximum 
target positions. Here, the target signal can be demodulated 
over the entire travel range, while contributions from dual-
bounce interferometers are suppressed, as the chosen stand-off 
distance ensures multiple reflections occupy ranges that lie well 
beyond the evaluation location.   

 

Figure 2. (a) shows an illustration of the sensor head configuration used 
in this paper, with (b) detailing the range dependencies of the return 
signal with the target mirror at minimum/maximum positions. 

3. Results & Discussion 

Fig. 3(a) shows an example displacement measurement where 
the target stage was set to travel linearly at a velocity of 0.1 
mm/s over a distance of 5 mm, on top of a 5 mm standoff 
distance from the GRIN lens collimator. The insets enlarge the 
measurement traces at the start and end of the movement, 
showing that the end point differs from the expected value of 5 
mm by ~8 µm, with the most likely causes for errors due to 
alignment mismatch between the stage and sensor axis or 
insufficient accuracy on the stage encoder resolution. The noise 
standard deviation (1σ) observed in this measurement stays 
below 1.5 nm (over a 10 kHz bandwidth). Fig. 3(b) shows the 
corresponding signal. During the stage movement, the 

fluctuations of signal amplitude visible in the insets give an 
indication of the magnitude of the periodic non-linearities. Fig. 
4 further investigates this and plots the normalised Lissajous 
figures, where the high linearity achievable in this concept is 
evident from the high circularity exhibited even in the magnified 

 

Figure 3. (a) shows a displacement measurement over a 5 mm travel 
range at a 5 mm stand-off distance, while (b) shows the corresponding 
signal amplitude registered at the evaluation location. 
 

 

Figure 4. The normalised Lissajous figures is drawn in (a) using two 
datasets located at the centre and at the edge of the travel range. (b) 
then shows a magnification for normalised amplitudes from 0.99 to 1.01.  

 
Lissajous plot of Fig. 4(b). More detailed investigations show that 
periodic non-linearities amplitudes in this measurement vary 
between 0.1 and 0.2 nm between the centre and the edges of 
the travel range. This level of periodic errors is already on a par 
with highly sophisticated interferometric techniques [5], while 
the use of a Heydemann correction [6] could be explored in the 
future to further reduce the periodic non-linearities.  

4. Conclusions 

In this paper we have outlined the benefits of using RRI for 
interferometric displacement sensors, permitting the use of 
cost-effective and compact sensor heads even in the presence 
of multiple reflections. We have demonstrated a sensor capable 
of 5 mm travel range at 5 mm stand-off distance. In particular 
the good linearity performance, with periodic non-linearities 
below <0.2 nm, are a hallmark of the sensing approach and it is 
thought that the concept could be universally applicable across 
many high-precision engineering applications. 
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Abstract 
The recent adoption of silicon components by the mechanical watch industry has triggered the search for new time bases to 
advantageously replace the traditional balance and hairspring oscillator. In particular, flexure-based oscillators manufactured in 
silicon could be the breakthrough needed to achieve a new level in mechanical watch accuracy. The characterization of these new 
time bases requires accurate measurements while existing methods suffer from limitations in this context. Indeed, they rely on 
acoustic signals which make them dependent on the sustaining mechanism and extrapolation to calculate oscillation amplitude. This 
paper presents a novel technique for the measurement of the instantaneous angular position of a rotational oscillator along with 
algorithms to extract critical timekeeping characteristics such as quality factor, isochronism defect, and gravity sensitivity. The 
measuring principle is similar to that of optical encoders: LED light is emitted onto a photodiode through slits etched into the 
oscillator. This setup has the advantage of using off-the-shelf optical sensors whereas silicon oscillators generally make most optical 
sensors unusable because of their thinness and reflectivity. This article presents the device and chronometric performance 
measurements of a watch-scale flexure pivot oscillator silicon prototype. The experimental results are validated by comparison with 
data from a separate reference sensor. 
 
Optical Encoder, Chronometry, Mechanical Time Base, Flexure Pivot Oscillator, Compliant Mechanism, Silicon Flexures, Quality Factor, Isochronism 

 

1. Introduction 

Timekeeping accuracy is the most important performance 
index for mechanical watches. A variety of norms exist to certify 
it which typically evaluate the state of the watch once a day and 
provide the chronometric error in terms of seconds/day.1 
However, when testing the time base performance, it is more 
practical to measure chronometric error over shorter time 
intervals. This is done by measuring individual periods of the 
oscillator. Indeed, this allows to assess oscillator stability when 
subjected to changes in amplitude, orientation of gravity, 
temperature, magnetism and shocks, which are the main factors 
affecting chronometric performance. The measurement method 
generally used by watchmakers relies on the capture of the 
acoustic signal produced by shocks between the oscillator and 
its sustaining mechanism: the escapement [1, 2]. The period of 
oscillation is derived from the time between successive beat 
noises. The amplitude of oscillation is extrapolated from the 
time between the first and third pulses of the beat noise, 
assuming a purely sinusoidal oscillation and knowing the 
rotation angle between the two impacts. This angle called lift 
angle is a construction parameter of traditional escapements. 
This method suffers from two main limitations: it requires the 
time base to be sustained by a standard escapement with well 
understood characteristics and extrapolation is prone to 
introduce inaccuracies.  

The recent adoption of silicon components by the mechanical 
watch industry [3] has initiated the development of promising 
novel mechanical time bases whose motion is guided by the 
deformation of flexures instead of the traditional jeweled 
bearing [4–8]. The resulting reduction in friction leads to 

 
1The leading norm is the Contrôle Officiel Suisse des Chronomètres 
(COSC), which certifies millions of watches a year as “chronometers” if 

significant improvements in quality factor of the time base and 
energy consumption of the timekeeper. The characterization of 
these new time bases requires the measurement of their 
chronometric performance before coupling them to an 
escapement. This motivated our development of a new method 
that uses optical instead of acoustic signals. Additional 
constraints arose from the reflectivity and thinness (0.3 mm) of 
the silicon wafer from which our prototypes were manufactured 
(Fig. 1), which made their surfaces unusable as targets for most 
optical sensors. 
 

 
 

Figure 1. Silicon prototype of co-RCC oscillator [9] with encoder slits 
(1), clamping features (2) and circle involute targets (3). 

In Section 2 we describe our experimental setup and the 
measurement of the position over time of a silicon “co-RCC” 
oscillator. This oscillator (Fig. 1) was developed to reach practical 
mechanical watch specifications such as a planar design within a 

their movements have an average daily rate between -4 and +6 s/day 
in various positions and at different temperatures. 
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20 mm diameter, a reduced parasitic center shift and a tunable 
isochronism [8, 9]. Section 3 then presents the algorithm used 
to extract the frequency and amplitude of the time base. Section 
4 validates our method by comparing the results with those 
obtained with a different sensor and assesses the repeatability 
of the method. Finally, Section 5 provides examples showing 
how our new method can be used to measure the quality factor 
of a prototype, as well as the influence of amplitude and gravity 
on its frequency. Some of these results were already presented 
in the first author's Ph.D. thesis [8]. 

2. Experimental setup      

The experimental setup consists of an incremental optical 
encoder module of type AVAGO HEDS-9730 [10] and a rotational 
oscillator, in which slits have been cut, acting as “code disk,” see 
Fig. 1. The light sources of the encoder module are aimed at the 
slits and, as the oscillator rotates, the light reaches a receiver 
through the slits which alternatively block it (Fig. 2). As the slits 
all have the same opening width and are arranged periodically, 
the position of the oscillator with respect to its neutral point can 
be calculated incrementally. The encoder module has two 
output signals with a quadrature phase difference between 
them. This gives the direction of motion in addition to its 
amplitude and doubles the angular position resolution (0.23 
degrees in our case). 
 

 
 
Figure 2. Prototype mounted on test bench. 

The encoder signal is sampled at 100 kHz, based on a PXIe-
6614 OCXO quartz oscillator with a stability of ±75 ppb that 
allows to precisely reconstruct the angular position of the 
oscillator over time [11]. Since there is no sustaining mechanism, 
the measurement is performed in free oscillation: the oscillator 
is offset from its equilibrium position by a given angle and 
released manually. Figure 3 shows an example of position-time 
signal obtained by decoding the encoder signal. 
 

 
 
Figure 3. Angular position versus time: signal extracted from the 
encoder measurement. 

3. Algorithm for the frequency and amplitude extraction 

 Angular position versus time data is processed in subsets by 
fitting a specified number of samples with a sinusoidal function. 

The number of samples typically corresponds to 2 to 6 periods 
of oscillation, such that the amplitude and frequency of the 
signal are quasi-constant. This window is then swept in steps 
over the signal, with or without overlap, to process the entire 
dataset, as depicted in Fig. 4. For our results, we used half-
overlapping windows with a width of approximately three 
periods. For each window 𝑛, the algorithm returns a triplet 
(Θ𝑛, 𝑓𝑛 , 𝑡𝑛) corresponding respectively, to the amplitude and 
frequency of the sinusoidal function fitted on the window and 
the mean time of the window. One can then obtain the 
frequency-amplitude relationship by fitting the (Θ𝑛, 𝑓𝑛) data 
points with an even polynomial of order 4 [8, Eq. 5.5]. 
 

 
 
Figure 4. Illustration of the window placing for the frequency and 
amplitude extraction algorithm. 

4. Validation and repeatability of the method 

4.1. Validation 
In order to validate the method, the results were compared to 

those obtained with a different sensor. This second method uses 
a laser distance sensor aimed at external metallic targets (Fig. 2) 
mounted on the oscillator using the clamping features shown in 
Fig. 1. These targets have a circle involute shape that has the 
advantages of having a surface that is always perpendicular to 
the laser beam as the oscillator rotates and making the distance 
measured directly proportional to the rotation angle. Note that 
circle involute targets were also directly integrated into the 
oscillator for this purpose (Fig. 1) but did not return any sensor 
readings, probably due to their narrowness and their reflective 
surface. The frequency versus amplitude curves obtained for 
one oscillator launch with both methods are displayed in Fig. 5, 
showing a good match and providing validation for our new 
method.  External targets are used only for validation purposes 
as these targets affect the inertia, center of mass position and 
quality factor of the time base. 
 

 
 
Figure 5. Comparison of frequency versus amplitude measurements 
obtained with the optical encoder sensor, compared with a laser 
distance sensor on circular involute target. 
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4.2. Repeatability 
The repeatability of our method was evaluated by performing 

10 measurements of the frequency of the same oscillator at an 
amplitude of 10 degrees by fitting the frequency versus 
amplitude data between 8 and 12 degrees (Fig. 6). Table 1 shows 
the results obtained on two different oscillators. In order to 
relate to watch performance, the range and standard deviation 
are expressed as daily rate: 

 𝜌 = 86400
Δ𝑓

𝑓ref
 (1) 

where Δ𝑓 is either the range or the standard deviation and 𝑓ref 
is the mean frequency. The daily rate corresponds to the 
seconds per day gained or lost with respect to a reference 
frequency 𝑓ref. Table 1 shows that the range and standard 
deviation are well within 1 s/day, which is the order of 
magnitude we are interested in.2 
 

 
 
Figure 6. Frequency-amplitude curves for 10 measurements of part V2. 

Table 1. Repeatability of the method for 10 measurements. 
 

Part name Mean freq. 
(Hz) 

Range 
(s/day) 

STDEV 
(Hz) 

STDEV 
(s/day) 

V1 16.7 0.64 0.45·10-4 0.24 

V2 16.7 0.16 0.11·10-4 0.059 

5. Examples of measurements  

5.1. Isochronism defect 
Isochronism, the independence of oscillation period from 

amplitude, is the basis of accurate timekeeping. The isochronism 
defect of a time base is given explicitly by its frequency versus 
amplitude relationship. Figure 7 depicts such curves for two of 
our prototypes, showing a positive defect for part V1 and a 
negative defect for part V2. In order to provide numerical 
isochronism data, we choose a reference amplitude Θ𝑟𝑒𝑓 with 

corresponding frequency 𝑓ref and express the isochronism 
defect at amplitude Θ using Eq. (1) with Δ𝑓 = 𝑓(Θ) − 𝑓𝑟𝑒𝑓 . 

Table 2 gives the daily rate 𝜌 for a 10 % amplitude variation from 
a chosen reference amplitude of 15 degrees, with the two 
prototypes of Fig. 7. 
 
Table 2. Isochronism defect at 16.5° w.r.t. 10° reference amplitude. 

 
Part name Mean 𝝆 (s/day)  STDEV (s/day) 
V1 383 3.57 

V2 -88.9 1.64 

 
 

 
 

 
2 Ibid., p.1. 

 
a) Prototype V1 

 

 
a) Prototype V2 

 
Figure 7. Isochronism defect of two different prototypes: frequency 
versus amplitude curves for 10 measurements. 

5.2. Quality factor 
The quality factor 𝑄 of a time base is important since it affects 

directly the energy consumption of the time base (hence the 
autonomy of the timekeeper) and is considered to be an indirect 
indicator of its potential accuracy [12]. Increasing 𝑄 is one of the 
main drivers for the development of flexure-based oscillators 
[8]. Since 𝑄 describes the amplitude decay of an oscillator, it can 
be extracted by fitting the amplitude versus time output of the 
algorithm in Section 3 with Θ(𝑡) = Θ0 𝑒−𝐶 𝑡, see Fig. 8. The 
quality factor is then: 

𝑄 = 𝜋𝑓0/𝐶 
where 𝑓0 is the limiting frequency as amplitude approaches zero 
obtained from the frequency versus amplitude relationship. 
Table 3 shows the values measured on two of our prototypes. 
Note that the integrated circle involute targets were removed by 
laser ablation to improve 𝑄.  The measurements give 𝑄 to be 
around 775. This value it to be compared to the quality factor of 
balance and hairspring oscillators of current watches which is 
typically around 200 [8], i.e., close to a factor 4 lower. 
 

 
 
Figure 8. Amplitude versus time data and exponential decay fit for part 
V1. 
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Table 3. 𝑄 measurements on 10 launches between 19 and 2 degrees. 

 
Part name Mean Q STDEV 

V1 776 0.43 

V2 775 0.27 

 
5.3. Gravity sensitivity 

One of the principle challenges of portable timekeepers is to 
minimize the influence of the orientation of gravity on their 
frequency. For this reason, mechanical watches are traditionally 
tested in different positions with respect to gravity. These tests 
can be performed with our setup by measuring the frequency 
versus amplitude relationship of the time base in different 
positions, for example two horizontal and eight vertical ones. 
The vertical positions are determined by using an inclinometer, 
see Fig. 9. 

The nominal frequency 𝑓0 of the prototype in each position is 
determined from the frequency as amplitude reaches zero. The 
influence of gravity is then expressed in terms of daily rate 𝜌 
using Eq. (1) where 𝑓𝑟𝑒𝑓  was arbitrarily chosen as the mean 

frequency measured in horizontal position facing down (gravity 
in 𝑧 + direction) and Δ𝑓 is the deviation of 𝑓0 from this 
frequency. An example of result is plotted on Fig. 10 with four 
measurements per position. 
 

  
a) 𝜓 = 0 degrees b) 𝜓 = 45 degrees 

 
Figure 9. Experimental setup for gravity effect measurement. 
 

 
 
Figure 10. Daily rate 𝝆 measurement on co-RCC prototype for varying 
angle 𝝍 of gravity in the 𝒙𝒚-plane (vertical position) and for gravity 
acting along the 𝒛 axis (horizontal position). 

6. Conclusion      

A new experimental method was developed to measure the 
chronometric performance of rotational mechanical watch 
oscillators. We showed how it can be used to precisely evaluate 
the quality factor, isochronism defect and gravity sensitivity of a 

silicon flexure-based oscillator. The main advantages of our new 
method are that it does not depend on a sustaining mechanism 
and is compatible with silicon parts. This makes it a valuable tool 
for the development of new mechanical time bases and 
escapements and an important contribution to the search for 
more accurate mechanical watch time bases. The main 
limitation of our method is that it requires slits to be cut into the 
oscillator, which constrains the design. Note, however, that the 
method is likely to perform well with a smaller angular 
resolution, which would require less slits. This will be 
investigated in future work. Another limitation of the method is 
that it requires an unobstructed optical path to the time base, 
which makes it incompatible with measurements of movements 
assembled in their cases. Note, however, that the recent trend 
towards skeleton watches, i.e., mechanical watches whose 
moving parts are visible through the front and back, makes our 
method potentially applicable with a sensor that allows more 
distance from the oscillator. This will also be the topic of future 
research. 
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Abstract 
    Due to increased output and variant flexibility in manufacturing, five-axis machining is more productive than three-axis machining 
in many ways. It offers the ability to produce more complex parts with less intervention by the machine operator and is indespensable 
in  mold  and  die  production.  However,  the  use  of  two  additional  axes  introduces  new  sources  of  error,  causing  a  reduction  in 
attainable workpiece accuracy.  Topics such as thermal stability and fast recalibration take on greater significance. Thermal stability 
is particularly important because axis drift has a much greater effect on five-axis machined parts than on three axes machined parts. 
    For this article, four different five-axis machining centers with a similar kinematic structure and different cooling designs were 
investigated. The first task was to choose a suitable measuring device for analyzing the kinematic behavior of the machine structure 
over time. The R-test device was found to be the most suitable option because it permits observation of the translational and 
rotational  location errors of  all  the axes, as  well  as the  positioning error  of  the linear  axes. During  various  long-duration  tests 
performed on all four machine tools, the main error components were observed over time and compared with a norm based on the 
IT tolerances.  During these tests, the machines were subjected internal and external heat sources.  This article provides an overview 
of the main thermal error effects identified on these machines and how they affect five-axis machine accuracy.  When thermal 
stability is  attained,  kinematic calibration can  dramatically  increase five-axis accuracy.  This effect was demonstrated on a test 
workpiece that reveals kinematic errors through visible marks. 
 
Machine tool, five axis machining, thermal behavior, kinematic calibration, test workpiece 

 

1.  Five-axis machining  

The ease-of-use of five-axis machining technology with 
modern CAM tools gives the machine user a wide range of 
possibilities for the economical production of complex parts. In 
contrast to three-axis machining, the assumption that the 
accuracy of neighboring features on a workpiece are mainly 
affected by the neighboring accuracy of the machine tool proves 
to be invalid. As five-axis machines become ever easier to 
program, the more difficult it will become to know the attainable 
workpiece accuracy. This conflict is based on the fact that five-
axis machining allows neighboring features on a workpiece to be 
machined in completely different machine axis positions.  A 
small workpiece may be moved through the entire axis 
workspace of the machine. Consequently, machining an 
accurate part requires a consonance of the controllers, 
kinematic model, and actual machine kinematics. 

2.  Thermal behavior of machine tools  

When it comes to setup and calibration, a central issue is the 
need to reduce or eliminate the differences between the 
kinematic description and the actual machine.  It is already 
possible to achieve acceptable volumetric calibration results for 
five-axis machines. Various approaches using different 
measuring devices can be found in the literature [1, 2, 3, 4]. 
Nevertheless, even with perfect calibration, thermal drift during 
machining remains one of the most influential uncertainties in 
machine tools accuracy and influences it 5- to 10-times higher 
than all other effects [5].  New technologies such as trochoidal 

milling lead to high feed rates, thereby generating internal heat.  
To deal with this problem, techniques such as warming-up 
cycles, recalibration, thermal compensation, and the cooling or 
temperature control of machine components are employed in 
order to reduce the amount of thermally induced error.   

 
2.1.  Structural behavior during thermal load 

A common method for resetting thermal drift during 
machining involves measuring a single point in the workspace or 
on the workpiece and then resetting the workspace reference 
point.  Yet this approach is generally not appropriate for five-axis 
machining. A change in workpiece position must be separated 
into the reference point shift and the adjustment of the machine 
tool’s kinematic chain. Any detected thermal drift must be 
corrected through some kind of recalibration. 

In order to determine the most significant sources of 
inaccuracy in five-axis machining, four different medium-sized 
machine tools with different cooling designs were investigated.  
The R-test was found to be the best-suited device for 
characterizing the machine kinematics within a short measuring 
period. 

 
2.2.Observation of machine kinematics through the R-test 

The R-test is a measuring device that measures the position of 
a sphere in the tool holder relative to the table. This method 
achieves a volumetric measuring accuracy better than 0.5 µm.  
The data collected at various machine axis positions can then be 
used to identify different machine parameters.  

With the R-test mounted at a single eccentric position on the 
machine table, the table is turned and swivelled into different 
rotary axis positions.  Maintaining the same position of the 
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sphere in the tool holder relative to the table provokes 
compensation movements in the linear axes. Their 
measurement  allows the identification of a kinematic model 
containing the location errors for all axes.  These errors consist 
of four translational location errors of the rotary axes, four 
rotational location errors of the rotary axes, and three rotational 
location errors of the linear axes. The change in linear axis 
positioning error can be determined as well. This type of model 
was chosen for its robustness, its low condition number 
(20 - 50), and its ability to describe the main fluctuating thermal 
effects.  Figure 1 shows the R-test and a sample workspace, 
along with the measuring positions and measured deviations 
scaled by a factor of 2000. 

 
Figure 1: R-test and measuring points in the workspace 
 

To verify some of these identified parameters, other devices 
such as a laser interferometer and a 2-D reference grid encoder 
were used for cross-checking the results through direct 
measurement. The discrepancies were quite small and could be 
mainly explained by the measuring uncertainty of all the devices. 

3. Thermal measurements 

The thermal investigation of four different machines was 
performed as illustrated in Figure 2. The measurement of about 
50 different positions with the R-test in the workspace was 
carried out recurrently in different thermal states over a period 
of approximately one to three days.  During the measurement, 
all of the positions were measured twice (forwards and 
backwards) so as to reduce measuring noise. 

  
Figure 2: R-test process of thermal test  
 

Between measurements, different thermal loads were 
induced through moving axes or changes in environmental 
temperature.  The uniform ratio between the measuring period 
and the thermal loading period was approximately 5 minutes-to-
15 minutes. This ratio was kept constant for all four machines. 

The key results of the thermal investigation were the sequence 
of the main varying kinematic parameters over time and the 
fluctuation of 3-D errors over time in all positions.  Examples of 
both metrics can be seen above in Figure 2.  The maximum 
variation of the measured normal deviation during a single test 

is referred to as the thermal stability.  This value describes only 
the variation of measured deviations, assuming that the 
machine exhibits no kinematic error at the beginning of every 
test.  This emulates a perfectly calibrated machine at the 
beginning of every test. 

4. Comparison of different machine cooling designs 

Table 1 lists all four of the investigated machines and some of 
their characteristics.  All of the machines have their rotary axes 
on the workpiece side of the machine.  With the exception of 
Machine D, all of the them were medium-sized machines 
exhibiting a workspace diagonal at or near 1m.   

The machines featured different structural cooling designs.  In 
Machine A, none of the structural components were cooled 
except the spindle, and a temperature-controlled cutting fluid.  
All of the other machines were partly or fully temperature-
controlled with a water cooling system as listed in Table 1.  The 
reference temperature for the cooling system was constant only 
for Machine D. 
Table 1: Four different machine tools 

Ma-
chine 

Kinematics/  
workspace diag. 

Struct. 
Cooling  

Ref. 
temp. 

Scaling 
factor (IT) 

A AC table  / 1.2m No  Env. 1.09 
B AC table  / 1.0m Partly  Env. 0.99 
C BC table / 1.0m Yes Env. 0.98 
D BC table / 0.5 m Yes 22°C 0.73 
 

4.1 Weighting machine accuracy by IT tolerances 
Any comparison of the achievable accuracy of differently sized 

machines must take the workspace accuracy into account.  A 
standard approach for achieving comparable accuracy based on 
the size of a manufactured part is the IT tolerance table in [6].  
The current formula is: 

𝐼𝑇 = 𝐾 ∙ 0.45 ∙ √𝐷 + 0.001 ∙ 𝐷 ;  𝐷 𝑖𝑛 𝑚𝑚,   (1) 
where IT is the standard tolerance value in µm and K the factor 
of the corresponding standard tolerance.  D is the range of the 
size to be manufactured.  For basic  tolerances,  K is usually 
greater than 1.  For the scaling of the workspace, K is selected to 
be 1/5.5, which, when D = 1 m, yields IT = 1.  This value is the 
scaling factor for the measured deviations referenced to the 
workspace diagonal and is listed in Table 1 for the different 
machines. In order to achieve the scaled thermal stability for the 
comparison of different machine tools, the determined thermal 
stability is divided by this scaling value 

 
Figure 3: Scaled thermal stability for different machines  
 

Figure 3 shows the attained scaled thermal stability of the 
machines.  This diagram represents a measuring period of 
around 900h.  The different thermal loads are as follows: 

X,Y,Z warm: Warming of the linear axes for 15 h at a feed rate 
of 10000 mm/min, followed by a 15 h cool-down period. 

R1 warm: Warming of the first weight-loaded rotary axes for 
15 h at 90 ° position, followed by a 15 h cool-down period to 0°. 

Start up: Starting of the machine from a cooled state, followed 
by measuring for 24 h and interrupted by standstill. 
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Env. 5 K: Measuring interrupted by standstill for at least three 
days.  When possible, the machine tool was subjected to 
temperature variations by means of a temperature chamber.  
The resulting deviations were scaled by 5 K. This range was 
defined by the observed maximal daily environment variation 
during measurements in usual shop floor conditons. 

Prior to each test (except for “Start up”), the machine was 
brought to a standstill and powered-on for 24 h.  As can be seen, 
in most of the warming-up cycles, the machine tool with no 
structural cooling exhibited a thermal stability of above 20 µm.  
In contrast, a constant reference temperature for structural 
cooling (Machine D) most effectively reduced the deviation 
caused by internal heat sources. In a thermally uncontrolled 
environment, it appears advantageous to base the cooling 
medium temperature on the environmental temperature. The 
environmental influence is thereby relatively low. 

 
4.2 Main driving error-effects for accuracy 
 

To examine the reason for the attainable thermal stability, the 
identified kinematic parameters were investigated over time.  
Figure 4 shows the summarized effect, of different error types, 
on the scaled thermal stability. The denotation is in accordance 
with ISO notation in [7] 

T0R: Translational error of rotary axes (Y0A,Z0A,X0B,Z0B, …) 
R0R: Rotational error of rotary axes (B0A,C0A,A0B,C0B, …) 
R0T: Rotational error of transl. axes (B0X,C0X,A0Y,C0Y, …) 
ETT: Positioning error of linear axes (EXX,EYY,EZZ) 
For Machine D, the ETT could not be identified due to the small 

mounting radius of the R-test.  

  
Figure 4: Error-effects on thermal stability 
 

The main influence on the scaled thermal stability is the T0R 
(mean: 14.5 µm). On temperature-controlled machine struc-
tures, this error is significantly smaller. Unlike in three-axis 
machines, the T0R is critical in five-axis machining. In practice, 
the T0R can be significantly reduced through recalibration 
during machining.  This is usually done by probing a reference 
sphere placed on the machine table at different positions of the 
rotary axes.  This can be performed under full automation, such 
as with the KinematicsOpt cycle [8]. 

The second largest influence is the R0T (mean: 6.2 µm).  Like 
the T0R, the R0T exhibits greater variation on non-temperature-
controlled machines.  

Although R0R is measurable, it has, on average, only a very 
small effect on the scaled thermal stability (mean: 4.6 µm). 

The ETT (mean: 4.2 µm) has the smallest effect on the scaled 
thermal accuracy.  This can be traced not least to the fact that 
all of the machines are equipped with linear encoders.  Even 
within changing environment, the ETT remains sufficiently small. 

Thermally caused deviations can be characterized by more 
than just their maximum value.  The change in thermally caused 
deviations and characteristic values over time, such as time 
constants, are also important factors for stable machining.  The 
time constant of a body is a product of its mass, thermal 
capacity, and thermal resistance. The identified time constants 
were therefore also divided by the scaling factor in Table 1 in 
order to account for the varying machine sizes. 

As an example, the “X,Y,Z-warm” tests were compared in 
terms of the time constants T of the best observable parameters 
from the group T0R, R0T, and ETT.  The R0R values were too 
small for detecting properly time constantes. 

Table 2 shows that the highest time constants were observed 
in Machine A. However, thermal stability was most rapidly 
achieved in the temperature-controlled Machine D with a 
constant reference temperature.  The increase in the time 
constant can be explained by the higher thermal resistance of a 
water-cooled surface compared to air-cooled surface. 

Regarding the scaled time constants, the period of time 
required in order to stabilize Machine A for machining can be 
much longer than that of Machine D. In addition to the time-
consuming thermal stabilization of Machine A, the scaled 
thermal stability in Figure 3 is even worse. 

 
Table 2: Identified scaled time constants  

Machine T of T0R in h T of R0T /h T of ETT /h Mean T 
A 1.9 1.6 2.4 1.8 
B 1.8 1.3 2.0 1.6 
C 2 1.2 2 1.6 
D 1 1.4 - 1.2 

5. Testing five-axis accuracy on a test workpiece  

The R-test is well suited for determining the thermal stability 
of a machine tool and for characterizing its thermal behavior.  In 
order to evaluate five-axis accuracy in a manufacturing 
environment, a test workpiece for five-axis shaft milling was 
introduced.  This workpiece is easy to mount, fast to machine, 
and reveals the five-axis accuracy through observable marks 
immediately after milling.  Its shape is based on various Platonic 
bodies.  The main idea is to produce K+1 faces on each side of 
the Platonic body, where K is the number edges of each side.  
The center face is given the same orientation as the standard 
face of the Platonic body.  All of the other faces are gently sloped 
toward the edges that connect them to the standard Platonic 
body.  Figure 5 shows three examples of this test workpiece. 

 
Figure 5: Test workpieces based on Platonic shapes  
 

The defined slope angle directly influences the visible marks 
on the surface of the test workpiece.  The flatter the angle of the 
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faces, the more visible the marks become.  Figure 6 shows the 
theoretical effect on a single triangle face of an icosahedron.  
The resulting gain factor is reciprocal to the chosen slope angle.  
With an angle of 1 °, deviations of 10 µm are readily observable 
to the naked eye since the resulting error on the workpiece is 
magnified by a factor of 60, to 0.6 mm. Even easier to observe 
are the non-merging edges in each corner of the triangle.  Due 
to the shape of the icosahedron, the inner triangle also becomes 
eccentric relative to the outer triangle. 

All of the faces on the test workpiece are machined by swarf 
cutting; hence, the thermal expansion of the spindle has no 
influence on the accuracy of this part. To machine the test 
workpiece, the direction of swarf milling of the surrounding 
faces is along the outer edge of the Platonic body.  The direction 
of the central face can be chosen as desired. Thus, all of the faces 
are machined in different tool orientations. When the workpiece 
is placed eccentrically relative to both rotary axes, wide ranges 
of linear and rotary axis movements are necessary in order to 
machine this small part.  Due to the fixed magnitude coupled 
with the slope angle, the test workpiece can be made quite small 
in order to achieve comparable manufacturing results on 
machine tools of different size. 

 
Figure 6. Visual effect, caused by normal deviation of the light-gray face 
 

To demonstrate the potential of kinematic calibration, a test 
workpiece based on the icosahedron was milled on Machine B. 
Immediately prior to machining, the machine was calibrated in 
the following two ways: 

1. Standard calibration: calibration of the four T0R with a 
standard cycle [8] 

2. Customized calibration: calibration of the T0R, R0R, R0T, 
and component errors of the B axis with touch probe and 
four different positions of the calibration sphere on the 
machine table. 

KinematicsComp [9] was used for the customized calibration 
and enables the compensation of all kinds of volumetric errors 
on machine tools.  After implementation of the calibration 
methods, the test workpieces were machined.  The machining 
time per workpiece was 15 min, including the roughing process.  
A picture of both parts can be seen in Figure 7.  As is apparent 
from the image, the part machined with standard calibration 
exhibits much larger deviations between the non-merging 
edges.  The size of the central triangle also strongly varies.  
Although customized calibration did not yield a perfect part, a 
significant improvement was noticeable. 

 
Figure 7: Test workpiece (icosahedron) for different calibration types 

6.  Conclusion 

Compared with three-axis machining, five-axis machining 
offers a wider range of manufacturing capabilities (including 
greater flexibility) but leads to lower attainable accuracy. 

Four different machine tools and their thermal behavior under 
different conditions were discussed.  It was shown that 
structural cooling significantly reduced the amount of thermal 
drift as well as the time required to thermally stabilize the 
machine tool.  This was observed through the use of the R-test 
measuring device and a new scaling method for comparing the 
different machine sizes.  It was determined that the T0R and R0T 
are the main driving effects on the scaled thermal stability.  T0R, 
in particular, can cause 1:1 errors on a five-axis milled 
workpiece.  Yet in three-axis machining, TOR is merely a 
reference-point shift, whose error effect is easy to avoid.  

Even when thermal stability is achieved, five-axis machining 
still involves higher calibration demands due to its large axis 
movements relative to the size of the workpiece.  Also discussed 
was how a small, simple test workpiece based on Platonic bodies 
can be used to check the machining accuracy of a five-axis 
machine tool. This method immediately reveals the accuracy of 
a five-axis machine tool in the form of visible marks on the 
manufactured surface. A gauging process on a CMM was 
therefore unnecessary for a qualitative evaluation of the 
achievable accuracy. 

7. Outlook 

The test workpiece enables a qualitative evaluation of the 
achievable accuracy. For a quantitative evaluation, a subsequent 
gauging process on a CMM could be employed.  In this case, the 
slope angle can be set to zero, thereby allowing the milled faces 
to be gauged.  By milling the central face (white face in Figure 6) 
with a positive offset relative to the surrounding faces (gray 
faces in Figure 6), the test workpiece can be machined in the 
same manner as described above.  The cube-shaped workpiece 
is especially well suited for this process because nearly all of its 
faces can be probed with just three axes.  If the machine tool has 
sufficient three-axis accuracy within a small probing volume, the 
probing process can even be performed directly on the machine 
tool.  A subsequent analysis could use the probed deviations for 
kinematic calibration purposes. 
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Abstract 
High-power motorized spindles possess the specific problems of temperature rise and accuracy degradation that are difficult to 
control during high-speed operation. Those conventional high-speed motorized spindles which supported by roller bearings have the 
difficulties of temperature rise control and sub-micro level rotation accuracy implement. In addition, the motorized spindle supported 
by air bearings can guarantee a high speed, but with relatively small power and the low stiffness characteristics, which hinder the 
high-precision processing performance. A newly motorized spindle structure was proposed in this research, which is supported by 
two hydrostatic bearings integrated with active cooling of the mandrel to achieve low temperature rise and sub-micron rotation 
accuracy as the high-power motorized spindle runs at high speed. 12 cooling channels with a diameter of 5mm are arranged axially 
inside the mandrel, including 6 oil inlet channels and 6 oil return channels. A two-way rotating connection was used at the end of 
motorized spindle to realize the circulation of the coolant, and the cooling liquid temperature and flow rate can be adjusted 
accordingly. The thermal-structure coupling analysis model of the motorized spindle system is established, and the influence of the 
cooling structure of the spindle on the thermal characteristics of the motorized spindle system is studied. The results show that the 
mandrel cooling structure can achieve high-efficiency cooling of the bearing and the mandrel compared with the non-mandrel cooling 

scheme. Based on the simulation results, the maximum temperature of the motorized spindle system are 67.8°C and 38.4°C before 

and after active cooling, respectively, the maximum axial thermal deformation will reduced 81.4% and 73.1% respectively. By 
adjusting the temperature and flow rate of the coolant through the mandrel, the maximum axial and radial thermal deformation of 
the motorized spindle (power 56.5kW, speed 12500r/min) system is finally realized within 1.5 μm and 1 μm respectively. 
 
 
Keywords: High-speed motorized spindle; Mandrel cooling; Thermal characteristics; Hydrostatic bearing 

 

 

 

1. Introduction 

High-speed motorized spindle is the indispensable part of the 
key technology of high-speed machining [1]. With the 
popularization of high-speed machining, under the premise of 
ensuring machining accuracy, the demand for higher efficiency, 
greater power and torque of the spindle has been steadily 
increasing. However, as the speed and power of these spindles 
increase, the thermal growth becomes a key factor should be 
addressed. The research results show that the manufacturing 
error caused by thermal deformation accounts for 40%-70% of 
the total manufacturing error of the machine tool in precision 
machining[2,3]. The structure of the spindle is more compact 
and has good high-speed characteristics, but it also brings about 
the problem that the motor and bearing will generate and 
accumulate massive heat during the high-speed rotation of the 
spindle. The thermal deformation of the spindle caused by the 
delayed heat dissipation has negative effects on the thermal 
deformation error of the machine tool[4]. Therefore, the 
research on the thermal characteristics of the motorized spindle 
system has been a research focus in academic and industrial 
fields. 

 
The rigidity of hydrostatic bearings is better than that of gas 

bearings, and the rotation accuracy is also higher than that of 
rolling bearings. And hence it is suitable for precision motorized 

spindles. A motorized spindle structure supported by 
hydrostatic bearings with active mandrel cooling was  proposed 
, a thermal-structure coupling analysis model of the motorized 
spindle was established, and the influence of the structure on 
the thermal characteristics of the motorized spindle was studied 
in this research.  

2. Motorized spindle structure with mandrel active cooling 

The active cooling motorized spindle structure scheme mainly 
includes two parts: motor cooling and mandrel cooling, as 
shown in Figure 1. 

The proposed cooling scheme of the new mandrel is shown in 
Figure 2. The 12 straight-hole cooling channels (6 oil inlet 
channels and 6 oil return channels) with diameter 5mm are 
evenly distributed along the circumferential direction. Coolant 
inlet and outlet are set at the end of the spindle, and a two-way 
rotary connection is arranged at the rear of the motorized 
spindle. The cooling medium enters the cooling units inside the 
motorized spindle through the two-way rotary connection oil 
inlet. After forced convection heat exchange is performed, it 
enters the rotating connection outlet through the oil return 
channel and returns to the cooling control system. Through the 
cooling unit outlet temperature feedback, the temperature and 
flow rate of the cooling medium are further adjusted to realize 
the circulating and efficient cooling of the motorized spindle 
system under variable load conditions. 
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Figure 1. Motor and mandrel cooling 

 

 
 
Figure 2. Diagram of mandrel cooling structure 

3. Heat source analysis and calorific value calculation of 
motorized spindle 

3.1. Analysis of Heat Source of Motorized Spindle System 
The motorized spindle system has two main internal heat 

sources: built-in motor stator and rotor loss heating and 
hydrostatic bearing internal heat due to shearing effect. The 
heat generation of the motor is calculated according to the 
formula in [5]. The selected motor model is 1FE1106-4WS11 
from SIEMENS, Germany. The motor with power 56.5kW, 
maximum torque 200N·m, and  maximum speed 12500r/min. 
The calorific value of the motor is calculated by the 
corresponding formula according to the motor size as shown in 
Table 1.  
 
Table 1 Heat generation rate of motor rotor and stator  
 

 Volume /m3 Heat generation rate /W·m-3 

Rotor 1.48×10-3 1.27×107 
stator 5.74×10-3 6.56×106 

 

The power consumption of the hydrostatic bearing mainly 
includes the output power of the hydraulic oil supply pump and 
the heat generation power of the oil film shear caused by the 
high-speed rotation of the mandrel, as the Eq.(1) shown [6]: 

23 2
5 0

0

9.8 10
fs

p f

v Ah p B
H H H

h





−
 

= + =   +  
 

 (1) 

Where Hp and Hf represent pump power consumption and 
friction power consumption,respectively,and h0 is radius gap, ps 
is oil supply pressure, B  is flow coefficient, β is throttling ratio, 

v and μ represent linear velocity and lubrication Oil dynamic 

viscosity,respectively, Af is the friction area of the oil cavity. 
 
3.2. Analysis of Heat Source of High Speed Motorized Spindle 
System 

The heat generated by the spindle system is dissipated 
through the convection heat exchange between its components 
and the cooling oil, hydraulic oil, and surrounding air. The 
specific heat exchange method is shown in the following table: 

 
Table 2 The internal heat conduction mode of the spindle cooling 
motorized spindle system  

 

Heat transfer 
part A 

Heat transfer part B 
corresponding to A 

Heat conduction 
method 

Mandrel Coolant Heat convection 
Spiral cooling 
water jacket 

Coolant Heat convection 

Motor stator Spiral cooling water 
jacket 

Heat Conduction 

Motor stator Gas between stator 
and rotor air gap 

Forced convection 

Motor rotor Mandrel Heat Conduction 
Motor rotor Gas between stator 

and rotor air gap 
Forced convection 

Oil film bush Heat convection 
Oil film Mandrel Heat convection 
Spindle 
housing 
assembly 

air Natural 
convection 

 
 The heat transfer coefficient can be calculated by Nusselt's 

criterion, and the Nusselt number calculation method is various 
for different heat transfer forms. The following takes the heat 
convection between the mandrel and the cooling liquid in the 
axial cooling channel as an example to calculate the heat 
transfer coefficient and the corresponding Nusselt number: 

The calculation formula of the heat transfer coefficient a is: 

ufN
a

D


=

 (2) 

Wherein, Nuf is Nusselt number, λ is fluid thermal conductivity, 
D is geometric feature size. 

When Ref <2200, the fluid is in a laminar flow state, thus: 

3=1.86uf ef rf

D
N R P

L
 （ ） (3) 

Wherein, Prf is Fluid Prandtl number, L is length of geometric 
feature, Ref is Reynolds number, where Ref =u∙D/ν, u is The 
characteristic velocity of the fluid, ν is the kinematic viscosity of 
the fluid. 

When Ref ≥2200, the cooling medium is in a turbulent state, 
with: 

0.8 0.4=0.023uf ef rfN R P  (4) 

Other heat transfer inside the high-speed motorized spindle 
system can be calculated based on the geometric characteristics, 
thermal environment and heat transfer mechanism of different 
target objects to obtain the analytical solutions required for 
finite element analysis. The results are shown in Table 3. 
 

3.3. Model validation 
Based on the analysis model and calculation method established 
above as well as the mandrel cooling hydrostatic motorized 
spindle test bed, the simulation calculation results of this model 
were compared with the test data of the motorized spindle 
without mandrel cooling. The results are shown in Figure 3. 
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Table 3 Mandrel cooling motorized spindle system heat source heat 
generation rate and heat transfer coefficient of each part 

Project Calculation 
results 

Motor stator heat generation rate /W·m-3 6.56×106 
Motor rotor heat generation rate /W·m-3 1.27×107 
Heat generation rate of front bearing oil film 
/W·m-3 

1.62×106 

Heat generation rate of rear bearing oil film 
/W·m-3 

1.38×106 

Coolant heat transfer coefficient of mandrel 

and axial cooling channel /W·(m2·℃)-1 

9270.8 

Heat transfer coefficient of motor stator and 

spiral cooling water jacket / W·(m2·℃)-1 

7988.6 

Heat transfer coefficient of motor stator and 

rotor air gap / W·(m2·℃)-1 

18.9 

Convection heat transfer coefficient between 

shell surface and surrounding air / W·(m2·℃)-1 

9.7 

 

 
(a)  Front bearing temperature rise test 

 
(b) Axial thermal deformation test 

Figure 3. Temperature rise and thermal deformation test of hydrostatic 
motorized spindle without mandrel cooling 

 

(a) Comparison of front bearing temperature rise 

 

(b) Comparison of axial thermal deformation of motorized spindle 

Figure 4. Validation of the built model and calculation method 

As can be seen from Figure 4, the temperature rise trend of 
the front bearing of the motorized spindle obtained by 
simulation under six different rotating speeds is basically 
consistent with the test results, with the maximum temperature 
rise error of 9.6%. Under different speed conditions, the 
maximum error of simulation and test for axial thermal 
deformation of spindle core front end is 9.5%. This result verifies 
the reliability of the analysis model and calculation method. 

4. Analysis of Thermal Characteristics of Spindle Cooling 
Motorized Spindle 

Import the model into ANSYS Workbench to establish a 
steady-state thermal-structure coupled analysis model. Under 
operation conditions (the spindle speed is 12500r/min without 
external load, the cooling medium is water, the coolant 
temperature is 22°C, the ambient temperature is 26°C, the water 
flow of the mandrel cooling channel is 2L/min, spiral cooling 
water jacket water Flow rate is 3L/min), loading the heat 
generation rate and heat transfer coefficient calculated in Table 
3 to the motorized spindle model. And then the steady-state 
temperature field distribution and thermal deformation of the 
motorized spindle system Cloud Atlas were solved. The 
calculated results are compared with the ones without  mandrel 
cooling, as shown in Figure 5, 6. 

It can be seen from Figure 5 that the spiral cooling water jacket 
of the traditional motorized spindle can only take away most of 
the heat generated by the stator, and the cooling effect on the 
motor rotor and mandrel is not ideal, resulting in the 
accumulation of heat at the joint between the motor rotor and 
the mandrel. After the mandrel cooling structure is set up, under 
the forced cooling of the mandrel by the coolant, the maximum 
temperature inside the motorized spindle system is transferred 
from the motor rotor and the mandrel to the edge of the motor 
stator, the maximum temperature of the mandrel drops from 
67.8°C to 38.4°C. In addition, the temperature of the front 
bearing and rear bearing of the motorized spindle system has 
also been further controlled. The front and rear bearings have 
dropped from 64.3°C and 53.8°C to 31.8°C and 28.6°C, 

Motorized spindle 

Return oil temperature 
measurement 

Motorized spindle 

Standard steel ball 

Precision test platform 

Special tooling 

479



  

 

 

respectively. It can be seen that the mandrel cooling structure 
greatly improves the thermal environment of the motorized 
spindle system. Figure 6 shows the overall thermal deformation 
of the motorized spindle system affected by the temperature 
field. The overall deformation of the motorized spindle system 
before and after the spindle cooling are set, the maximum 
deformations are 7.26μm and 2.16μm in axial and radial 
directions, respectively, without the mandrel active cooling The 
maximum thermal deformation of the motorized spindle system 
is greatly reduced after the mandrel active cooling is addresses, 
and the maximum axial and radial thermal deformations are 
1.35μm and 0.58μm, respectively. 
 

 
(a) Steady-state temperature field distribution of motorized spindle 

without mandrel cooling 

 
(b) Steady-state temperature field distribution of mandrel cooling 

motorized spindle 

Figure 5. Steady-state temperature field distribution of motorized 
spindle with and without mandrel cooling 
 

 
(a)  Axial thermal deformation of motorized spindle without mandrel 

cooling 

 
(b)  Axial thermal deformation of mandrel cooling motorized spindle 

 
(c) Radial thermal deformation of motorized spindle without mandrel 

cooling 

 
(d) Radial thermal deformation of mandrel cooling motorized spindle 
 
Figure 6. Axial and radial thermal deformation displacement diagram of 
motorized spindle with and without mandrel cooling affected by 
temperature 

5. Conclusion 

Aiming at the problem of thermal deformation caused by heat 
generation during the operation of high-speed and high-power 
motorized spindles supported by hydrostatic bearing, an active 
cooling structure for the mandrel was  proposed. The 12 cooling 
channels with a diameter of 5mm are uniformly distributed in 
the inner circumference of the mandrel. The results show that 
the spindle cooling motorized spindle structure greatly improves 
the thermal environment of the spindle system, the 
temperature rise and thermal deformation of the motorized 
spindle system  are effectively controlled. As the motorized 
spindle system runs under the specified working conditions 
(power 56.5kW, speed 12500r/min, without external load), the 
temperature rise of the mandrel drops to 38.4°C, decreased by 
43.4%. The maximum axial and radial thermal deformation of 
the motorized spindle system is 1.35μm and 0.58μm, 
respectively, decreased by 81.4% and 73.1%. 
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Abstract 
Achieving movements of machine tool components in 2 degrees of freedom (DOF) usually requires a serial arrangement of at least 
two drives. The serial kinematic reduces the stiffness at the tool center point (TCP) and leads to an accumulation of the positioning 
and measuring errors of each drive. To achieve a high level of precision, a novel 2-DOF drive without serial kinematics is being 
developed. The drive consists of a static primary part and a secondary part with a linear and a rotary DOF. The secondary part is able 
to move in both DOFs independently. For this purpose, two separate windings which generate rotation and translation forces are 
stacked in the primary part. To generate magnetic forces in both DOFs, the secondary part is equipped with a checkerboard-like array 
of permanent magnets. The coupling between both windings and thus the induction of forces can be bypassed. This means that the 
windings can be controlled independently. The combination of the primary and secondary parts reduces the drive length. In 
comparison to current linear rotary drives, the novel drive is more compact and has a higher performance. In this paper, the motor 
geometry is optimized by parametric FEM-simulations. The goal of said optimization is to improve the torque and feed force as well 
as to reduce power losses and disturbing forces. For this purpose, a parametric model of the drive is developed. The simulations are 
carried out in ANSYS Maxwell and are run in 2D to save computing time. A genetic algorithm and sequential nonlinear programming 
are used to optimize the magnet height, pole-to-pole coverage, tooth angle and slot height. The simplifying assumptions of the 2D-
simulation are compared to an additionally performed 3D-simulation. The result is an optimized drive with 8% higher performance 
and 65% less power loss compared to the non-optimized initial geometry. 
 
 
Direct Drive, Linear Rotary Drive, Genetic Algorithm, Sequential Nonlinear Programming, Machine Tools   

 

1. Introduction 

The performance of feed drives has a significant impact on the 
precision and productivity of machine tools. A higher precision 
can be achieved by 2-degrees of freedom (DOF) drives due to 
the loss of the serial arrangement of at least two axes. Via the 
loss of the serial kinematics and thus the elimination of coupling 
elements, a higher stiffness of multi-DOF drives is realized. 
Therefore, the positioning and measuring errors of the indi-
vidual axes do not accumulate due to the omission of the serial 
arrangement. On the other hand, the performance of 2-DOF 
drives is lower than in a serial arrangement and needs to be 
enhanced to establish 2-DOF drives. The performance of the 
drive is determined by the torque and force as well as by the 
amount of the disturbing cogging torque and force.  

Only a few approaches to linear rotary 2-DOF drives have been 
successfully implemented at this point in time. The 2-DOF drives 
presented in [1] and [2] are based on a serial arrangement of 
two static primary parts along the drive axis. Both primary parts 
are used separately for force generation, whereby one primary 
part generates forces in the direction of rotation and the other 
primary part in the direction of translation. The performance is 
limited due to the lack of stator teeth between the coils. The 
authors of [3] and [4] use two static primary parts which are 
aligned along the radial axis of the drive. The inner stator is 
positioned inside of the hollow secondary part and is used for 
generating forces in the direction of rotation. The second stator 
is positioned outside of the secondary part and is used for force 
generation in the translation direction. The radial separation of 
the primary and secondary parts leads to a large required radial 
space. The small magnet height of the secondary part also 

reduces the performance. The drive in [5] consists of a primary 
part which is split into two halves along the drive axis. Each half 
of the primary part is designed for force generation in one DOF. 
Since the volume of primary parts per DOF is reduced by half, 
the performance is significantly lower. Another approach is 
described in [6] and [7] in which a helical, cross-shaped arrange-
ment of coils is used. The approach is designed without stator 
slots which reduces the maximum performance. In addition, the 
rotation and translation movements cannot be controlled 
independently. For the drive of [8], a primary part with a radial 
arrangement of stacked windings is used. The inner stator is 
used for rotation- and the outer stator for translation move-
ment. However, single layer windings are used which results in 
a lower magnetic flux. In addition to the performance, the 
positioning accuracy of a linear rotary drive is important. It is 
affected by the guideway. An air or roller bearing is used for all 
drives presented. 

The aforementioned drives are not suitable for high perfor-
mance applications due to their low performance. The lower 
performance is caused due to the basic design of the drives, e.g. 
the lack of stator teeth in some approaches. In addition to that, 
the guideway of the drives is inadequate for high performance 
and working loads. For this reason,  the design of a new 2-DOF 
linear rotary drive is presented in this paper. The drive is de-
signed for the application in lathe-milling centers. It is illustrated 
how the performance and power loss of the drive can be im-
proved by FEM-optimization for higher performance. By this, 
optimization potentials are identified during the design process. 
In comparison to current approaches, the new drive has a higher 
performance and a hydrostatic guideway is used (Fig. 1 left). 
Hydrostatic guideways are often used for high precision 
manufacturing due to the absence of sliding friction caused by 
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lubricating oil. Thus, there is no danger of the stick-slip effect 
and a higher stiffness can be achieved. Therefore, the basic 
design of the drive is described in section 2. The presented drive 
geometry is then optimized by a genetic algorithm (GA) and 
sequential nonlinear programming (SNLP) which is shown in 
section 3. The optimized drive design is analyzed in terms of the 
performance using the 2D simulations which are presented in 
section 4. By performing an additional 3D simulation, the simpli-
fying assumptions of the 2D simulations were examined. 

2. Drive design 

The novel 2-DOF linear rotary drive is based on a 3-phase 
permanent magnet synchronous drive. The design of the entire 
drive module is shown in Fig. 1. It consists of a static primary part 
and a secondary part with a linear and a rotary DOF. For the 
application in lathe-milling centers, a milling spindle can be 
attached to the secondary part of the drive. The drive module is 
equipped with a hydrostatic guideway and a clamping element 
for high-precision applications at high loads. 

The hydrostatic guideway system is used to allow a high level 
of precision while positioning and was designed to absorb a 
torque of approx. 3,000 Nm and forces of approx. 20,000 N. This 
is achieved by integrating an additional hydrostatic clamping 
element. The clamping element can lock the secondary part at 
high loads to prevent a deflection of the secondary part and thus 
of the tool center point (TCP) as well. The designed stiffness of 
the hydrostatic guideway system is 249 N/µm. 

In Fig. 2, a parametric model of the drive design is shown. The 
secondary part is able to move in both DOFs along the Y- and B-
axis independently. For this purpose, a cross winding system is 
established. The cross winding scheme consists of two separate 
concentrated windings which are arranged at 90° on top of each 
other in the primary part, generating rotation and translation 
forces. The inductive coupling between both windings and thus 
the induction of forces can be bypassed by setting the same 
winding number for both DOFs [9]. As result, both windings can 
be controlled by standard frequency converters for 1-DOF 
drives. The primary part is designed with stator teeth to improve 
the magnetic flux. To generate magnetic forces in both DOFs, the 
secondary part is equipped with a checkerboard-like array of 
neodymium iron boron permanent magnets. The design of the 
magnet array is similar to the one described in [7]. The drive 
design is then optimized by using the FEM to improve 
performance. 

3. Motor optimization 

The parametric model of the drive is the basis of the FEM 
optimization. Parameters of the model which can be varied in 
the simulation are the magnet height hPM, pole-to-pole coverage 
of the magnets α, tooth angle αT, and the slot height hS in the 
rotary direction. The tooth angle defines the opening angle of 
the stator teeth and thus the teeth width. The applied stator 
material is non grain oriented electrical metal sheet M330-35A. 
The adjustable model parameters (marked with an asterisk) as 
well as the framework parameters, which are determined based 
on an analytical pre-dimensioning, are shown in Table 1. 
 
Table 1 Initial drive values. 
 

Parameter Value 

Number of slots N1 (-) 36 

Number of pole pairs 2p (-) 42 

Stator diameter d (mm) 360 

Air gap width δ (mm)  1 

Stator length l (mm) 315 

Magnet height hPM (mm) * 4 

Pole-to-pole coverage α (%) * 0.85 

Tooth angle αT (°) * 2.5 

Slot height hS (mm) * 10 

 
The optimization is carried out in ANSYS Maxwell. To achieve 

a high model accuracy, the simulation was  implemented as a 
magnetic transient simulation. This allowed to consider nonlin-
ear effects. In order to reduce the calculation time, the optimi-
zation is performed in a 2D section of the rotary plane of the 
drive. The 2D rotation model length lmodel,2D is a scaling factor 
which is used to scale the simulation results of the 2D rotation 
section to an equivalent of the real drive length lreal and is 
calculated by Eq. 1. 

𝑙model,2D = 𝑘 ∙ 𝑙real (1) 

The geometric factor of k is 0.37 and was determined in previous 
work. The mesh size of the FEM model was selected individually 
for each part of the drive. The air gap, for example, has the 
smallest element size (0.5 mm), as it has the lowest magnetic 
permeability and it is the area where the forces are generated. 
Through preliminary examinations, the mesh quality was 
successfully assigned by taking into account different mesh sizes 
to reproduce the cogging torque in the simulations, since this 
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Figure 1. Drive design of the 2-DOF linear rotary drive with hydrostatic guideway and clamping system as well as a milling spindle 
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requires a fine mesh. For the optimization, a cost function can 
be established as seen in the following Eq. 2. 

𝑐(𝜀) =∑ 𝑤𝑖 ∙ 𝜀𝑗
2

𝑁

1
 (2) 

Equation 2 is based on the Euclidean norm. The error ε of each 
individual optimization goal g(i) and is weighted with the weight 
w. The total number of optimization goals is described by N. The 
individual goals i are defined by using a logical sentence shown 
in Eq. (3). 

𝑔(𝑖) = 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛(i) ∙ 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛(i) ∙ 𝑔𝑜𝑎𝑙(i)
∙ 𝑤𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑔(i) 

(3) 

Three individual goals are set up for the drive optimization and 
are all equally weighted (Table 2). The goals correspond to the 
to target parameters of the drive performance to be optimized. 
 

 
 
Figure 2. Parametric drive model for FEM optimization 

 
Table 2 Optimization goals for cost function 
 

Calculation Condition Goal Weighting 

Torque ≥ 1,000 Nm 1 

Cogging torque ≤ 3% of average 
torque 

1 

Power loss ≤ 1,000 W 1 

 
The cost function is minimized by using a genetic algorithm 

and a sequential nonlinear programming. These two optimizers 
are used to get a wider variety of drive geometry candidates and 
are described in the following. The GA is a stochastic optimizer. 
Thus, the cost function is used to show the compliance with the 
optimization goals but not to determine the design parameters. 
Instead, a selection of randomly chosen design parameters is 
applied to the model parameters in a structured manner to 
create new drive geometries. In this way, in each iteration, a 
defined quantity of new individual drive geometries can be 
created while a defined amount of old geometries are discarded. 
During this procedure, the drive geometries were simulated and 
rated with respect to the cost function. Highly rated geometries 
were preferred. It should be noted that local minima of the cost 
function are avoided due to the random selection of parameters 
by the GA. In contrast to the GA, the SNLP is a deterministic 
optimization algorithm. Thus, the FEM results are approximated 
by response surfaces. The response surfaces are Taylor series 
approximations, which are set up by the resulting simulation 
results. By calculating the gradients of the response surface in 
each optimization loop, the direction and distance of the next 

iteration step can be set by the algorithm. In addition, the 
response surfaces and the evaluation of the cost function can be 
used to estimate the design parameters to be improved. 

Four optimization setups were carried out by varying the 
magnetomotive force in setup 1 and 2 boundaries values of 500 
A and 1,500 A for GA and SNLP. In setups 3 and 4, the magneto-
motive force for GA and SNLP is fixed to a value of 1,500 A. By 
implementing different ranges of the magnetomotive force, 
different boundary conditions for the optimization were set to 
obtain a greater variety of drive geometry candidates. During 
optimization, the SNLP converges (Fig. 3) whereas the GA has a 
stochastic variation in its residual due to its stochastic algorithm. 
Thus, the SNLP optimization stops after the 26th iteration 
because a minima is found. Nevertheless, the residual of the GA 
has stochastic local minima which can be identified. The 
generated geometry of SNLP in setup 2 after 26 iterations was 
best rated with respect to the optimization goals. Thus, in the 
following, only the SNLP-optimized geometry is examined. The 
model parameters in the direction of translation were set based 
on the model values in the direction of rotation. The results of 
the optimization are shown in section 4. 
 

 
 
Figure 3. Residual of SNLP optimization in setup 2 

4. Simulation results 

The change of the SNLP-optimized model parameters with 
respect to the initial values is shown in Fig. 4. By SNLP opti-
mization, all model parameter values are increased, whereby 
the magnet height and slot height were adjusted the most. The 
larger magnet height hPM leads to a stronger magnetic flux and 
thus to higher torque and force. By increasing the slot height hS, 
the power loss is reduced due to a lower current density as a 
result of a larger cross area. The force and disturbing forces are 
influenced by the pole coverage α, since the overlapping surface 
of the magnets with the stator teeth is affected. The area 
between two stator teeth and thus the winding area is defined 
by the tooth angle αT. An increase of the tooth angle leads to 
higher force but also to a higher power loss due to the smaller 
winding area. By using the SNLP optimization, an optimum of the 
parameters can be found. 
 

 
 
Figure 4. Change of SNLP-optimized model parameter 
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The optimized geometry generated by the SNLP has an 8% 
higher torque and 69% lower cogging torque compared to the 
initial geometry. The comparison between the initial geometry 
and SNLP geometry is shown in Fig. 5, in which β corresponds to 
the rotation angle of the B-axis. A periodic variation of the 
cogging torque is observed and results of the interaction of the 
stator teeth with the permanent magnets. The period of the 
cogging torque can be determined to 1.39 ± 0.0542° which 
corresponds well to the analytical calculation of 1.42°. The 
torque is lowered by cogging torque as well as other disturbing 
forces which results in a slightly periodic oscillation of the 
torque. In addition, the loss of the winding for rotation move-
ment could be reduced by 65%, as the winding cross-area is 
larger due to larger slot height.  
 

 
 
Figure 5. Torque and cogging torque of SNLP designed geometry in 
comparison to reference start geometry 

 
In the 2D translation section simulation, a 6% higher feed force 

of the SNLP-optimized geometry can be observed. In addition, 
the cogging force increases by 175 % (Fig. 6). However, the 
increase of the cogging force is less than 6% of the maximum 
feed force and can be compensated by the control system. The 
movement along the Y-axis is indicated by the parameter y. In 
the period of the cogging force, a harmonic can be detected. This 
is caused by a disturbing force which results from the interaction 
of the outer stator teeth with the magnets. The loss in the 
translation windings is reduced by 58%. The simulated magnetic 
flux distribution is shown in Fig. 7. The average air gap flux is 1.1 
± 0.16 T. The teeth corners have a magnetic flux of 2.4 T, which 
is slightly above the saturation of electrical steel at 2 T. However, 
the oversaturation is only present in a small area at the teeth 
corners and at maximum magnetomotive force. 
 

 
 
Figure 6. Feed force and cogging force of SNLP designed geometry in 
comparison to reference start geometry 
 

In the 3D rotation simulation,  results similar to the those of 
the 2D simulation could be determined. The maximum differ-
ence between both simulations was determined to be 3 %. 
Based on this congruency, it could inferred that the simplified 

assumptions of the 2D simulation, such as the scaling factor of 
the 2D model length, are accurate. Therefore, the used 2D mo-
del length is correct. However, an overall accuracy or uncertain-
ty of the results cannot be given, since the simulations were 
used to optimize and set up the drive geometry. Finally, the drive 
geometry optimized through SNLP allows 1,154 Nm effective 
torque and 6,809 N force which is similar to 1-DOF drives. The 
power loss in the direction of translation is about 7,217 W and 
in rotation 5,252 W. 
 

 
 
Figure 7. Flux distribution of SNLP designed geometry 

5. Summary and conclusion 

In this paper, a new 2-DOF drive design with high performance 
density and a precise hydrostatic guideway system is introduced. 
The new linear rotary actuator has a performance similar to that 
of a 1-DOF actuator, but can move in 2-DOF. The resulting elimi-
nation of the serial kinematics leads to a higher stiffness. Also, 
stator teeth with cross windings and a checkerboard-like array 
of permanent magnets are used for the new designed drive. It 
was possible to increase the drive performance by applying a 
geometric optimization based on a genetic algorithm and se-
quential nonlinear programming. As a result, the performance 
of the optimized drive is 8% higher and the power loss is reduced 
by 65% compared to the initial geometry of the designed drive. 

In order to validate the simulation results, a drive based on the 
optimized geometry will be assembled in the future. Both the 
power and the power loss are then measured to determine the 
accuracy of the simulation. The stiffness and position error as 
well as the performance will then be compared with serial B-Y-
axis kinematics of lathe-milling centers to examine the usability 
of the 2-DOF drive for machine tools. 
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Abstract       
 
The six-degree-of-freedom error measurement for the motion accuracy of large mechatronics remains a challenge nowadays. Thus, 
this paper presents a novel six-degree-of-freedom measurement concept combining the photogrammetric spatial resection method 
with the autocollimation technique, the so-called ACVISION system. The presented non-contact measurement system tackles the 
limitations related to the space resection techniques when estimating the extrinsic calibration parameters of a camera due to the 
high correlation between the orientation and translation parameters, by measuring the pitch (θ) and yaw (Ψ) angles with 
autocollimation. In this way, the space resection algorithm is fed by the known pitch (θ) and yaw (Ψ) angles to solve the remaining 
four-degree-of-freedom parameters (translation along the X-axis (TX), translation along the Y-axis (TY), translation along the Z-axis 
(TZ) and the roll angle (Φ)) so they are estimated with higher accuracy and lower correlation among them. The ACVISION includes a 
calibrated artefact attached to the tracking object which combines a planar mirror for the autocollimation measurement, and a grid 
of reference points for the space resection measurement. Finally, the article presents the ACVISION prototype including a description 
of the system characterization exercise and validating testing employing a laser tracker system as a reference measurement system. 
 
6 DOF tracking system, Non-contact measuring system, photogrammetric spatial resection, autocollimation, large mechatronics   

 

1. Introduction 

Currently, as explained by Schmitt et al. there are different 
options for the non-contact spatial tracking of objects, such as 
laser tracker, iGPS and photogrammetry technologies [1]. Within 
those technologies, photogrammetry, which is based on the 
extraction of three-dimensional information from two-
dimensional images, is lately very much in demand by industrial 
metrology application. Typically, photogrammetry uses the 
space resection method to obtain the extrinsic calibration 
parameters of the camera from a single image or multiple ones. 
Thus, the spatial position and orientation of a camera are 
determined based on the central projection principle and the 
modelling of the optical distortion, caused by lens form errors 
and assembly deviations [2]. The space resection method is also 
used in photogrammetry to identify simultaneously the intrinsic 
camera parameters. 

However, as explained by Luhmann et al., this method 
presents some accuracy limitations when estimating the 
external calibration parameters of the camera [3]. These 
limitations arise from the high correlation between the 
orientation and translation parameters of the camera. With a 
suitable configuration of the a) camera position, b) the object 
size, and c) the reference system location, the achievable 
accuracy shall be better than 1:10.000 of the measuring volume. 
Nevertheless, the accuracy results related to translation along 
the Z-axis (TZ) and the pitch (θ) and yaw (Ψ) rotations (see Figure 
2) are limited if the space resection algorithm is not constrained. 

To introduce the challenge regarding the correlation of 
parameters when solving the 6 DOF photogrammetric space 
resection method. Figure 1 highlights conceptually the 
correlation effect. Figure 1 (a) shows a low correlation scenario 

where a suitable target distribution allows creating a different 
image pattern after the camera translation and rotation. 
However, Figure 1 (b) depicts a high correlation scenario where 
a poor target distribution overlaps the image pattern preventing 
an accurate distinction of the parameters under research. 

 
(a) 

 
(b) 

Figure 1. Photogrammetric target distribution with a different 
correlation between translation and rotation of a camera: (a) low 
correlation, and (b) high correlation. Image: TEKNIKER.     
 

To tackle this limitation, the ACVISION system combines the 
photogrammetric space resection technique with the 
autocollimation measuring principle [4], so the achievable 
accuracy of the space resection method is significantly 
improved.  

Thus, the proposed ACVISION suggests a) an autocollimator 
for the absolute pitch (θ) and yaw (Ψ) angles estimation of a 
specular surface and b) a constrained space resection 
photogrammetry by using the autocollimation-based 
orientation angles to fed and restrict the space resection 
algorithm. Hence, the remaining four-degree-of-freedom (DOF) 
parameters (XYZ translation (TX-TY-TZ) and roll angle (Φ)) are 
estimated with higher accuracy and lower correlation among 
them by improving the 6 DOF space resection traditional 
approach. 
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This work presents the complete ACVISION product 
development cycle, from the very initial simulation of the novel 
6 DOF measurement concept to the prototype performance 
characterisation tests. Currently, the ACVISION system is a 
patent-pending product [5]. 

2. Methodology      

Aiming to demonstrate the feasibility of the suggested 
measurement concept, an initial simulation process is run within 
Matlab® software with a self-developed ACVISION model, the 
so-called digital twin of the system. Here, a Monte-Carlo 
simulation approach is employed to determine the 
measurement uncertainty of the suggested measurement 
approach. Thus, the JCGM 101:2008 [6]describes practical 
guidance on the application of Monte Carlo simulation for the 
estimation of uncertainty in measurement. It involves the error 
propagation of the distributions regarding the 6 DOF parameters 
by using the ACVISION error model. As a result, the expanded 
uncertainty for every DOF is assessed. 

Once the measurement concept is validated in simulation, the 
next step is to construct the prototype with all the necessary 
equipment to have a functional measurement system to test the 
prototype and characterise its performance. 

Every step through the product development cycle is 
explained in detail in the following points. 
 
2.1. Simulation process 
 

This section gives an overview of the methodology employed 
during the initial simulation stage.   

Once the potential correlation effect is exposed, the 
photogrammetric space resection method is simulated 
considering the collinearity equations and the central projection 
model theory. At this point, a pin-hole camera model is 
considered to represent the camera behaviour and to obtain the 
6 DOF camera poses (see Figure 2).  

For the simulation, the Monte-Carlo approach is employed 
considering a virtual measurement scenario of 5 m between the 
camera and the tracking object. Here, several input variables are 
introduced, such as the image noise and the camera intrinsic 
parameters estimation errors, considering a normal error 
distribution for them. Moreover, two different scenarios are 
suggested during the simulation: a) a 6 DOF exercise is 
performed, with no restriction on the pitch (θ) and yaw (Ψ) 
rotation parameters (traditional space resection method), and 
b) a 4 DOF exercise is executed by considering that those 
rotation parameters are input known values. On this second 
approach, a low-correlation measurement scenario is envisaged 
which should allow improving the achievable measurement 
uncertainty, which in turn could validate the ACVISION 
measurement. 

 
Figure 2. Scheme with the 3D object projection to the 2D image data by 
the collinearity equations. Image by: TEKNIKER.      

Once that the simulation is performed, a sensitivity analysis 
during the minimization problem is performed by minimizing the 
distance among observed and reprojected points in the image 
plane, which correspondence is previously determined. Thus, 
the correlation effect of the parameters of interest is 
characterized. 
 

2.2. Integration and materialization of the concept    
 
The second section explains the integration exercise between 

photogrammetry and autocollimation technologies to 
materialize the ACVISION single device. 

The prototype is conceived by using a single industrial camera 
in conjunction with an industrial lens. As shown in Figure 3, the 
prototype includes an in-camera embedded led light source and 
a beam-splitter to realize the on-board autocollimation system. 
To work in autocollimation mode, the led is switched on and the 
camera lens focus distance is set to infinity to ensure the light 
collimation. The device could also be conceived in such a manner 
that a single industrial camera and a 2D autocollimator are 
mounted on the same support performing an individual 
operation of each technology and a common data processing. 

 
Figure 3.  The prototype materialization includes optical components to 
enable photogrammetry and autocollimation in a single device. Image 
by: TEKNIKER.         
 

In addition to the sensor, a singular artefact is also needed to 
realize the object tracking. The artefact comprises a) a specular 
surface (mirror) for the autocollimation measurement, and b) a 
set of “N” reference points, wherein each reference point is 
known and defined by a Xi, Yi, Zi position within a coordinate 
system defined on the artefact (see Figure 4). The relationship 
between this coordinate system and the specular surface is well-
known (calibrated), which allows merging the information 
coming from both types of measurement technologies. 
 

 
Figure 4. Singular artefact employed on the ACVISION system. Image: 
TEKNIKER.         
 

2.3. Experimental tests 
 

This section describes the characterization work related to the 
ACVISION validation. 

Some preliminary experimental measurements are performed 
by using laser tracker technology as a reference framework. For 
this purpose, four specific nests are conceived on the measuring 
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artefact to define a common reference system between the 
laser-tracker performed measurements and the ACVISION 
measurements (see Figure 5 a). Four laser tracker reflectors are 
placed on these nests, one reflector per nest. The measurement 
of these fiducial points enables a best-fit alignment between the 
laser tracker technology and the ACVISION system, considering 
that the artefact is previously calibrated on a hybrid (contact and 

vision-based) coordinate measuring machine (CMM) U= ± 3µm 
(see Figure 5 b). 

During the experimental test campaign, the measurement 
sequence is divided into 4 artefact arbitrary positions (manual 
movements/adjustments). Thus, the artefact is placed at a 
variable distance to the sensor and taking the first position as 
reference the 6 DOF relative transformation is calculated 
between the next 3 artefact positions. 

a)     b) 

  

Figure 5. Experimental test campaign execution using an AT402 laser 
tracker. Image: TEKNIKER.     
 

2.4. Measurement sequence 
 

This section explains the ACVISION system´s measurement 
sequence. 

1st. Autocollimator-based measurement of the pitch (θ) and 
yaw (Ψ) rotation parameters by measuring the specular mirror 
on the artefact (see Figure 6). The two rotation parameters are 
calculated by identifying the centre of the returned collimated 
beam in the camera sensor (𝛿𝑥′ and 𝛿𝑦′),. Thus, the 
autocollimator formula is applied where the focal distance of the 
camera (f) is introduced (see 1 and 2). 

 
Figure 6. Device autocollimation based measurement scheme. Image: 
TEKNIKER.     

𝜽 =
𝜹𝒙′

𝟐 · 𝒇
 (1) 

𝝍 =
𝜹𝒚′

𝟐 · 𝒇
 (2) 

2nd. Photogrammetry-based measurement: Measuring and 
identification of the image points corresponding to the set of 
“N” reference points placed on the artefact by the camera vision 
(see Figure 7). Here, the previously measured pitch (θ) and yaw 
(Ψ) rotation parameters are introduced into the space resection 
algorithm so a 4 DOF identification exercise is performed. Thus, 
the remaining 4 DOF are obtained (XYZ translation (TX-TY-TZ) 
and roll angle (Φ)) and the 6 DOF measurement is guaranteed. 

 

 
Figure 7. 4 DOF space resection photogrammetry measurements 

scheme. Image: TEKNIKER.     

3rd. Mathematical optimization: A minimization problem is 
performed (see 3) to reduce the difference between the 
observed image points (x’i and y’i) and the estimated image 
points (x’Ei and y’Ei) [7]. The estimated image points (x’Ei and 
y’Ei) are obtained by the collinearity equation and using a 
pinhole camera model for the projection of the 3D reference 
points. In such a modified algorithm, the pitch (θ) and yaw (Ψ) 
rotation parameters are introduced as known values. 

∑({
𝒙𝒊
′

𝒚𝒊
′} − {

𝒙𝐄𝒊
′

𝒚𝐄𝒊
′ })

𝟐𝑵

𝒊=𝟏

= 𝟎 (3) 

4th. Offline characterization: Before performing the prototype 
validation, the ACVISION offline characterization is done. Here, 
the two measurement technologies are characterized 
separately. On one side, the camera is characterized so the 
camera intrinsic parameters and the camera lens distortion are 
identified. On the other side, the autocollimator is characterized 
by high accuracy angle generator. 

3. Results      

3.1. Simulation results 
 

The output of the simulation testing is analyzed in detail by a 
sensitivity analysis where the correlation among the 6 DOF pose 
parameters is established. Figure 8 shows the correlation matrix. 
It highlights that the translation along X-axis (Tx) is highly 
correlated with the rotation around Y-axis (Ry). Similarly, the 
translation along Y-axis (Ty) is highly correlated with the rotation 
around X-axis (Rx).  

 
Figure 8. Correlation matrix for the photogrammetry space resection 
method (translations: Tx, Ty, Tz / rotations: Rx, Ry, Rz). Image: TEKNIKER.     
 

Next, the Monte-Carlo simulation approach is employed to 
determine the measurement uncertainty of the suggested 
ACVISION system. Figure 9 (a) breaks down the 6 DOF 
uncertainty estimation with no restriction on the pitch (θ) and 
yaw (Ψ) rotation parameters, and Figure 9 (b) does the same 
considering that the pitch (θ) and yaw (Ψ) rotation parameters 
are previously known after the offline calibration [8]. Those 
rotation parameters have a measurement uncertainty of ± 15 

arc-sec for a level of confidence of 95%, which is within 2 
standard deviation for a normal distribution (k = 2).  

Results show an improvement from the 6 DOF to 4 DOF 
measurement simulation in an order of magnitude. Based on the 
obtained results, the ACVISION product development continued 
to the concept of physical implementation (prototype). 
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a)   b) 

  
Figure 9. The 6 DOF uncertainty estimation simulation exercise: a) No 
restrictions and b) with restrictions. Image: TEKNIKER.     
 

3.1. Integration and experiment Results 
 

Finally, the ACVISION prototype is developed. Figure 10 (a) 
shows the integration of the photogrammetry and 
autocollimation techniques in a single envelope. Figure 10 (b) 
shows the singular artefact development for object tracking. 
Here, the ACVISION coordinate system is constructed using the 
planar chessboard pattern as a reference. The Laser Tracker 
coordinate system is also depicted above the artefact.  

a)     b) 

 
Figure 10. The ACVISION prototype realization; a) Photogrammetry and 
autocollimation in a single camera device, b) special artefact for the 
object tracking. Image: TEKNIKER.     

 

Figure 11 shows the experimental setup for the test campaign. 
Here, the ACVISION system is placed 5 m far (Figure 11 a) from 
the artefact (according to the simulation parametrization) while 
the laser tracker as a reference measurement is positioned just 
1 m far from the artefact to guarantee a low measurement 
uncertainty (simulated with measured data U (k=2) =30 µm). The 
experimental setup is complemented with an industrial camera 
to validate and compare the coherency of the results obtained 
with the ACVISION system (Figure 11 b). 

a)     b) 

  
Figure 11. ACVISION experimental setup; a) Laboratory-type scenario, 
and b) industrial camera and the ACVISION system.  Image: TEKNIKER.     
 

As previously described, the measurement sequence during 
the experimental test campaign is divided into four artefact 
positions. Thus, the artefact is placed at a variable distance to 
the sensor and taking the first position as reference the 6 DOF 
relative transformation is calculated between artefact positions, 
comparing those results to what obtained with laser tracker 
technology. 

 Table 1 and Table 2 show translations and rotations 
respectively. They describe the 6 DOF parameter results and 
their estimated uncertainty (U (k=2)) between the artefact 
positions measured by the laser tracker using the Spatial 
Analyzer® software.  Here, the translation motion is in the range 
of tens of mm and the rotation is in the range of one-tenth of 
degrees. Note that the relative displacement between artefact 
positions is manual. Therefore, these movements are not 
controlled but are within the prototype measuring range. 

Table 1 The 3 DOF translation parameters and corresponding 
uncertainty values considered as the reference for testing. 

Tx 
(mm) 

UTx 
(µm) 

Ty 
(mm) 

UTy 
(µm) 

Tz 
(mm) 

UTz 
(µm) 

-14.088 15.783 0.018 12.960 3.891 28.578 

0.098 15.965 0.067 12.919 3.521 27.411 

-0.053 16.020 0.066 12.191 3.558 27.207 

Table 2 The 3 DOF rotation parameters and corresponding uncertainty 
values considered as the reference for testing. 

Rx 
(Deg) 

URx 
(arcsec) 

Ry 
(Deg) 

URy 
(arcsec) 

Rz 
(Deg) 

URz 
(arcsec) 

-0.0015 17.930 0.3177 33.189 0.0009 12.495 

-0.0004 19.573 0.225 34.1858 -0.0003 12.516 

-0.0005 18.373 0.0504 32.957 0.0024 12.623 

 
Once that 6 DOF parameters between artefact positions are 

known, the ACVISION measured parameters are compared to 
the reference values. Table 3 presents the results. Those results 
are in the range of one-tenth of mm for the translation 
parameters and tens of arcsec for the rotation parameters. 
Experimental results are coherent with the simulated results and 
they are also coherent with results obtained with the additional 
industrial camera.  

Table 3 The 6 DOF parameter differences between the ACVISION 
prototype and the laser tracker measurements with constraints. 

Tx 
(mm) 

Ty 
(mm) 

Tz 
(mm) 

Rx 
(arcsec) 

Ry 
(arcsec) 

Rz 
(arcsec) 

-0,170 -0,049 1,233 -1,790 -546,660 16,850 

-0,115 -0,121 0,142 -14,814 -379,582 13,064 

-0,002 -0,009 0,023 15,155 291,955 -14,197 

4. Conclusions      

This article presents the complete ACVISION product 
development cycle, from the very initial simulation of the novel 
6 DOF measurement concept to the prototype performance 
characterisation tests. Even though the obtained experimental 
results are good enough to validate the prototype functionality, 
some limitations are observed during the test campaign: a) a 
high measurement uncertainty on the camera intrinsic 
parameter estimation, and b) Artefact manual movements shall 
introduce errors during the system characterization. In this way, 
the next steps are focused on performing additional tests to 
conclude the ACVISION prototype validation in such a way that 
the current prototype limitations shall be corrected. 

In the near future, the scalability of the ACVISION system from 
the laboratory conditions to the shopfloor shall also be assessed 
to deploy a robust solution for the 6 DOF error measurement in 
large mechatronics challenges, such as rigid body stability 
monitoring, structure monitoring, linear stages characterization, 
large machine tools TCP real-time monitoring, etc... 
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Abstract 
This work proposes a novel design of a reference standard for X-ray Computer Tomography (XCT) for the macro- and micro-geometric 
characterization of parts with critical geometries (due to their size or shape), which will allow to carry out an accurate complete 
dimensional measurement. Firstly, a brief study of the state-of-the-art of reference standards used for the characterization of XCT 
systems is presented in order to analyse their limitations. Then, we propose a novel reference standard consisting in detachable parts 
with different types of measurable features with several types of accessible external and internal macro and micro-geometries that 
make it suitable for both different macro and micro measuring technologies. Its use will allow to determine the XCT surface extraction 
and measurement procedure that optimizes the precision and resolution of the measurement, as well as to develop an integrated 
and synergistic methodology for macro and micro-geometric characterization through different metrological techniques. 
 
Keywords: X-ray computed tomography, reference standard, focus-variation microscope.      

 

1. Introduction  

The development of additive manufacturing (AM) has allowed 
to create complex designs with freeform surfaces, hidden 
geometries and also porous internal structures for scaffolds. In 
addition, the precision of these technologies has evolved to the 
point that they are capable of building macro and micro 
geometries in one print. 

This has derived in the need of new measuring technologies, 
such as X-ray Computed Tomography (XCT) which allows the 
inspection of geometrical dimensions of mechanical parts, 
including both internal and external features without contact 
nor any accessibility issue. It also has the potential for measuring 
submillimetre and macro features in just one measurement [1]. 

In traditional uses of XCT, such as medical diagnoses or 
detection of flaws in industrial parts, a qualitative analysis was 
enough, and dimensional accuracy was not required. However, 
in dimensional-metrology applications, the measurements need 
to achieve a certain degree of accuracy, which requires the 
measuring uncertainty of the XCT system to be known. The use 
of XCT in these applications is relatively new; thus, there is a 
great effort in the development of specific norms about systems 
verification and their uncertainty estimation. However, the 
consensus has been the use of reference standards for the 
measuring errors identification due to the complexity of the XCT 
measuring process. 

This work, firstly, presents a study of the state-of-the-art in 
reference standards that are used for the characterization of XCT 
systems and, then, proposes a novel design. The target is to 
obtain a test artefact that will be used as reference standard to 
estimate the measuring uncertainty of XCT systems. This will be 
done by the substitution method, meaning that the reference 
standard must be first calibrated by other traceable measuring 
instruments. Therefore, its design must be compatible with 
other metrological instruments. In addition, due to the fact that 
the metrological capabilities of XCT are directly related to the 

advances in AM, AM has been selected as the technology to 
manufacture the reference standard. 

2. State of the art in reference standards 

In the last years, several reference standards for XCT have been 
proposed by different research groups [2]. These reference 
standards have been studied and a summary of some of them 
and their measurable geometries are shown in Table 1.  
 Table 1. Summary of some state-of-the-art reference standards applied 
for XCT. 

Research 
Group 

Geometry Dimension Material 

University of 
Padua [3] 

Spheres Ø = 3; 4; 5 
mm 

Ruby 

Cylinders Ø = 2 mm Carbon 
fibre 

University of 
Padua [4] 

Central 
cylinder 

H = 15 mm 
Ø = 5 mm 

Aluminium Removable 
cylinders 

Ø = 15 mm 
H = 7.5; 8.5 
mm 

University of 
Nottingham 
[5] 

Cube sides L = 40 mm 
Polymer Spheres Ø = 5 mm 

University of 
Huddersfield 
[6] 

Roughness profiles Titanium 
alloy 

Ti6Al4V 
*H = Height; Ø = Diameter; Øe = External diameter Ø; Øi = Internal 
diameter Ø; L = Length 

Although there are artefacts with multiple geometries and 
roughness profiles, the most common geometries are spheres 
and cylinders: virtually representing a point and a line, 
respectively. Some of them have hidden geometries that can be 
accessible using removable parts, as in [4]. The materials of 
these standards vary from metals to plastics. The manufacturing 
processes are also varied, form injection moulding to AM 
technologies. 
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3. Design of the novel reference standard 

The study of the state-of-the-art shows that the design of the 
reference standards can be very different depending on their 
purpose. However, most of them consist of simple geometries 
that are used to characterize exclusively one or two types of 
dimensions. In contrast, in this work, the target is to obtain a 
reference standard whose design is optimized for the use in XCT 
and that allows the estimation of the uncertainty of XCT when 
measuring several distances, micro and macro geometrical 
features, and roughness profiles, in visible and hidden parts. 

As mentioned, one of the prominent use of XCT is directly 
related to the development of AM technologies, which allow 
manufacturing complex geometries and hidden cavities. Thus, a 
desirable requirement is that the reference standard can be 
manufactured using these technologies. For this reason, the 
standard is designed, in a more general way, without 
overhanging features in order not to require support structures 
which would affect the surface quality of the part. Although the 
surface and geometrical quality of AM parts may be deficient in 
comparison to other technologies, it is not crucial because the 
artefact used as reference standard will be calibrated by 
reference instruments. Moreover, in order to assure the stability 
of the dimensions over time, the calibration will be performed 
before and after the XCT measurements. 

Thus, the geometries need to be measurable not only by XCT 
but also by other calibrated instruments. In this case, the focus-
variation microscope (FVM) InfiniteFocus of Alicona will be used 
to measure roughness and small and micro features (< 4 mm), 
while a coordinate measuring machine (CMM) will be used to 
measure small and larger features (> 2 mm). The design must 
take into account the measuring restrictions that these two 
instruments impose. Thus, the geometries have been made 
accessible for a CMM 1-mm-radius stylus sphere. The 
microscope working distance of 17.5 mm with a x10 
magnification lens has also been taken into account. 

The reference standard has been designed considering the 
restrictions mentioned above; the final model is shown in Figure 
1. Its external dimensions are approximately 70 mm × 50 mm × 
30 mm. As can be seen, the main body of the model has a cubic 
shape with four spheres in the corners, which can be used as 
reference datum when measuring the absolute position of other 
features. The model also has stepped stairs and leaning walls 
built in different directions in order to observe the printing 
effects of the AM technology. The layered structure has also 
been leveraged to generate different roughness profiles in the 
leaning walls with angles from 7.5⁰ to 45⁰. A sinusoidal profile 
has also been included. Two pairs of hollow cylinders of two sizes 
have been printed inside the cube. In Table 2, the main 
geometries of the model and their respective dimensions have 
been summarized. The table also indicates which reference 
instrument is going to be used to characterize the dimension.  

As can be seen, two of the six walls of the cube are open in 
order to make the features accessible for the CMM and the FVM. 
Nevertheless, the model includes a removable cover which 
closes the cube and hides the cylinders. Moreover, the cover 
includes two pins that are inserted in the cavities of two hollow 
cylinders, one from each size. There is a second cover for one of 
the stepped stairs. In this manner, the measurement of hidden 
geometries can be performed in XCT and compared with the 
measurements without covers performed by the calibrated 
instruments. The use of dismountable covers allows assessing 
the uncertainty for XCT measurements of internal geometries. 
The assembly with the two covers is shown in Figure 1b. 

 
Figure 1. a) Main body of the reference standard. b) Reference standard 
assembly with the covers attached. 
Table 2. Measurable geometries in the designed reference standard 

Geometries Dimension Reference 
instrument 

4 × Spheres Ø = 12 mm CMM 

Distance between 
spheres 

L= 57 mm; 
L= 40 mm 

CMM 

2 × Hollow 
cylinders/circles 

Øi = 6 mm 
Øe = 10 mm 

CMM and FVM 

2 × Hollow 
cylinders/circles 

Øi = 8 mm; 
Øe = 12 mm 

CMM and FVM 

Stepped stairs 2 mm CMM and FVM 

Stepped stairs 4 mm CMM and FVM 

Leaning walls Roughness  FVM 

Sinousoidal profile Roughness CMM and FVM 

4. Manufacture and measurement of the reference standard 

The first prototype has been manufactured by a Polyjet 
printer, which is able to achieve better accuracy. The geometries 
of this final model have been measured with the CMM and the 
FVM according to Table 2 and the expanded uncertainties of the 
measurements have been calculated. In the dimensions that can 
be measured by both instruments, it has been verified that the 
measurements and uncertainties of both instruments show a 
satisfactory agreement. 

5. Conclusions 

This work presents a novel reference standard for XCT 
systems. The model allows estimating the uncertainty of 
measurements of micro and macro geometries, in visible and 
hidden cavities. The uncertainty estimation is performed by the 
substitution method, thus, the model has detachable parts, so 
that the inner cavities can also be measured by CMM and FVM.   
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Abstract 
This work assesses the actual positioning uncertainty of a Nanopositioning Platform, referred as NanoPla, which is capable of 
achieving submicrometre resolution along its large working range of 50 mm × 50 mm. The uncertainty sources that affect the 
positioning process of the NanoPla were theoretically analysed during the design phase using the error budget methodology. After 
manufacturing and assembly phases, its performance as a positioning system has been validated. Once the system is operating, the 
main uncertainty contributors have been identified, and experimental data have been recorded to perform the uncertainty 
assessment based on Monte Carlo method of propagation of distributions. The target is to characterize the errors that affect the 
NanoPla, and, thus,find the most effective way to reduce the positioning uncertainty, which implies minimum changes in its design.  
 
Positioning uncertainty, nanopositioning, Monte Carlo simulation, uncertainty budget.   

 

1. Introduction 

Precision design has been subject of study for several decades 
now, precision principles and techniques have been outlined, 
reviewed and updated by many authors. One of these principles 
is uncertainty budgeting, also known as error budgeting, which 
helps predict the repetable and not repeatable errors of a 
machine [1]. The uncertainty budget of a precision system 
identifies all relevant error influences and calculates the total 
uncertainty of the system. This tool can be used during the early 
stages of the design phase, when changes in the design are still 
feasible. However, uncertainty budgeting can also be performed 
on a functional system in order to estimate the limits of the 
system performance or minimize the main error sources, when 
possible. 

The subject of this work is a precision large-range 
nanopositioning system called NanoPla,  it has a working range 
of 50 mm × 50 mm. The NanoPla has been designed, 
manufactured and built at the University of Zaragoza [2]. During 
its design phase, the NanoPla was optimized using the 
uncertainty budget methodology in order to improve its 
measurement accuracy [3]. At present, the NanoPla is already a 
functional system, and, thus, this work focuses on the 
assessment of the NanoPla positioning uncertainty by 
performing an uncertainty budget which is based, when 
possible, on experimentally obtained data. A Monte Carlo 
simulation is performed in order to quantify the propagation of 
all the uncertainties and their effect in the final positioning 
uncertainty. 

2. NanoPla overview 

The NanoPla design and implementation has been the subject 
of previous works [2]: It consists of three stages, the inferior and 
the superior base that are fixed and a moving platform that is 
placed in the middle. The moving platform is levitated by three 
vacuum-preloaded airbearings and it is actuated by four Halbach 
linear motors which are unguided. This allows the moving 
platform to perform a planar displacement in X and Y-axes. A 2D 
plane-mirror laser interferometer system from Renishaw is used 

as a positioning sensor in the XY-plane. Commercial capacitive 
sensors are used to measure parasitic out‐of‐plane motions 
(Lion Precision, model C5-E). The capacitive sensor probes are 
attached to the metrology frame of the inferior base, while the 
target surfaces are placed at the bottom of the moving platform. 

The NanoPla is intended for metrological applications, 
specifically for the characterisation of large surfaces at a 
submicrometre scale. In these applications, a measuring 
instrument is fixed to the center of the metrological frame of the 
moving platform which performs the coarse motion, whereas 
during the scanning task, the fine positioning of the sample is 
performed by a commercial piezostage that is integrated in the 
metrological frame of the inferior base. In this work, only the 
uncertainties of the NanoPla itself are taken into account, 
without considering the measuring instrument, nor the 
piezostage attached to it, since they are interchangeable. 

 
Figure 1. Exploded view of the NanoPla.  

  3. Uncertainty Budget 

The uncertainty budget methodology consists in identifying, 
classifying and, then, quantifying the influence of the 
uncertainty contributors in the final output of the system. In this 
case, the final output is the position of the measuring instrument 
which is fixed to the moving platform of the NanoPla. 

In this section, firstly, the mathematical model of the NanoPla 
is obtained, then, the errors are identified and classified and, the 
total uncertainty of the system is assessed. 
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3.1. NanoPla mathematical error model 
During the design phase of the NanoPla, its mathematical error 
model was analysed [3]. This equation has been reviewed 
assuming that the rotational errors are negligible. This is justified 
by the fact that for the laser system to read, the angular 
deviations between moving platform (mirrors) and the inferior 
base (laser sources) must be smaller than 1.2×10-4 rad [4]. The 
deviations taken into account are motion errors along the three 
axes (𝛿𝑥, 𝛿𝑦 , 𝛿𝑧) and orthogonality errors (𝛼𝑥𝑦 , 𝛼𝑦𝑧, 𝛼𝑧𝑥). 

∆𝑃 = (

∆𝑃𝑥
∆𝑃𝑦
∆𝑃𝑧

) = (

𝛿𝑥
𝛿𝑦 − 𝛼𝑥𝑦𝐿𝑥

𝛿𝑧 − 𝛼𝑦𝑧𝐿𝑦 + 𝛼𝑧𝑥𝐿𝑥

)  (1) 

Where ∆𝑃 represents the error vector or difference between the 
measuring instrument real position and its measured position. 
3.2. Error identification and estimation 

The NanoPla control system performs the positioning of the 
moving platform in the XY-plane. Once the platform is 
positioned, the measuring instrument, fixed to it, performs the 
measurement in Z-axis. The deviations in Z-axis position of the 
measuring instrument are caused by spurious motions, and they 
are not controlled, only monitored, so that they can be corrected 
in the measuring process. In this first approach, thermal 
expansions are considered not to be compensated. In this work, 
the uncertainties are divided in two main groups depending on 
whether they affect the positioning process of the platform, that 
is, uncertainties in the XY-plane; or whether they affect the 
measuring process, that is, the position in Z-axis. Inside these 
two main groups, the uncertainty sources have been divided in 
three subgroups depending on their cause: system components 
inaccuracies, misalignments and environmental sources.  

• Uncertainty sources in the positioning process (XY-plane): 
They include positioning uncertainties in X and Y-axes (𝛿𝑥, 𝛿𝑦) 

and orthogonality between X and Y-axes (𝛼𝑥𝑦). Due to the fact 

that the moving platform performs a frictionless unguided 
plane motion, one of the main uncertainty sources are the 
positioning sensor (laser system) inaccuracies and 
misalignments. The environmental variations affect the 
refractive index of the laser system and they cause the thermal 
expansion of the metrology frame. The most significant errors 
are summarized in Table 1: 

Table 1. Main positioning process errors: δx, δy, αxy 

Uncertainty 
Type 

Uncertainty Source Value 
[nm] 

System 
inaccuracies 

Laser system wave length 
instability 

δx=δy= ±1.25  

Laser sensor resolution [4] δx=δy= 1.58 

Laser beam mixing δx=δy= <±2 

RMSD of the laser system [4] δx=δy=±5.4 

System 
misalignemnts 

Misalignment errors of the 
laser system assembly (Std 
value) 

δx=±25 
δy=±25 

αxy=±1.09 × 10−6 
rad  

Plane mirror form errors δx=δy= ±15.75 

Thermal 
errors 
(ΔT = ±1 °C) 

Laser system refractive index 
environmental compensation  

δx=δy= ±2.5 

Metrology frame expansion 
(aluminium) 

δx=±1284.1 
δy=±2282.8 

RMSD: Root Mean Square Deviation 

• Uncertainty sources in the measuring process (Z-axis): They 
include positioning uncertainties in Z-axis (𝛿𝑧), and 
orthogonality between Z-axis and X and Y-axes (𝛼𝑦𝑧, 𝛼𝑧𝑥). The 

spurious motions in Z-axis are measured by the capacitive 
sensors, and, then, corrected from the measurement. Thus, 
one of the main uncertainty sources are the capacitive sensors 
inaccuracies and misalignments. Thermal variations also affect 
the capacitive sensors measurement and cause the thermal 
expansion of the airbearings which support the moving 
platform in Z-axis. In addition, during the manufacture and 

assembly of the NanoPla, misalignments between parts were 
minimized but could not be completely avoided. The most 
significant errors are summarized in Table 2: 

Table 2. Main measuring process errors: δz, αzx, αyz 

Uncertainty 
Type 

Uncertainty Source Value 
[nm] 

System 
inaccuracies 

Capacitive sensors RMSD* [5] δz=±34.18 

Capacitive sensors positioning 
error * 

δz=±60.7 

System 
misalignments 

Misalignments between 
moving platform and fixed 
base 

αzx=±1.35 
×10-4 rad 
αyz=±1.34 
×10-4 rad 

Thermal 
errors 
(ΔT = ±1 °C) 
 

Thermal expansion of 
capacitive probes (aluminium) 

δz= ±941.64 

Thermal expansion of 
capacitive targets (steel) 

δz= ±63.24 

Thermal expansion of air 
bearings (brass and aluminium) 

δz=±569.21 

*Effective value at the center of the moving platform 

3.3. Uncertainty quantification using Monte Carlo simulation 
The contributions of each uncertainty source have been 

experimentally measured when possible. The ones that cannot 
be measured, have been evaluated by other means, such as the 
calibration certificate of the manufacturer. Their values are 
represented in Table 1 and 2, additionally, their probability 
functions have also been identified. Monte Carlo method is used 
to calculate the propagation of distributions and their effect in 
the final uncertainty of the system (100,000 iterations). The final 
positioning error in X and Y-axes is position dependant. At one 
of the edges of the working range (Lx=25 mm, Ly=25 mm), ∆𝑃𝑥 
and ∆𝑃𝑦 are 1.5±1.3 µm and 2.7±2.3 µm, respectively. The 

highest contribution in these axes is the thermal expansion of 
the metrology frame made of aluminium. In Z-axis, the final 
positioning error ∆𝑃𝑧 is 1.2±4.8 µm. In this case, the higher 
contributors are the orthogonality errors. 

4. Conclusions   

The position uncertainty of the NanoPla has been assessed. As 
shown, the main contributor to X and Y-axis deviations is the 
thermal expansion of the metrology frame, made of aluminium 
in this first prototype. Thermal errors could be monitorized and 
compensated. In addition, if it was made of Zerodur, as intended 
in the final design, the error could be reduced by two orders of 
magnitude. Similarly, the capacitive sensors housing could be 
made of Invar, to reduce their thermal expansion in Z-axis. The 
main contributors to Z-axis deviations are the orthogonality 
errors caused by the NanoPla assembly misalignments. Future 
work should focus in reducing and compensating these errors. 

 
Acknowledgements 

Project funded by the Gobierno de Aragón (Reference Group 
T56_20R) and co-funded with Feder 2014–2020 "Construyendo Europa 
desde Aragón" and the Spanish government project RTI2018-097191-B-
I00 “MultiMet” with the collaboration of the DGA-Fondo Social Europeo. 

References   

[1] Hale L C 1999 Principles and techniques for design precision 
machines PhD Thesis, University of California. 

[2] Torralba M, et al 2016 Measurement. Large range nanopositioning 
stage design: A three-layer and two-stage platform. 89, 55–71. 

[3] Torralba M, Yagüe-Fabra J A, Albajez J A and Aguilar J J 2016 
Sensors. Design optimization for the measurement accuracy 
improvement of a large range nanopositioning stage. 16, 84. 

[4] Díaz L, Torralba M, Albajez JA, Yagüe JA. 2017 Performance analysis 
of laser measuring system for an ultra‐precision 2D‐stage 17th 
euspen International Conference & Exhibition. 

[5] Díaz L, Torralba M, Albajez JA, Yagüe JA. 2017 P Study of Z-
Direction Performance of a XY Nanopositioning Stage 20th euspen 
International Conference & Exhibition. 

492



 

          
 
 

euspen’s 21th International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Atomic force microscope for in situ micro end mill characterization - Part II: Develop-
ment of an algorithm to characterize the cutting edge radius of micro end mills 
 
Tobias Mayer1, Sonja Kieren-Ehses1, Benjamin Kirsch1, Jan C. Aurich1 

  
1TU Kaiserslautern; Institute for Manufacturing Technology and Production Systems 

 
tobias.mayer@mv.uni-kl.de 

  
Micro milling processes are e.g. used to produce customized micro parts and structures. Most micro end mills with diameters below 

100 µm are single edged and made of cemented carbide. The minimum cutting edge radius for these tools is limited by the grain size 
of the cemented carbides and usually is of the same magnitude. The cutting edge radius in micro and nano cutting operations is one 
of the critical parameters. It directly effects the amount of friction and ploughing present in the cutting area, the tool wear and the 
resulting surface quality. To characterize the cutting edges of micro milling tools, an atomic force microscope (AFM) is needed. Other 
measuring instruments do not offer the required resolution. However, the tools do not exhibit a uniform cutting edge profile or a 
constant cutting edge radius. Grain pullouts and defects introduced during the tool grinding process highly influence the cutting 
edges. Thus, a statistical evaluation of the entire cutting edge is required to derive a representative value of the cutting edge radius.  

Part I of this paper series described the integration of an AFM into a desktop sized machine tool as well as the measuring workflows. 
This part II presents a cutting edge characterization algorithm implementation tailored to single edged micro end mills. The AFM 

1. Introduction  

The cutting edge radius is a critical parameter in micro and 
nano cutting, as it effects friction and ploughing mechanisms in 
the cutting zone. Specifically micro milling is characterized by a 
high cutting edge radius to chip thickness ratio, resulting in high 
abrasive wear of the tools [1]. For cemented carbide micro end 
mills the cutting edge radius is in the range of the substrate's 
grain size (down to about 100 nm) and cannot be further re-
duced [2]. As the tool wear increases and the micro end mills 
lose their sharpness, surface quality and cutting forces are neg-
atively impacted [3]. To characterize tools of this size optical 
quantitative measurement techniques are no longer suitable, as 
they are limited in lateral resolution by the Rayleigh criterion. 
Visual inspection of a tool's cutting edge in a scanning electron 
microscope (SEM) does not allow for quantitative inspection of 
individual cross sections and can only be used as a qualitative 
estimate of the overall cutting edge radius. Atomic force micro-
scopes (AFM) are the only available solution that can measure 
cutting edges with resolutions down to the nanometer scale [4].  

Part I of this paper series presented the integration of an AFM 
into a desktop sized machine tool and the advantages of having 
the measuring equipment in the same machine tool as the tools 
to be measured are being applied. In addition, it presented the 
measuring methodology and measurements of a coated and un-
coated tool in comparison. In this part II, an automated evalua-
tion of the cutting edges measured with the AFM is proposed, 
which allows to derive a representative value of the cutting edge 
radius independently from the evaluated cutting edge cross sec-
tions and is insensitive to different operators. As the cutting 
edge is composed of individual grains, it is not sufficient to eval-
uate the cutting edge radius for few distinct locations. The non 
uniform cutting edge profile and the varying cutting edge radius 
result in large variations of the measured radii depending on the 

measuring location. The algorithm in this paper aims to resolve 
these issues by introducing a python-based algorithmic evalua-
tion method that is deterministic, significantly faster than man-
ual evaluation, and considers a large area of the cutting edge. 

2. Measuring equipment and micro tool geometry 

The surface data in this paper was measured with a 
NaniteAFM from Nanosurf1. Further information on the AFM se-
lection, integration and the measuring methodology can be 
found in part I of this paper series. The AFM is integrated into a 
desktop sized machine tool we developed in previous work (see 
[5] for a full description), which enables milling and subsequent 
tool measurement without reclamping. The micro tools meas-
ured are single edged cemented carbide (91 % WC, 9 % CO, grain 
size 200 nm) micro end mills with a diameter of 50 µm, which 
were manufactured on an ultra precision lathe with a grinding 
unit. For a detailed description of the tools' geometry and man-
ufacture, we refer to [6] and [7], respectively. The measured 
area of the primary cutting edge is located just below the cutting 
edge corner at the tool tip, as illustrated in the SEM image in 
Figure 1. 

measurements taken with the procedures outlined in part I are imported into a python based algorithm. The dataset is then auto-
matically processed, and the resulting mean radius and variance of all cutting edge profiles is compared to manually evaluated values. 

 
micro milling, micro end mill, tool measurement, cutting edge characterization  

 

Figure 1: SEM image of micro end mill with indicated AFM measure-
ment area and corresponding cutting edge surface measured by AFM 
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3. Cutting edge evaluation algorithm 

There are lots of methods and parameters for characterizing a 
cutting edge in use throughout literature and industry. Most 
widespread is the characterization by fitting a circle into the cut-
ting edge area and taking its radius as the resulting parameter. 
However, this method is not capable of distinguishing between 
different asymmetric or chamfered shapes and cannot describe 
them. Thus, it is only applicable when the true cutting edge ge-
ometry shows close resemblance to a circle.  

For measuring the cutting edge radii of the single edged micro 
end mills we use (diameters of 50 µm and below), this is the case 
and parameters describing cutting edge asymmetry are not re-
quired. The geometry is a result of the grinding process for man-
ufacturing the tools and their substrate material: Both rake and 
flank face are ground flat towards the cutting edge, with no 
overlaid profile or additional cutting edge preparation (as that 
would increase the edge radii significantly). Figure 2 illustrates 
this with a collapsed view of the 3D surface profile along the axis 
of the cutting edge, the mean cutting edge profile and a fitted 
least squares circle for radius determination. As the cutting edge 
is formed by individual grains, the resulting edge profile is 
rounded with a radius in the order of magnitude of the grain size.  

Therefore, the approach in this paper is to fit a least squares 
radius into the rounded portion of the cutting edge. While there 
is proprietary software available that can characterize and fit 
cutting edges with profiles, these usually do not allow importing 
full 3D surface datasets or even single cross sections of the cut-
ting edge (e.g. GFM ODSCAD1). While topography software al-
lows to fit lines and radii into cross sections, this needs to be 
done by hand and can only be semi automated. Further, when 
developing an algorithm, its parameters can be tailored to single 
edged micro end mills, as the general shape and properties of 
their cutting edge is the same. 

 
3.1. Development approach and data filtering 

The algorithm was developed within python 31, an open-
source high-level programming language with computational ca-
pabilities similar to Matlab1. This makes the algorithm highly 
portable and has the advantage of not relying on a specific soft-
ware or workstation, like e.g. a solution with a topography soft-
ware with embedded scripts would. The solution was 
implemented with object oriented programming, creating an 
object for each cutting edge cross section and one top-level ob-
ject for the cutting edge surface. This creates a streamlined soft-
ware, with data structured into just one variable and displaying 
the results. No user interaction is required aside from selecting 
the measurement file and choosing whether to save the results. 
To start the cutting edge characterization, the top-level object is 

created with the dataset from the AFM measurement. The ex-
ported .csv dataset is imported into the python environment 
and subsequently sorted into the individual lines, each repre-
senting a cutting edge cross section. For each line, a cutting edge 
cross section object is created, in which each cutting edge radius 
is calculated. After the radius value is available for all cross sec-
tions, the top level object calculates the total radius based on 
the evaluation metrics of the individual cross sections. The re-
sults are then returned and plotted for easy visualization. 

The raw data is filtered as single cutting edge profiles inside 
the objects, rather than applying a two dimensional filter on the 
measurement surface. As the data has been measured by the 
AFM line for line, no additional noise is present in the second 
dimension, and the data should be filtered along the measuring 
direction. For this, a second order Savitzky Golay filter with a 
windowing length of 23 was employed. This filter was chosen as 
minimal loss of resolution and good signal smoothing could be 
achieved after adjusting the filter parameters via trial and error. 
The standard line resolution used for the cutting edge measure-
ments is 256 points. If the AFM measurement has a higher reso-
lution, the value is linearly scaled to reflect the actual number of 
points. The same is true for all absolute values present in the 
computations. Figure 3 shows the smoothed cutting edge sur-
face and a singular cutting edge profile after filtering. 

 
3.2 Algorithm development and testing 

The fitting routine inside the cross section objects first deter-
mines the rounded edge area of the cutting edge. This is one of 
the key advantages compared to manual area determination, as 
this removes the operator's subjectivity and yields a unique so-
lution for each cutting edge section. For this, the method of fit-
ting a circle tangent to the flank and rake face regression lines 

Figure 2: 2D scatter plot of AFM surface data with mean cutting 
edge profile and fitted least squares circle 

Figure 3: Cutting edge surface (a)) and single cutting edge profile (b)) after applying the Savitzky Golay filter 
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inside the cutting edge profile as proposed in [8] was used. Fig-
ure 4 illustrates the iterative procedure with the numbers as im-
plemented in the algorithm: In the first step, both tool faces are 
modeled with separate regression lines (1) based upon 30% of 
the most outer data points going inward from the left and right 
end of the measurement area, respectively. The point where 
those ideal tool faces intersect is considered the ideal tool tip 
location (2). With the flank and rake face known, the wedge an-
gle (3) is calculated along with the bisector line (4). The closest 
data point to the ideal tool tip on the bisector (5) is then taken 
as boundary condition for the next step, together with the re-
gression lines. With the imposed tangency of the lines, a circle 
passing through the point on the bisector is constructed. This 
yields two solutions, a circle with its center above the cutting 
edge profile and one with its center below the profile, and hence 
inside the tool (6). For this calculation, the rather complex ana-
lytical solution was used, as symbolic solving of this problem is 
not feasible performance wise. With the inside circle fitted, the 
data points closest to the tangent location of the circle and the 
regression lines (7) are taken to describe the area containing the 
rounded edge portion. These are used in the following iterations 
as new endpoints for the regression fit of both flank and rake 
face. This process is repeated until the delta between the area 
calculated in two iteration steps (left and right border combined) 
is below 5 data points. If the algorithm does not converge after 
10 iterations, it will stop and mark the cross section as an error. 
However, the majority of cross sections does converge after 3 to 
4 iteration steps. 

After the iterative process is finished, the area of the rounded 
cutting edge portion is known. If any errors occur during the area 
determination algorithm, e.g. an empty or negative area, an er-
ror flag is raised for later identification of the profile. Dummy 
values are then assigned for the radius to avoid numerical errors. 
After visual inspection of numerous profiles it was concluded 
that the fitted inside circle (6) slightly underestimates the real 
cutting edge area. Thus an offset was added to the area for the 
following radius determination, increasing it by five data points 
at the left and right border, respectively. This can also be 
seen in Figure 4, with the red cross markers (8) representing the 
adjusted area versus the calculated area indicated by the black 
markers (7).  

With the adjusted area of the rounded edge portion of the cut-
ting edge, the cutting edge radius is determined by fitting a least 
squares circle to the data. The result of this can be seen in Figure 
2, in which the radius of the mean data cutting edge profile was 

determined with the above algorithm. To reject outliers and bad 
fitting results, an outlier flag will be raised for the cross section 
in question if any of the following conditions are met: 

1) The variance of the least squares fitting routine in relation 
to the calculated radius is above 45%. 

2) The difference in radius of the inside circle from the area 
determination to the least squares circle is above 35%. 

3) The R-squared criterion calculated for the least squares 
solution is below 0.75. 

If a cross section is deemed an outlier, it will not be taken into 
account for calculating the overall radius of the cutting edge. Af-
ter each cross section object has been created and its radius has 
been calculated, the average cutting edge radius of the tool is 
calculated. All cross sections flagged as errors or outliers are not 
considered, and the inverse variances of the individual cross sec-
tions are used as weights for calculating the arithmetic mean. 
This ensures that large radii with high variance, like e.g. at grain 
pullouts, only influence the average by a smaller degree and is 
an advantage over measuring the radius with a mean cutting 
edge profile. The algorithm then computes the standard devia-
tion and confidence interval for the cutting edge radius based on 
the two sided 95th percentile of the student T-distribution. The 
results are returned in the console or saved to file and plotted 
as individual radii over the length of the cutting edge. Figure 5 
shows such a result plot for a measured micro end mill. 

 

Figure 4: Method for calculating the rounded cutting edge portion 

Figure 5: Result plot of the cutting edge radius determination algorithm displaying the calculated radius for each cross section 
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3.3. Comparison to manual evaluation and results 
To show the advantages of the automated analysis, the same 

cutting edge measurement was evaluated manually and with the 
algorithm. Five individual cross section were fitted with a circle 
by hand, as well as with the algorithm. The sections were equi-
distantly spaced over the cutting edge length, as shown by the 
dark blue and red markers on the x-axis of Figure 5 for sections 
#1 and #2, respectively. In addition, two different operators 
evaluated the cutting edges independently. This approach was 
chosen to show the influence different evaluation locations and 
operators have on the measuring results. Table 1 compares the 
results obtained from the manual and automated evaluation of 
the individual sections and the total result of the algorithm.  

The values obtained fluctuate depending on the operator and 
the measuring locations. Especially the standard deviations dif-
fer for both the operators/algorithm and the locations, showing 
the influence of the subjectivity of the operator's individual 
measuring procedure and of the uneven cutting edge profile. In 
Figure 5, the deviations of the radii along the cutting edge can 
be clearly seen, explaining the different results for the measur-
ing locations #1 and #2. Overall most evaluated radii underesti-
mate the cutting edge radius, with fluctuating standard 
deviations based on the operator. Also, as only five sections 
were evaluated, the 95% confidence interval would be even 
larger than the standard deviations. In contrast, the algorithm 
(across the entire dataset) delivers a much smaller confidence 
interval and thus a more reliable and unbiased result. In addi-
tion, the algorithm computing time is only a few seconds, while 
the time for manual evaluation of this micro end mill was about 
15 minutes per operator.  

The quality of fit from the algorithm also can be visually in-
spected in 3D. Figure 6 shows the cutting edge surface with a 
cylinder overlay. The cylinder is based on the radius calculated, 
and runs along a linear regression of the circle centers of all eval-
uated cutting edge cross sections. As can be seen in the surface 
plot, the cylinder is located right inside the cutting edge, with 
equal portions of the surface above and below it.  

4. Conclusion and outlook 

An algorithm to determine the cutting edge radii for micro end 
mills measured by means of an AFM was developed. The algo-
rithm automatically filters the measurement data, identifies the 
rounded portion of the cutting edge, fits a least squares circle 
for each cross section, and ultimately calculates the average ra-
dius. It has been shown that the algorithm is capable of judging 
the cutting edge radius of measured micro end mills very well 
and is independent of errors otherwise introduced through op-
erator methodology and measurement locations. Utilizing the 
algorithm, efficient evaluation of multiple end mills can be per-
formed and compared across different sets of measurements 
easily, which would not be the case for manual evaluation. 

Further improvements to the algorithm could be made by cal-
culating a roughness profile running along the determined cut-
ting edge as a parameter for the micro end mills' cutting edge 
roughness. Also, with the known radius and the wedge angle, a 
flattened surface profile of the cutting edge could be extracted 
and areal roughness parameters could be computed. This would 
allow a complete characterization of the cutting edge, and pos-
sible correlations between the radius uncertainty and the rough-
ness level could be analyzed.  

Overall, the integrated AFM and the evaluation algorithm pre-
sented in this paper series enable new investigations into the 
micro milling process by allowing to characterize the cutting 
edge topography of micro end mills. 
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Table 1: Comparison of the same cutting edge evaluated by different 
operators and at different cross section locations 

evaluated by 
cutting edge radius result 

sections #1 sections #2 

operator 1 275.4 nm ± 41.3 nm 265.9 nm ± 27.9 nm 

operator 2 273.6 nm ± 59.0 nm 299.1 nm ± 55.4 nm 

algorithm 278.5 nm ± 25.3 nm 287.2 nm ± 38.1 nm 
algorithm 
total result 

294.0 nm ± 5.3 nm 
(95% confidence interval) 

 

496



 

          
 

 

euspen’s 21st International Conference & 
Exhibition, Copenhagen, DK, June 2021 

www.euspen.eu  

Thermal error modeling for CNC machine tools using a random forest machine 
learning algorithm 
 
Mengrui Zhu1*, Yun Yang1, Xiaobing Feng1, Zhengchun Du1, Jianguo Yang1 
  
1 State Key Laboratory of Mechanical System and Vibration, School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai, China 
 
zhumengrui@sjtu.edu.cn (M. Zhu). 

  
Abstract 
Thermal error modeling is essential to improving the machining accuracy as thermal error accounts for a majority of the total errors 
in CNC machine tools. Current modeling methods, such as physics-based modeling and conventional machine learning techniques 
(e.g. artificial neural networks) are limited in terms of accuracy and robustness. This paper presents a novel error modeling method 
for the spindle thermal errors based on the Random Forest algorithm. Spindle thermal errors in a three-axis machine tool as well as 
the temperature key points are both measured to train the proposed model. The model parameters of the regression trees are 
optimized by integrating the grid search method with five-fold cross-validation to derive the optimization tree model and prevent 
from overfitting. Comparing with the actual measurement results of spindle thermal errors, the model prediction accuracy is over 
95%, which validates the proposed model. Compared to conventional modeling methods based on artificial neural networks, the 
proposed model requires less training data, achieves higher prediction accuracy, and is more robust against measurement noise. 
 
Keywords:  Thermal Error, Machine Tools, Machine Learning, Random Forest, Regression Tree 

 

1. Introduction 

Thermal error accounts for over 70% among the total errors of 
the machine tools. It is of great significance to model the thermal 
error accurately. Recently, various methods have been 
presented. For the physics-based method, the relevant 
researches focus on the mechanism analysis and generally 
require the precise physical assumption and mathematical 
derivation, which cannot be guaranteed in the actual machining 
process. For the data-driven method, such as the conventional 
machine learning technique (e.g. artificial neural network [1] 
and support vector machine), it aims to explore the data 
characteristics and establish the relationship between the 
temperature data and thermal error data without consideration 
of the intrinsic physical process. However, there are still exist 
some distinct disadvantages in terms of the model accuracy, 
robustness, and parameter tuning.  

This paper presents a novel modeling method for the spindle 
thermal errors based on random forest (RF) to improve the 
model accuracy and robustness with the faster parameter 
tuning. The modeling processes are detailed. Furthermore, an 
experiment is conducted in a three-axis machine tool to validate 
the effectiveness of the proposed model. 

2. Random forest 

The random forest algorithm [2] is a tree-based ensemble 
learning method and has been widely applied to the 
classification and regression. It requires little data preparation, 
is simple to interpret, and less likely to overfit a dataset. 
 
2.1. Model structure 

Figure 1 illustrates the model structure of random forest which 
consists of a forest of decision trees from bootstrapped samples.  

 

 
Figure 1. Model structure of random forest 
 

Each decision tree has the branches and nodes. Each node 
represents a test on a certain input feature and each branch 
represents the output result of the test. The leaf node 
represents a class label for classification or a response for 
regression. The binary tree is usually for the regression where 
the response is continuous. In this paper, the thermal error 
prediction is a regression problem. Each decision tree is a weak 
learner. Multiple decision trees are grown in parallel to reduce 
the bias and variance of the model.  
 

2.2. Model construction process 
The modelling process using RF is divided as follows : 

1) N bootstrapped sample sets of size n are randomly drawn 
from the original dataset.  

2) Each bootstrapped sample set is divided to be the training 
dataset and testing dataset to grow a regression tree.  

3) M features are randomly selected without replacement from 
all available features to be taken as split candidates.  

4) At each node, choose the best split (i.e., the splitting feature 
and split point) based on the regression criteria that the 
residual sum of squares would be minimized after the split.  

5) The above steps are repeated until N such trees are grown 
under the predefined stop criterion. The final response is 
predicted by averaging the predicted values of N trees.  
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2.3. Hyper-parametric tuning 
Model’s hyper-parameters affect its predictive performance, 

robustness and generalization capability. In the random forest 
algorithm, there are three important hyper-parameters, i.e. the 
number of trees, the maximum depth of the tree, the number of 
randomly selected features. The grid searching method is 
implemented to find the optimal values of the hyper-parameters. 
Five-fold cross-validation is integrated in this paper to prevent 
over-fitting problems and evaluate the model’ performance.  

3. Experimental Setup 

A spindle thermal error experiment is conducted in a three-
axis vertical machining center to collect the temperature and 
thermal error data. Four temperature sensors, T0, T1, T2, and T3 
are used to measure the temperatures of the environment, front 
bearing, rear bearing, and spindle box respectively. An eddy 
current sensor is used to measure the axial thermal error△L of 
the spindle. The experimental setup is shown in figure 2. 

 
Figure 2. Experimental setup for the thermal error experiment 

In this test, the spindle rotates without load at the speed of 
6000r/min for 1h and then remains stop for 2h. The temperature 
offset to the ambient temperature and thermal error data are 
recorded every 1 min. The test is repeated four times, and four 
datasets are obtained, as shown in figure 3.  

 

 

 

 
Figure 3. Measured datasets of the temperature and thermal error 

4. Results and Discussion 

Three measured datasets are randomly selected as the 
training dataset (e.g. figure 3a, 3b, and 3c) and the remaining 
one (e.g. figure 3d) is taken as the testing dataset. To compare 
with the conventional machine learning techniques, the thermal 
error model is also built using back-propagation neural network 
(BPNN) with a single hidden layer of 100 neurons. The predicted 
and observed values using RF and BPNN are shown in figure 4. 

  
Figure 4. Observed and predicted values of errors using RF and BPNN 

The model accuracy using RF and BPNN are measured through 
the coefficient of determination R2, mean absolute error (MAE) 
and mean square error (MSE) in statistics, as listed in table 1. 

 

Table 1 Comparison of the model accuracy using RF and BPNN  

Model R2 MAE/μm MSE/μm2 

RF  0.996 0.817 0.843 

BPNN 0.982 1.991 6.803 

It can notably be seen from Table 1, RF can lead to higher 
prediction accuracy than BPNN. Furthermore, for the different 
rotate speed and stop time, the proposed model can still 
maintain the prediction accuracy of over 90%. In addition, 
aggregating the prediction of all these diverse trees can 
significantly eliminate the influence of the noise and reduce the 
overall variance. Therefore, RF has stronger robustness. 

5. Conclusions 

To overcome the limitation of the accuracy and robustness of 
the current modeling methods, this paper presents a novel 
thermal error modeling method using random forest, which can 
achieve higher accuracy and has stronger robustness. In future 
work, random forest will also be applied to other errors of the 
machine tools such as cutting-tool wear-induced error.  
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Abstract 
 
Additive manufacturing (AM) processes have become increasingly important in recent years. Their application enables the manufac-
turing of individual, functional components using minimal material. In particular, AM processes are used for the manufacturing of 
lightweight structures in the aerospace industry. Apart from rare exceptions, the use of additively manufactured components in 
machine tools is not widespread. However, their functional lightweight design offers high potential for increasing productivity of 
machine tools. This potential is particularly high when components are frequently accelerated due to the possibility of reducing 
moments of inertia. This paper presents a concept of a topologically optimized, rotating, and mechanically high stressed lathe clamp-
ing system using the SLM (Selective Laser Melting) method. The topology optimization is performed numerically with the simulation 
software ANSYS. The additive materials applied are a stainless martensitic chrome-nickel steel (AISI 630) and an aluminum-silicon 
alloy (EN AC-43000). First, strength-relevant material characteristics are determined experimentally. The effects of different harden-
ing processes on the material characteristics are predicted. These material properties are required for the parameterization of the 
clamping system simulation model. The modelling approach is described in the following. The simulation results of the non-optimized 
clamping system serve as a reference for evaluating the properties of the optimized system. The simulation model is then used to 
perform a mass-based topology optimization of four components of the clamping system with high moments of inertia. The compo-
nents are evaluated simulatively with regard to their yield strength. As a result of the topology optimization, it is found that the 
moments of inertia of the components are reduced by up to 72%. Due to the functional, lightweight design of the clamping system, 
significant reductions in machining and non-productive time of up to 19% are possible. 
 

Keywords: Additive manufacturing, Topology optimization, Lathe clamping system, Material testing  

 

1. Introduction and initial situation 

Topology optimization is a well-proven method of reducing 
weight, especially in the aerospace industry [1]. In many appli-
cations, parts are manufactured additively due to the often com-
plex geometry. This method has also become increasingly wide-
spread in the field of machine tools in recent years. Especially, 
headstocks are topology-optimized [2–4]. Mechanically and 
tribologically highly stressed components, on the other hand, 
are often still manufactured conventionally. However, topology-
optimized and additively manufactured components offer ad-
vantages, especially when masses have to be accelerated. Exam-
ples are speed changes of the linear axes or spindles. On lathes, 
the often long and mechanically complex rotary system, in par-
ticular experiences speed changes. During a speed change, the 
workpiece is usually not machined. The resulting non-productive 
times do not contribute to any added value and rise with increas-
ing moment of inertia of the rotary system. In addition, a lower 
moment of inertia can also reduce machining time. This is for 
example the case for taper turning or cut-off operations with 
constant cutting speed, since the workpiece speed has to be 
changed continuously resulting from varying machining radii. In 
this paper, the potential for reducing the non-productive time 
and machining time by optimizing the topology of a lathe clamp-
ing system is analyzed (Fig. 1). The optimized components are 
using SLM (Selective Laser Melting). 

 

 
 
Figure 1. Clamping system with the components to be optimized 

 
 The clamping system (Hydronic-hiestand 30017-4-PNZ-Feder) 

is part of the rotary system and accounts for a significant pro-
portion of the overall moment of inertia. The system is used to 
clamp workpieces and is coupled to the main rotary system, re-
spectively to the collet chuck (not shown in the picture) via 
screws. The clamping system is actuated pneumatically. If no 
pressure is applied, the collet closes with a maximum force of 
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several kilonewton. When opening, the twelve springs are com-
pressed. Clamping and unclamping can be done during rotation 
up to a speed of n = 5,000 min-1. An axial bearing is provided for 
this purpose. The operating speed is n = 12,000 min-1. 

Four components of the clamping system were identified as 
having a high potential for saving moments of inertia, respec-
tively. This concerns the spring housing (EN AW-7075), the 
spring disc (AISI 5115) and the cover (AISI 1055), which move 
within the housing, as well as the spring cover (AISI 1055). During 
machining, these components are subjected in particular to the 
spring force and the centrifugal force. Additionally, a torque acts 
on the clamping system during acceleration and deceleration. 
The illustrated clamping system has a total mass of m = 12,500 g 
and a rotating mass of mrot = 3,100 g. The axis-related moment 
of inertia of all rotary components is Jzz = 2,100 kg·mm². 

2. Determination of relevant material properties 

Important for the design of the components is the qualifica-
tion of a material that is suitable for both the application and the 
AM process itself. Due to its excellent mechanical and chemical 
properties, a stainless martensitic chromium-nickel steel (AISI 
630) is chosen for AM of the components. The additive pro-
cessing of this material has also been proven in certain studies 
(e.g. [5,6]). However, the standard spring housing is made of alu-
minum (EN AW-7075). Due to the suitability of the aluminum-
silicon alloy EN AC-43000 for AM, this alloy is used.  

At the beginning of the qualification process, suitable param-
eters of the AM process were determined based on common pa-
rameters of known steel materials. For this purpose, the process 
speed, laser power and layer thickness were varied within a full 
factorial design of experiments. Afterwards, the densities of the 
specimen were analyzed. The combination of parameters that 
allow both high density and build-up rate was selected for the 
manufacturing of further specimens. It could be shown that at a 
laser power of 200 W and a scanning speed of 1,300 mm/s a 
density of > 99.9% can be achieved. The density was determined 
to a value of 7.836 ± 0.008 g/cm³ based on the evaluation of six 
specimen using Archimedes' principle. In the next step, the sur-
faces of the components were optimized by adjusting the con-
tour process parameters. By reducing the laser power to 100 W 
and the scan speed to 400 mm/s, the roughness of the lateral 
surfaces could be reduced to a value below Sa = 6 µm. An S-filter 
of 2 µm and an L-filter of 0.5 µm were used to determine the 
roughness. The boundary zones before (a) and after (b) this op-
timization is illustrated in Fig. 2. 
 

 
 
Figure 2. Cross-sections of the specimens without (a) and with (b) opti-
mized contour process parameters 

 
Based on the determined process parameters, samples were 

additively manufactured for material testing. Knowledge of rel-
evant material properties is necessary in order to simulate and 
optimize the topology realistically. Parameters of particular rel-
evance for the optimization are the Young's modulus E and the 
yield strength Rp0.2. In order to increase the material strength, 
heat treatment is necessary after AM. To identify a suitable heat 
treatment process, different heat treatment processes (P1070, 
P1070 + nitriding, nitriding) were considered. In Fig. 3, the eval-
uation of the Young's moduli (a) and the yield strengths (b) of 

the untreated and the heat-treated specimens is shown. As a 
reference, extruded specimens made of AISI 630 were also ana-
lyzed. The tensile tests were carried out with specimens accord-
ing to DIN 50125 (form B) with a diameter of 6.0 mm. Each test 
was repeated twice. Based on the results, it is evident that the 
Young's modulus is not significantly affected by the hardening 
processes. An average Young's modulus of 194 GPa is obtained 
after P1070 treatment. The obtained values are comparable to 
those of the extruded material. Only the additively manufac-
tured and nitrided specimens reveal a decreased Young's modu-
lus by 22.5 GPa (-11%). This is due to the fact that nitriding does 
not significantly affect the microstructural properties (Fig. 4). 
The extruded reference material exhibits a martensitic texture 
with carbide deposits at the grain boundaries (a). In the un-
treated AM material, a martensitic texture with pores (black 
spots) is visible (b). This is comparable to the texture of the ni-
trided specimen (d). Hence, the lower strengths can be ex-
plained. In the P1070-hardened material (c), a quenched and 
tempered texture with a martensite is evident.  

 

  
 
Figure 3. Young's moduli (a) and yield strengths (b) of AISI 630 specimens 
after different heat treatments 
 

The influence of the initial microstructure condition is even 
more evident when evaluating the yield strengths. The un-
treated and nitrided specimens have clearly lower yield 
strengths than the P1070-treated specimens. With an average 
of 451 MPa, the additively manufactured and untreated speci-
mens exhibit a yield strength lower by a factor of 2.3 than the 
P1070-treated specimens (1,031 MPa). Nevertheless, a signifi-
cant increase in yield strength is obtained by means of P1070 
compared to the untreated condition, which is considered to be 
sufficient for the intended use case. Considering the determined 
material parameter values, the simulation is parameterized, 
which is described in the following. 

 

 
 
Figure 4. Microstructure of extruded (a), additively manufactured un-
hardened (b), P1070-hardened (c) and nitrided (d) AISI 630 

3. Simulation of the clamping system 

The topology optimization is based on an FE-simulation model 
of the clamping system, which was developed using the finite 
element software ANSYS. The assumed boundary conditions are 
shown in Fig. 5. Screw connections are assumed to be solid. Rel-
ative movements between these bodies are thus suppressed. A 
"cylindrical support" is applied as a contact condition between 
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the spring housing and the spring disc. As a result, the disc slides 
within the housing, similar to the real situation. All other solid 
body contacts are defined as "frictionless". This allows the sur-
faces of the contacts to slide against each other and also to lift 
off. In order to reduce the computation time, the springs are not 
implemented as solid bodies, but are modeled. Since this ne-
glects the masses and thus the centrifugal effect of the spring 
bodies, the spring masses are modeled as mass points. The 
meshing of the components was optimized by a mesh study. The 
respective component to be optimized must be meshed partic-
ularly finely to increase the quality of the optimization result. To 
reduce the required computing effort, each of the four compo-
nents was therefore optimized individually. Accordingly, four 
simulation models were developed, which differ only in the 
mesh size of the respective component to be optimized. 

The centrifugal force effect due to rotation can be considered 
comparatively easily using a command in ANSYS. Since only a 
section of the overall rotational system of the machine is simu-
lated, the implementation of suitable mechanical boundary con-
ditions is challenging. This concerns in particular the mechanical 
coupling of the spring housing to the surrounding structure. If 
too many degrees of freedom are suppressed, unrealistic 
stresses are imposed on the components. To account for this ef-
fect, only the axial movement of the coupling flange (Fig. 5, gray 
body on the right) was therefore suppressed. Thus, the system 
can radially "expand" as a result of the centrifugal force. The 
torque loads are applied to the left and right sides, so that a tor-
sional load is induced within the force chain of the clamping sys-
tem. The torques are applied to the cylindrical surfaces of the 
through holes and to the flange surface of the coupling. The tor-
ques correspond to the maximum expected motor torque during 
acceleration. The maximum expected tensile force is applied to 
the plane surfaces of the bolt head bores. 

For the subsequent optimization, it is assumed that the loads 
of the centrifugal force, the spring force and the torque occur 
simultaneously and superimpose. This corresponds to the oper-
ating point directly after acceleration to n = 5,000 min-1 with sim-
ultaneous clamping actuation. Since the clamping system is not 
actuated at n > 5,000 min-1, no spring forces occur at higher 
speeds. In a simulation study prior to the optimization, it was 
shown that the component loads due to the omission of the 
spring force are lower also at significantly higher speeds than at 
the described operating point at n = 5,000 min-1. The assumed 
load spectrum thus represents the case of maximum load. 

 

 
 
Figure 5. Simulation model and applied boundary conditions 

4. Topology optimization and additive manufacturing 

The decrease in inertia is realized applying a numerical topol-
ogy optimization available in ANSYS. The equivalent stresses of 

the components that occur during operation are particularly rel-
evant in practice. The maximum permissible equivalent stresses 
required as optimization boundary conditions were determined 
on the basis of the experimentally determined Rp0.2 yield 
strengths. The tolerable stress values for maintaining the fatigue 
strengths were determined in consultation with industrial part-
ners and amount to σ = 450 MPa for AISI 630 and σ = 115 MPa 
for EN AC-43000. The optimization algorithm removes elements 
of the meshed components, so that a minimization of the mass 
is achieved without exceeding the material-specific stress limits. 

In previous simulation studies, it was shown that topology op-
timization of the components on the basis of the previously de-
scribed simulation model in some cases results in filigree struc-
tures that are difficult or impossible to machine. As a further 
boundary condition, a minimum wall thickness of 2 mm was 
therefore specified on the functional surfaces. This procedure 
also ensures the functional integrity of areas subject to low me-
chanical loads, such as the surfaces of the balancing and locking 
holes (Fig. 1). Moreover, a maximum overhang angle of 30° was 
specified as an optimization boundary condition. In Fig. 6, the 
procedure for topology optimization is shown schematically for 
the spring housing. In the center of the figure, the unmodified 
areas during optimization are indicated in gray. The optimized 
area of the original component (Fig. 6, left) is shown in red. The 
balancing and locking holes, which are surrounded by material 
with a minimum wall thickness of 2 mm, are clearly visible. 

 

 
 
Figure 6. Schematic procedure during topology optimization 

 
After topology optimization (Fig. 6 center), the resulting mesh 

body is manually post-processed (Fig. 6 right). From a manufac-
turing point of view, this is not necessary, as the provided file 
format (.stl) can be used directly for AM. However, the rough 
surface resulting from the optimization is critical. Under contin-
uous load, stress peaks can occur near the surface, thereby re-
ducing the component’s lifetime. Even further refinement of the 
mesh or surface smoothing cannot sufficiently counteract this 
issue. Although there are special software solutions for smooth-
ing the topology of such optimized components, manual rework-
ing is still widespread in design practice for cost reasons. Such a 
manual adjustment of the geometry (Fig. 6 right) was carried out 
for all four components. The strengths of the optimized compo-
nents were then verified by simulation on the basis of the simu-
lation model described above. For this purpose, the maximum 
occurring equivalent stresses were once again determined. 

The manufacture of the adapted and sufficiently rigid geome-
tries was carried out with a 3D metal printing machine (Concept 
Laser M2). To account for dimensional and geometrical defor-
mations due to heat-induced distortions caused by the printing 
process and by the subsequent heat treatment process, a mate-
rial offset of 0.1 mm was applied in the areas of the functional 
surfaces. In Fig. 7, the additively manufactured housing is exem-
plarily shown immediately after (a) manufacturing (component 
already separated from the base plate) and after removal of the 
support structure and subsequent sandblasting (b). 
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Figure 7. Optimized housing after additive manufacturing 

5. Potential of the optimized components 

The evaluation of the potential for saving machining and non-
productive times will be carried out in the future based on ex-
perimental time analyses. Since the components are currently 
undergoing obligatory post-machining, the component mo-
ments of inertia are used as evaluation variables. The moments 
of inertia are calculated considering the experimentally deter-
mined densities and the body volumes. In Fig. 8, the moments 
of inertia JZZ of the optimized components are compared with 
the moments of inertia of the standard components. The mo-
ments of inertia of the standard components are indicated in 
gray and those after numerical optimization (Fig. 6 center) are 
visualized in green. The moments of inertia after manual adap-
tation of the geometries (Fig. 6 right) are indicated in magenta. 
Savings of up to 72% are achieved (housing). The comparatively 
small relative decrease for the spring cover (-53%) results from 
the fact that there is only little material in the outer area that 
can be reduced by the optimization algorithm. If the moments 
of inertia of all four components are added together, the calcu-
lated moment of inertia decreases from 1,845 kg·mm² to 683 
kg·mm² (-63%). This corresponds to a decrease of the moment 
of inertia of the entire rotary clamping system of -55%. 

As a result of the manual adjustment of the geometry, a slight 
decreases in the moments of inertia of the cover and the hous-
ing occur (Fig. 8). In the case of the spring cover, the moment of 
inertia is even reduced by 15%. This effect is explained by the 
fact that the rough surfaces of the optimization geometries are 
smoothed manually after the topology optimization. If a signifi-
cant part of the existing topology peaks is removed in this pro-
cess, this is accompanied by decreasing mass and thus decreas-
ing moment of inertia. In the case of the spring cover, this effect 
is particularly evident as the adapted surfaces are located on a 
large outer radius. Changes of mass therefore have a particularly 
strong effect on the moment of inertia. 

The potential for reducing machining and non-productive time 
is demonstrated by considering a typical turning machining pro-
cess. For taper turning (maximum diameter D = 20 mm, mini-
mum diameter d = 1.6 mm) at constant cutting speed  
(vc = 60 m/min), the machining time can be reduced by 19.4% at 
constant motor power (P = 4 kW). Typical components for which 
this process is used are fittings or shafts, which are produced in 
large quantities. The comparison between conventional  
(Jzz = 6,000 kg·mm²) and lightweight rotary system (Jzz = 4,835 
kg·mm²) reveals that a time saving of Δt = 0.23 s is realized for 
the assumed process parameters. For the manufacture of 
100,000 parts, this results in a saving in processing time of Δt = 
6.3 h. If it is also assumed that one acceleration and one decel-
eration phase of the rotary system is planned for each compo-
nent, a time saving of Δt = 0.68 s per workpiece is achieved. For 
100,000 parts, this corresponds to a time saving of Δt = 18.9 h 
(-19.4%). The statements made in [4] according to which the 
lightweight potential of lathes is low and the acceleration of the 

rotary system is barely relevant must therefore be put into per-
spective. 

 

  
 
Figure 8. Achieved reductions of moment of inertia 

6. Conclusion and outlook 

In this article, the procedure for simulation-based topology op-
timization of highly stressed components of a lathe clamping 
system was presented. The SLM process was used to manufac-
ture the parts. Material parameters were determined experi-
mentally and implemented in an FE model of the clamping sys-
tem. As a result of the optimization, the moment of inertia of the 
rotating part of the clamping system was reduced by 55%. Cur-
rently, the functional surfaces of the optimized parts are being 
machined. Subsequently, the parts will be assembled and ana-
lyzed experimentally. Since it is known from the state of the art 
that additively manufactured components made of AISI 630 
tend to lower fatigue strengths [1], this will be investigated in 
detail in future work. The fatigue strength of the optimized com-
ponents will be tested under real load conditions on a test rig 
specially developed for this purpose. In addition, the clamping 
system is analyzed with regard to wear phenomena. Finally, the 
potential for saving main and auxiliary times is analyzed by man-
ufacturing exemplary workpieces. An example calculation of the 
time-saving potential was shown in this article. 
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Abstract 
Although real-time software compensations of thermal errors exist, the majority of these models are not sufficiently validated in real 
finishing operations using a test piece. The accuracy and robustness of the developed models are mostly examined using non-cutting 
measurements. In contrast, machining tests can be more intuitively understood to evaluate the machine’s accuracy for typical 
machine tool users. Moreover, the machined test piece represents a suitable method to verify thoroughly the industrial applicability 
of the developed thermal errors compensation model for machine tool builders. In addition to that, the test piece can be also 
employed for the evaluation of machine tool thermal errors, obtaining thermally induced displacements at the tool center point over 
time. It can be consequently applied as input data for compensation model development. The paper presents the authors’ recent 
research on these issues. Specific test pieces for different machine tool structures are illustrated, e.g., test pieces for validation of 
thermal error compensation of a gantry-type 5-axis milling centre with a rotary table, a six-spindle automatic lathe and a vertical 
turning lathe. 
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1. Introduction 

Thermally induced errors are dominant sources of machine 
tools inaccuracy and are often the most difficult types of errors 
to reduce today [1]. Thermal behavior impact on machining 
accuracy at the tool center point (TCP) can be recorded by direct 
or indirect measurements. The direct measurements are based 
on the requirements of the ISO 230-3 [2], ISO 10791-10 [3], and 
ISO 13041-8 [4]. The ISO standards describe the experimental 
procedure and the technical evaluation of the measurement 
results. The TCP displacements are sensed relatively between 
the main spindle and the machine table by means of contactless 
displacement transducers. Indirect measurements with the test 
piece lead to very illustrative statements about the working 
accuracy of the machine tool. In contrast to direct 
measurements, the machine errors and process influences act 
summarily on the results at the test piece [5]. 

Software compensation of thermally induced displacements at 
the TCP is a widely employed technique to reduce thermal errors 
due to its cost-effectiveness and minimal demand for additional 
gauges. Although real-time software compensations of thermal 
errors exist, the majority of these models are not sufficiently 
validated in real finishing operations using the test piece. The 
accuracy and robustness of the developed models are mostly 
examined by means of non-cutting measurements per the 
international standards mentioned above. It is evidently 
important to evaluate thermal errors compensation models by 
such non-cutting measurements, especially during the 
development of the compensation model. To ensure the high 
robustness of the compensation model, it is crucial to test the 
model with a wide spectrum of operating conditions for a long 

period of time including time-varying environmental 
temperature influences. 

In contrast, machining tests can be more intuitively 
understood to evaluate the machine’s accuracy for typical 
machine tool users [6]. Moreover, the machined test piece 
represents a suitable method to verify thoroughly the industrial 
applicability of the developed thermal errors compensation 
model for machine tool builders. Thus, test piece machining is 
an appropriate alternative to the thermal displacement 
measurement given by international standards [7]. In addition, 
to carry out direct measurements of thermal errors requires 
special devices and software. Given the fact that the vast 
majority of shop floors do not have the possibility to test their 
machine tools regularly for thermally induced errors with special 
measuring equipment, there is a high demand for a simplified 
measurement procedure 

To detect position and orientation errors and error motions 
under machining conditions, test pieces have been developed. 
Examples of test pieces for NC machine tools are given in 
ISO 10791-7 [8]. ISO 10791-7 describes machining tests for 
machining centers, but it only evaluates the geometric accuracy 
of a single finished test piece and assumes that the machine is 
thermally stable after sufficient warm-up. There is no 
international standard specially dedicated for test pieces which 
are able to capture the machine tools thermal errors, despite the 
fact that these are crucial for industrial improvements 
concerning thermal issues on machine tools. Many researchers 
have proposed machining tests to evaluate a machine tool’s 
geometric accuracy (see a review in [9]), but few have been 
applied to thermal error evaluation. Current research 
concentrates on the design of new test pieces which are able to 
capture the thermal errors of machine tools [10]. 
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In [11], [12] a previous design of a geometrical test piece is 
extended for the measurement of thermally induced error 
motions of rotary axes. Three different pyramid-shaped test 
pieces are manufactured every 25 min to measure thermal 
effects. The features characterizing the thermal deviations are 
measured with a touch probe system directly on the machine, 
under the assumption that the linear axes have small volumetric 
errors in comparison to the rotary axes.  The idea of a compact 
test piece for the evaluation of the thermally induced 
translational displacements of the TCP is presented in [5]. The 
test piece consists of several reference surfaces manufactured 
at the beginning of the test cycle. The heat input into the system 
is generated by the rotation of the spindle as well as several axis 
movements. Thermal test piece for 5-axis machine tools was 
proposed in [10]. The objective of this paper is to introduce a 
validation of thermal errors compensation models via different 
test pieces. Specific test pieces for different machine tool 
structures are illustrated in the paper. 

2. Gantry-type 5-axis milling centre with a rotary table 

A test piece was machined to verify the industrial applicability 
of the developed thermal error model in the Z axis, see [7]. The 
tested machine was a gantry-type 5-axis milling centre with a 
rotary table (diameter 630 mm) and symmetrical structure. The 
test piece material was an aluminium alloy. The surface was 
covered with an eloxal coating for better visibility of cutting tool 
imprints on the surface caused by thermally induced 
displacements at the TCP. The test piece fixed on the table in the 
machine tool workspace is depicted in Fig. 1. The flatness of the 
test piece upper anodized surface is less then 10 μm. 

 

 
 

Figure 1. Test piece fixed on the table of the gantry-type 5-axis milling 

centre [7] 

 
The procedure for creation of the test piece is described in 

Fig. 2. The process was divided into two cyclically repeated 
phases: machining tool imprints in a column and conducting a 
test with simultaneous spindle rotation and movements along 
the Z axis (see the specification in Fig. 2). One column of tool 
imprints was machined with a programmed Z tool positioned, as 
shown on the left side of Fig. 2 (with 10 μm step up to 130 μm). 
Thereafter, the test with simultaneous spindle rotation and 
movements in the Z axis was carried out (2 hours). The 
procedure was repeated until the entire matrix of imprints was 
machined (10 columns; 18 hours), as depicted on the right side 
of Fig. 2. The complete matrix would have contained only three 
rows in the ideal case (without any thermally induced 
displacements at the TCP). This ideal case corresponds to the 
blue imprints on the right side of Fig. 2. The red imprints reflect 
a thermal distortion in the Z-direction caused by loading periods 
over time. The vertical scale of the thermal test piece provides a 
visual imprint of the TCP thermal deformations under the 
specific test with simultaneous spindle rotation and movements 
in the Z axis (with 10 µm resolution, as mentioned above). 

 
 

Figure 2. Test piece manufacturing procedure [7] 

 
The test piece constitutes a means of comparison between the 

uncompensated state of the gantry-type 5-axis milling centre 
and after application of the thermal error model based on 
transfer functions (TFs), see [7]. A plan view of the manufactured 
test piece with an imprint of the measured thermal 
deformations in Z-direction is shown in Fig. 3. Reduction of 
thermal displacements in the Z-direction with the aid of the 
thermal error compensation model using TFs was as high as 92% 
compared with the uncompensated state (achieved reduction 
by the model application from 130 μm to 10 μm). 

 

  
 

Figure 3. Machined test piece without compensation (left) and with 

thermal error compensation based on TFs (right) [7] 

3. Six-spindle automatic lathe 

The test pieces can be also employed for the evaluation of 
machine tool thermal errors (obtaining thermally induced 
displacements at the TCP over time, which can be consequently 
applied as input data for compensation model development). 
This application is illustrated on a six-spindle automatic lathe, in 
particular the MORI-SAY TMZ642CNC numerically controlled six-
spindle automatic lathe produced by TAJMAC-ZPS. Workpiece 
spindle units are arranged around a central axis, which can be 
driven rotationally and advanced from one machining position 
(MP) to the next MP. The only critical direction to compensate is 
the X-direction (workpiece diameters that are machined at 
different MPs of the six-spindle automatic lathe), see [13]. 

This kind of machine tool is typically used for one workpiece 
technology in the long term. Thus, to obtain thermally induced 
displacements at TCP in the X-direction is suitable to employ 
several sets of manufactured steel test pieces. The basic scheme 
of the test piece, manufactured by a specific technology, is 
depicted in Fig. 4 (left) [13]. The diameter denominated as D1 
(38 mm) of the test piece is manufactured at the first MP, the 
diameter denominated as D2 (34 mm) of the test piece is 
manufactured at the second MP, etc. Test pieces were machined 
only in certain time intervals during the calibration 
measurement (due to material savings). The time interval was 
changed according to the actual thermal state of the six-spindle 
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automatic lathe from 5 min (at the beginning of the test) to 
30 min (at the end of the test). Since the cutting operations are 
carried out only during a short period of time to manufacture 
the test pieces, the influence of tool wear can be neglected. 

 

 
 

Figure 4. Different test pieces for six-spindle automatic lathe [13], [14] 

 
The recording of thermal displacements of the examined 

diameters (D1 to D6) was obtained by machining the test piece 
sets in defined time intervals. One set stands for 6 test pieces 
(one revolution of the spindle drum which lasted 60 s). Thus, 
several sets of test pieces represent the time axis of the thermal 
displacements of the machine in the X-direction, see Fig. 5. 

 

 
 

Figure 5. Several sets of manufactured test pieces on the six-spindle 
automatic lathe [14] 

 
Subsequently, the manufactured sets of test pieces were 

gauged on a coordinate measuring machine (CMM) in an air-
conditioned room. Obtained thermal displacements in X-
direction are applied as input data for thermal error 
compensation model development. The compensation model 
which predicts thermal errors in X-axis in different MPs of the 
six-spindle automatic lathe is presented in [13]. The further 
improvement of the thermal error compensation model via a 
smart sensor for measuring spindle drum temperature is 
discussed in [14]. The slightly different test piece was selected 
for validation of the modified thermal errors compensation 
model, see Fig. 4 (right). 

 

 
 

Figure 6. The comparison of thermal errors in X-axis for six MPs without 
thermal compensation and after compensation [14] 

The changes of the test piece diameters D1 to D5 over time 
measured by CMM (representing the six-spindle automation 
lathe thermal errors in X-axis in different MPs) manufactured 
without thermal compensation and after application of 
compensation are shown in Fig. 6. The light-grey area in Fig. 6 
stands for the thermal displacement envelope of the 
uncompensated state (the maximum thermal displacement in 
the X-direction is -58 μm) and the blue area delineates the 
envelope of the compensated state [14]. 

4. Vertical turning lathe 

Another test piece was machined to validate the thermal 
errors compensation model of a vertical turning lathe with a 
rotary table diameter of 3,000 mm. The compensation model 
predicts linear deformations in Z-direction caused by rotary 
table activity, see [15]. Thermally induced errors caused by 
rotary table speed are nonlinear and a dependency on the 
workpiece clamping diameter was taken into account. 

The test piece is presented in Fig. 7. The test piece material 
was grey cast iron. The test piece consists of four circular areas 
1 (8), 2 (7), 3 (6) and 4 (5) meant for manufacturing and 
measuring in Z-direction, respectively. The test piece clamping 
diameter was 1,200 mm and the model gain factor of g = 0.76 
had to be adjusted. The test piece was placed on accurately 
polished underlies (for potential measurement with CMM 
machine) and fixed to the rotary table by clamps [15]. 

 

 
 

Figure 7. Test piece for vertical turning lathe [15] 

 
The manufacturing process of the test piece during the 

verification test within finishing cutting conditions is depicted in 
Fig. 8 (left). Measuring principle of manufactured areas is shown 
in Fig. 8 (right). The combined standard uncertainty of the 
measurement is 3 μm. 

 

 
 

Figure 8. Test piece manufacturing (left) and measuring (right) [15] 

 
The test piece manufacturing process was carried out as 

follows. First circular area 1 (8) was manufactured by prescribed 
finishing cutting conditions (Table 1). Then the steady cutting 
tool waited 1.5 hours between areas 1 (8) and 2 (7). Rotary table 
was active at constant rpm. The second area 2 (7) was 
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manufactured after the pause and so on until the tool reached 
the middle of the test piece and the experiment was ended. 
Table 1 Cutting parameters during manufacturing of the test piece [15] 
 

table speed 
[rpm] 

depth of 
cut [mm] 

feed rate 
[m∙min-1] 

pitch 
[mm∙rpm-1] 

variable 
(see Fig. 9) 

0.2 120 0.15 

 

 
 

Figure 9. Cutting test set-up, conditions and model input behaviours [15] 

 
Two contact displacement probes were mounted on the 

headstock tool holder to measure the test piece deformations 
after the vertical turning lathe cooled down (see Fig. 8). The two 
points were measured in all measuring positions (1 to 8). Table 
was repositioned five times (in 45°) and all positions measured 
for statistical data; evaluation uncertainty of Type A. 

Two experiments were carried out (with and without thermal 
error compensation active in the machine tool control system) 
to evaluate the vertical turning lathe accuracy enhancement. 
The measured model input behaviours and the table speed 
during both tests with the cutting process are depicted in Fig. 9. 

The arithmetical mean of thermally induced errors in  
Z-direction was calculated from the measured data in all 
measuring positions. The measured deformations in Z-direction 
with active compensation are depicted in Fig. 10 (left). 
Deformations without compensation are shown in Fig. 10 
(right). Since the experiment set-ups are similar, both machine 
tool thermo-mechanical states are possible to easily compare. 

 

 
 

Figure 10. Measured deformations with compensation (left) and without 
compensation (right) during the finishing cutting tests [15] 

 
The improvement of the thermo-mechanical state is 

estimated 7-fold (87%) in the Z-direction compared to the 
uncompensated state of the vertical turning lathe. Additionally, 
the test piece thermal errors were measured by a precision level 
and with CMM machine with similar results. 

5. Conclusions 

The paper presents the authors’ recent research on the 
validation of thermal errors compensation models via test 
pieces. As there is no international standard specially dedicated 
for test pieces which are able to capture the machine tools 
thermal errors, specific test pieces were proposed for different 
machine tools structures. 

Different test pieces are employed due to the fact that the 
tested machine tools structures have naturally different thermal 
behaviour. Thus, each of the tested machine tools requires a 
specific test piece to evaluate thermal errors at the TCP. In 
addition, it is quite typical that machine tools users often require 
to manufacture specific test pieces for machine tool acceptance 
purposes from machine tools manufacturers. Specifically, the 
test pieces for validation of thermal error compensation based 
on TFs of the gantry-type 5-axis milling centre with a rotary 
table, the six-spindle automatic lathe, and the vertical turning 
lathe are discussed in detail. Manufactured test pieces prove 
that the developed compensation models based on TFs 
significantly minimize the thermal errors at the TCP of the tested 
machine tools. Test pieces are suitable tool for visualization, 
quantification and evaluation of thermally induced errors of 
machine tools 
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Abstract 
 
In high-precision mass or force measurement, the electromagnetic force compensation (EMFC) weighing cell is utilized to achieve 
accuracy of sub-mg level. Conventional EMFC weighing cell consists of compliant flexure-based Roberval mechanism and lever 
amplification mechanism. In our previous work, we proposed a new type of EMFC weighing cell with an axis symmetric structure that 
three double parallelograms and lever mechanisms are arranged radially around the center of gravity axis. To investigate structural 
characteristics and design a proposed weighing cell, modelling and analysis of compliant mechanism was performed in this paper. 
The multi-body matrix method, which sets a mechanism as a multi-body mass-spring system and predicts static or dynamic 
characteristics through Lagrange equation, is adopted to model the proposed mechanism. We focused on the following three 
characteristics. First, we evaluated the stiffness in the weighing direction according to the dimensions of compliant mechanism, which 
should be minimized for high weighing sensitivity. Next, mode shapes and frequencies are evaluated depending on flexure 
dimensions to achieve control stability. Lastly, compensation force change from tilting of ground was observed to confirm the tilt 
sensitivity of the weighing cell. 
 
Compliant mechanism, Flexure, Weighing cell, Electromagnetic force compensation (EMFC) 

 

1. Introduction 

Electromagnetic force compensation (EMFC) measurement 
principle has been widely utilized in various high-precision 
mass/force determination systems due to its high mechanical 
sensitivity from compliant mechanism and position sensors with 
nanometer level resolution.  Among the applications, the EMFC 
weighing cell has been adopted in the Kibble balances, an 
instrument for realization of ‘kg’, to measure the force 
difference between gravitational force and electromagnetic 
force.  

In a previous study, we proposed a weighing cell unit for KRISS 
(Korea Research Institute of Standards and Science) Kibble 
balance [1]. Since the balance was designed in a symmetrical 
structure, the design goal of the weighing cell was to build an 
axis symmetrical structure while adopting EMFC measurement 
principle. As a result, a new type of EMFC weighing cell was 
introduced that three double parallelograms and lever 
mechanisms are arranged radially around the center of gravity 
axis as shown in figure 1. gravitational force (Fg) from measuring 
weight is compensated by the electromagnetic force (Fc) of the 
actuator generated from position feedback control. The 
displacement (δL) of the lever is measured by high-precision 
sensor with 1 nanometer resolution.  

The first prototype of proposed weighing cell had a 1.5 mg of 
repeatability in case of 10 g.  A second prototype is currently 
being developed to increase weighing performance. In this 
paper, we introduce preliminary results of the structural analysis 
for system stiffness, modal characteristics, and tilt sensitivity.  

2. Parametric analysis of compliant mechanism 

2.1. Analytical model 

The multi-body matrix method was utilized to build an 
analytical model of proposed system [2]. In this method, the 
system elements are classified into mass and spring elements, 
respectively. Then, each mass, inertia, and stiffness for the six 
degrees of freedom in the Cartesian coordinate system are 
matrixed. Based on the configured matrix and connection vector 
information between elements, static and dynamic 
characteristics of the system are predicted through the Lagrange 
equation.  

 
2.2. Stiffness evaluation 

The stiffness in weighing direction (Fc/δL) should be minimized 
to maximize mechanical sensitivity. Simulation results were 
obtained by changing the most sensitive dimensional 
parameters for determining system stiffness, i.e., thickness, the 
depth of guide, lever and coupler flexures as shown in figure 2-
(a). Simulation results showed that minimizing the flexure 
thickness of the lever amplification mechanism is important to 
increase weighing performance. 

 
Figure 1. Compliant mechanism structure of proposed EMFC weighing 
cell.  
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Figure 2. (a) system stiffness and (b) mode frequency ratio over flexure 
dimensions, parameter range is described in (a). 

 

 
Figure 3. Graphical view of mode shapes obtained from analytical 
solution. 

 
2.3. modal analysis 

Since the EMFC weighing cell is driven through feedback 
control, dynamic characteristics represented by the natural 
frequencies and mode shapes are crucial for vibration 
suppression and stable weighing response. As shown in Fig. 2-(b) 
and 3, the first and second mode frequencies and shapes were 
investigated according to the flexure dimensions. As a result, 
three cases are observed depending on the mode shape. For 
case 1 and 2, the first mode shape was the shape in which the 
lever mechanism moves the largest in the vertical direction. 
Otherwise, the pendulum mode of weighing pan was set to the 
first mode shape for case 3. 

Since the system can control only the lever displacement by 
the voice coil motor, the lever mode should be set as a 1st mode 
shape for stable control. Case 3 occurs when the lever and 
coupler flexure thicknesses are greater than about 0.3 mm, 
which is close to the thickness of weighing pan connector flexure 
(0.5 mm) designed so that parasitic moments of the weighing 
pan are not transmitted to the system. Therefore, it is necessary 
to ensure that the lever and coupler flexure thickness does not 
get close to the connector flexure thickness. 

Cases 1 and 2 are classified by the difference in the shape of 
the 2nd mode. In the second mode of case 1, the linear motion 
guide resonates, and it occurs when the thickness of the guide 
flexure becomes much thinner than the thickness of the lever 
flexure. At this time, the second mode frequency becomes close 
to the first frequency as shown in figure 2-(b), so it would be 
difficult to increase the control bandwidth. Therefore, case 2 is 
preferable because the pendulum mode is insensitive to the 
flexure dimensions.  

3. Tilt sensitivity analysis      

When the ground is tilted in precision weighing, cosine 
deviation occurs in the weighing result, which directly acts as a 
measurement error. Therefore, system should be designed 
insensitive to ground tilt or be immune to the tilt. In case of the 
weighing cell installed on KRISS kibble balance, the tilt sensitivity 
characteristic is particularly important because the system is 
tilted by an external control to align the weighing cell in the 

direction of the gravity [3]. Thus, tilt sensitivity analysis 
conducted using the analytical model of weighing cell. The tilt 
angle range was set from -1 degree to 1 degree about the x- and 
y-axis angles. 

 

 
Figure 4. Compensation force distribution over x- and z- axis tilt angle 
when each lever was independently controlled. 
 

In the proposed system, it is possible to independently control 
the displacement of each lever by installing sensors and 
actuators at the ends of all three lever amplification mechanisms. 
Therefore, the change in compensating force for the tilt angle 
was observed in each lever. The maximum change in force was 
about 0.2 to 0.4 mN when each lever was independently 
controlled as shown in figure 4-(a-c). In terms of tilt sensitivity, 
it was 0.2 mN/deg.  

Since all displacements of lever end point can be measured, a 
plane can be determined from the vectors of these three non-

collinear points. Finally, tilt angle θ  and ф can be estimated by 

comparing between normal vector of the calculated plane and 
z-axis vector. Based on this result, it is expected that the ground 
tilt is removed through tilt angle adjustment procedure. We will 
investigate this proposed adjustment procedure through the 
model and experiments in the future. 

4. Conclusion and future work      

The compliant mechanism of the axis symmetric EMFC 
weighing cell for KRISS kibble balance was introduced and its 
structural characteristics were investigated by the multi-body 
matrix method. Parametric analysis confirmed that static 
stiffness and dynamic mode shapes are sensitive to flexure 
dimensions, especially its thickness Also, by observing the 
change of compensation force according to the tilt angle to the 
ground, we analysed how sensitive the system is to ground tilt. 

Currently, the prototype is being designed based on the 
analysis result. To verify the analysis results obtained from the 
model, we will evaluate all the system characteristics analysed 
in this study through experiments in the future.  
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Abstract 
 

A novel approach to displacement and angle measurements that uses range-resolved interferometry to interrogate multiple 
interferometers is presented. Spatially offset beams are multiplexed onto the same delivery fibre using a very simple setup comprising 
of two stacked beamsplitters and the phase evaluation of these interferometers allows simultaneous measurement of both 
displacement and angular changes of a target surface. The operating principle of this technique and key design concepts are 
discussed. This approach, with its simple and compact fibre-coupled optical setup and ease of alignment, expands existing 
applications of laser interferometry, particularly for space-restricted environments, and its cost-effectiveness will be key to allowing 
widespread usage. 
 

Keywords: Interferometry, Measurement, Optical, Metrology 

 

1. Introduction 

High precision angle and displacement sensors are paramount 
in many applications, including modern production techniques 
and scientific research where positioning and manipulation of 
components is essential. A wide variety of existing techniques 
have been used for angle measurements, including 
autocollimators [1] and interferometric techniques [2]. Here, 
interferometric approaches can offer high precision 
measurements with sub-nanometre resolution [3][4], however,  
interferometric approaches often require complex optical 
setups with numerous polarisation-sensitive components [5-7] 
such as waveplates, beamsplitters and analysers. This 
complexity is exacerbated as the system is extended to sense in 
multiple degrees of freedom. This current lack of simple, cost-
effective solutions severely restricts the application of laser 
interferometry for angle and displacement sensing for both 
industrial and scientific applications.  

In this paper a novel interferometric approach for performing 
combined angle and displacement measurements, requiring just 
a single diode laser and photodetector and an extremely simple 
optical setup is presented. Using a range-resolved 
interferometric technique [8] to demodulate multiplexed 
interferometric signals, simultaneous displacement 
measurements of two parallel beams is demonstrated, also 
allowing the calculation of angular changes. This paper expands 
previous work on multi-dimensional displacement 
measurements [9] into the realm of angle measurements, 
allowing for novel applications of laser interferometry, 
particularly in space restricted applications. 

2. Principle and Setup      

2.1. Range-Resolved Interferometry   
Range-resolved interferometry (RRI) [8] is a signal 

demodulation technique that uses sinusoidal optical wavelength 
modulation, resulting from sinusoidal injection current 

modulation, of a diode laser. Using a single diode laser and 
photodetector, multiplexed interferometers can be 
interrogated by calculation of appropriate range dependent 
demodulation carrier waveforms, allowing for independent and 
simultaneous phase measurements from each interferometer. 
Standard interferometric displacement measurements based on 
phase change evaluation can then be performed for each 
constituent interferometer, provided these have unique optical 
path differences, where any overlap results in cyclic errors [10].  
 
2.2. Setup      

A simple optical setup was developed that uses two vertically 
stacked beamsplitters, and a planar mirror mounted on a pitch-
yaw stage, interrogated with a weakly-focussed beam 
emanating from a fibre collimator, as shown in Fig. 1. By 
appropriate orientation of the beamsplitters, two parallel beams 
are created that are reflected from the planar mirror at 
reflections points M1 and M2, and back through the 
beamsplitters to the optical fibre. Here, a flat polished fibre tip 
is used so that evaluated interferometers are created between 
each of the beams reflecting from the mirror, and a beam 
reflecting from the fibre tip, labelled O. In addition, the 
interferometer between the front surface of the beamsplitter, 
R, and the fibre tip is interrogated to remove any motion signals 
caused by movement between the fibre tip and beamsplitter  
assembly. By numerical subtraction of the reference  
interferometer from the two mirror reflection interferometers, 

Figure 1. Schematic of the experimental setup used in this paper with 
reflection points O, R, M1 and M2 labelled. A close-up of the mirror 
incident points is shown on the left showing the pitch angle θ and the 
separation of the beams, d. 
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independent and simultaneous displacement measurements 
between the mirror and the reference surface can be performed 
for the two parallel beams. 

In order to interrogate the optical setup, the interrogation 
hardware shown in Fig. 2 is used. A single discrete-mode laser 
diode, emitting at a wavelength of 1520.54 nm, is sinusoidally 
modulated through injection current modulation at a frequency 
of 24.4 kHz, with a resultant wavelength modulation amplitude 
of ± 0.3 nm. The laser emission is passed via a fibre-optic 
circulator to the optical setup. The returning light is incident on 
the InGaAs photodetector, and the resulting interferometric 
signals are demodulated in real-time by field programmable 
gate array (FPGA)-based signal processing hardware. A 
schematic of the interrogation hardware is shown in Fig. 2(a), 
along with photos of the fully-enclosed interrogation unit shown 
in Fig. 2(b) and of the experimental setup shown in Fig. 2(c). 

Figure 2. (a) shows a schematic of the hardware used in the paper. (b) 
shows a photo of the fully enclosed interrogation hardware, while the 
experimental setup used is pictured in (c).  

3. Experimental Results      

Using a pitch-yaw stage to adjust the pitch angle of the mirror, 
measurements were taken of the mirror displacement as 
observed by the two parallel beams reflected by the mirror and 
spatially separated by distance d = 10 mm. Over a ± 0.25° angular 
range, the mirror pitch was adjusted in increments of 0.05° and 
the phase changes in each interferometer were recorded. The 
measured displacements for each beam 𝛥(𝑀1,2 − 𝑅) after the 

reference signal R has been removed are shown in Fig. 3(a). The 
resultant angle change can be calculated using Eq. (1), where θ0 
is a constant angular offset assumed to be 0° for this experiment.   

tan(𝜃 + 𝜃0) =  
𝛥(𝑀1−𝑅)−𝛥(𝑀2−𝑅)

𝑑
          (1) 

The angle change measurement from the interferometer is 
then compared to data from the pitch motor control encoder in 
Fig. 3(b). The inset, which includes a linear regression fit, 
confirms the linear relationship between the angle encoder and 
interferometer measurements. Of interest within the results 
from Fig. 3(b) is the slight scaling mismatch of approximately 
3.0% between the encoder reported angle and the 
interferometer angle measurement. This could be caused by 
misalignment of the mirror to the pitch angle, such as a small 
rotation about the yaw axis, or a mutual misalignment of the 
beamsplitters. Errors in the uncalibrated angular stage encoders 
could cause additional uncertainties. Furthermore, the scaling 
mismatch could also be caused by a miscalibration of the laser 
emission wavelength,  which would result in a systematic scaling 
error in the measured displacements and therefore the implied 
angle change. From the data shown in Fig. 3(b) an angle 
measurement noise standard deviation (over a 10 kHz 
bandwidth) of 1.5×10-5 degrees or ≈ 5.4×10-2 arcseconds can be 
calculated, which is of the same order of magnitude as 
commercial autocollimators [1]. 

Figure 3. (a) Measured displacements for the two parallel beams 
incident on the mirror, with the reference interferometer R subtracted, 
for a series of stepped pitch angle changes. (b) shows the angle change 
calculated from these displacements measured by the interferometer, 
compared to data from the pitch motor stage encoder. In the inset in (b), 
the encoder measurements are plotted directly against the 
interferometer measurements, with a best linear fit plotted alongside. 

4. Further Work 

This technique shows great promise as a simple alternative to 
existing techniques for combined angle and displacement 
measurements. Whilst this particular configuration offers a 
single linear axis and a single rotational axis measurement, 
alternative optical configurations could be developed to allow 
for measurement of multiple rotational axes simultaneously in 
addition to linear displacement axes.  

5. Conclusions 

In this paper a novel approach to displacement and angle 
measurement using a range-resolved interferometric technique 
with a very simple optical setup has been presented. Using a 
proof-of-concept design, measurements of pitch angle changes 
obtained from displacement measurements of two spatially 
separated parallel optical beam paths multiplexed into a single 
interferometric signal, demonstrating an angle noise 
performance of 5.4×10-2 arcseconds at 10 kHz bandwidth, 
indicative of the potential usefulness and simplicity of the 
proposed approach.  
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Abstract 
To realize SI-traceable length measurements in air over distances of up to 5 km with a relative uncertainty significantly better than 
1 part-per-million (10-6) we develop an outdoor-capable heterodyne interferometer. Beam guidance in two levels enables a compact 
design. We use a closed frame design to ensure high mechanical stability, and low thermal expansion materials to avoid mechanical 
drifts. An optimised fixation of the optical components and flexure hinges ensures long-term stability of the optical set-up. Besides 
stability, another challenge addressed is the fact that the system requires alignment capabilities to better than 0.5 arcseconds. 
 
Geodetic length instrumentation, closed-frame design, thermal and long-term stability, manual positioning system, precision assembly 

 

1. Introduction and requirements 

Long range measurements in air play an important role in 
surveying and geodesy. High-accuracy measurements are 
necessary to detect changes at critical sites like nuclear waste 
repositories or dams. Geodetic length instrumentation like GNSS 
based systems must be verified against terrestrial references to 
ensure traceability to the SI definition of the metre. For this, the 
relative uncertainty of the reference lengths should be 
significantly better than 1 ppm. The accuracy of any optical 
measurement technique over such a range, however, suffers 
from the inevitable inhomogeneity of the air index of refraction. 
In this contribution, we describe the resulting challenges for the 
design and manufacture of a novel optical standard for 
measurements up to this range.  

The main goal of the newly developed instrument is to 
measure a length of up to 5 km with a measurement uncertainty 
of 1 mm (k=2; 95% coverage probability), while for a shorter 
distance of 1 km the uncertainty of the measurement should be 
around 100 µm. Based on our previous work [1, 2], we intend to 
realize the optical length measurement by absolute distance 
interferometry using intrinsic dispersive refractivity 
compensation. As optical source, we use two Nd:YAG lasers with 
a stabilized frequency difference. The two-colour measurement 
is realized by the fundamental 1064 nm and the frequency 
doubled 532 nm beams. They are superposed before the 
interferometer head in two polarization maintaining photonic 
crystal fibers [3], one delivering the local oscillator and the other 
the signal beam. We use a classic heterodyne interferometer 
design to measure the interferential optical phases (see Fig. 1). 
All optical elements need to be achromatic for both 
wavelengths. The targeted extreme long range requires a large 
aperture to reduce diffractive expansion of the optical beams. 
For robust outdoor operability, we decided to work with an 
achromatic lens telescope with an exit aperture of 123 mm. The 
spacings between the three optical lenses is highly critical. The 
mechanical design of the mount must allow an adjustment of 

the distance of the two telescope achromates of 540 mm to 
micrometer level. Small mechanical drifts of the various mounts 
are inevitable. A mirror can be driven in and out of the beam 
path between range measurements to enable a reference “0” 
measurement during operation. Its positioning is better 
reproducible than 10 µm. 

The system will be operated outside in a temperature range of 
5 °C to 35 °C, also under adverse conditions. For long range 
measurements extended integration times are necessary to 
reduce the impact of turbulence. Therefore, the design must 
ensure structural, in particular thermal stability even over 
several tens of minutes on micrometer level. Low-strain 
mounting of the optical components of the interferometer with 
very uniform force vectors to ensure long-term stability is also 
important for mechanical robustness against shock or vibrations 
during transport and setup. In addition, the system centre of 
gravity shall coincide with the origin of the three mechanical 
axes: torques due to the inevitably high load mass at the fragile 
geodetic mounting point must be avoided. Finally, targeting and 
beam alignment must ensure that the emitted laser light hits a 
retroreflector with a circular aperture of only 127 mm. This leads 
to an alignment precision of less than 0.5 arcseconds in both, the 
horizontal, and the vertical axes. Finally, the instrument weight 
should allow two persons mounting it on geodetic pillars. 

 

 
 

Figure 1. Functional scheme of the heterodyne two-colour absolute 
distance interferometer. 
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2. Design and manufacture      

 
 

Figure 2. Partial section of the “interferometer head” (laser-light path in 
green). 
 

For a better handling during transport and installation, the 
system was divided into two units: the interferometer head 
(Fig. 2), which accommodates all parts of the optical set-up, and 
the base with the alignment setup (Fig. 3). In addition, an 
adjustment structure for initial calibration in the laboratory is 
used. A corresponding self-centering interface between the two 
units was developed. One side of the interface has three pairs of 
dowel pins acting as V-prisms, while the other side consists out 
of three spheres. They are aligned on the same reference 
diameter in a 120° angle. Mounting both sides together with a 
central screw leads to a very well defined and kinematically 
determined bearing with high reproducibility in the alignment of 
the optical and the mechanical axes. In addition, the initial 
assembly of the frame and the interface will be monitored by a 
coordinate measuring machine. We aim at a small tolerance of 
the horizontal mechanical axis to the beam axis for both 
supports of less than ± 30 µm through these measures. The 
beam guidance inside the interferometer head is realised on two 
levels. This allows a compact form, a rigid design, and a 
limitation of the torque on the baseline pillars. Many optical 
mounts have been developed specifically as well to ensure very 
uniform and low-stress restraint of beam splitters and 
waveplates. At the same time, the fixtures must be insensitive 
to possible impacts during transportation and setup to assure 
long-term stability of the system. We therefore developed 
flexure hinges which allow for coarse and fine adjustments in a 
single device. The angles between optical components and the 
holding fixtures were optimised to avoid etalon effects in the 
interferometer. The functional optical components are mounted 
in a stiff closed-frame design to ensure high mechanical stability. 
This also helps reducing the temperature influence on the 
measuring system. Thermal drift is also minimized by using a 
material (FeNi36) with a low coefficient of thermal expansion 
(CTE, α ≈ 1.2∙10-6 K-1) for all critical parts. Furthermore, the 
enclosure is thermally as well as mechanically isolated from the 
optical set-up to eliminate the influence of the surroundings 
during the measurement. A sighting telescope is mounted on 
top of the interferometer head to locate the reflector in the first 
instance.  

The base and alignment unit depicted in Fig. 3 must provide a 
rigid connection between the reference point and the 
interferometer head. At the same time, one has to be able to 
move the interferometer head, so that the laser light hits the 
reflector. The alignment of the system is acquired by a three-
stage manual positioning system. In a first step, the instrument 
is coarsely aligned by hand. This position is fixed by a clamping 
mechanism. The second stage consists of a small linear table 
which moves a micrometer gauge. After fixation of the second 
stage, a fine-tuning gauge connected to a lever finally enables 

the instrument to be aligned very precisely with the target 
reflector. This layout is used for both axes. The bearing used in 
the vertical axis is an adjusted O bearing arrangement. To save 
space and weight we implemented thin section bearings 
wherever possible. For the connection between the given 
geodetic reference points and the base part, we use the 
standard tripod interface following the ISO 12858-3 standard. 
Again, the whole design needs to be very stiff, but still compact 
and lightweight. We use cutouts at regions of low stress and 
different material combinations where possible. The horizontal 
axis has a fixed bearing on one side of the interferometer head 
and a floating bearing on the other side to prevent stress 
induced bending. The interferometer reference point needs to 
remain in the plumb line on the pillar reference point. To avoid 
lateral displacements, we use CTE alloy for the horizontal parts. 
But vertical displacements below 1 mm are negligible for the 
long distance measurement. Therefore, thermal expansion is 
not critical in this direction and the lighter aluminum can be used 
for the vertical mounting structures. Although numerous 
cutouts in all parts help to reduce weight, a total system weight 
of almost 45 kg turned out inevitable. 
 

 
Figure 3. The base setup with the alignment unit. The three-stage 
positioning system is marked for the vertical axis only. Invar parts are 
depicted in violet.  

3. Conclusion and outlook      

At the time of writing this article, manufacturing of the single 
parts is being conducted and first assemblies are completed. The 
interferometer head shall be finished in the first quarter, the 
base and alignment unit in the second quarter of 2021. Setup, 
adjustments and initial laboratory verification tests are planned 
immediately after. The full measuring system will then be 
studied and validated at PTB’s long range calibration baseline 
and the Nummela standard baseline in Finland. In the course of 
the European “GeoMetre” project, the system will be deployed 
to novel European reference baselines constructed in Poland 
and to several European geodetic reference networks at 
geodetic co-location sites. Later, it is intended to serve as 
German reference standard for long distance measurements. 
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Abstract 
 
Vibration monitoring is one of the key areas of interest in precision manufacturing setups to ensure high level of engineering 
confidence in manufactured products and associated machinery. Traditionally, high-cost vibration sensors have been employed in 
industrial manufacturing scenarios. The recent development of industrial grade MEMS based vibration sensors has shown promise 
in viability offered by such low-cost sensors in metrological applications enabling Industry 4.0. Previous work was conducted to 
characterize the performance and background noise of measurements from low cost triaxial accelerometers in terms of identifying 
the parameters that induce uncertainties and baseline errors in measured data. This work expands the study by evaluating 
uncertainty in measured data of such low-cost vibration sensors according to stochastic (JCGM 100:2008) and Monte Carlo methods 
(JCGM 101:2008). The recorded data was captured after conducting static and dynamic tests on a calibration test bench using a range 
of frequencies while establishing traceability according to the ISO 16063-11:1999, ISO 16063-21:2003 and the IEEE 1293-2018 
standards. The work investigates uncertainty in measurement by installing the sensors on machine tools and conducting traceability 
tests. The work also identifies the main aspects which contribute to measurement uncertainty and proposes an improved setup to 
mitigate effects of uncertainty of such low-cost vibration sensors offering a viable implementation for smart condition monitoring 
and smart machining purposes.  
 
Precision Manufacturing, Measuring Instruments, Performance Evaluation, Uncertainty, Accelerometers, Calibration, MEMS  
      

 

1. Introduction   

Vibration monitoring is one of the key areas of interest in 
precision manufacturing setups to ensure high level of 
engineering confidence in manufactured products and 
associated machinery [2]. Traditionally, high-cost vibration 
sensors such as Integrated Electronic Piezoelectric (IEPE) have 
been employed in industrial manufacturing scenarios. The 
recent development of industrial grade Micro-Electro-
Mechanical Systems (MEMS) based vibration sensors has shown 
promise in viability offered by such low-cost sensors in 
metrological applications enabling Industry 4.0. MEMS sensors 
are already in wide usage for a variety of vibration sensing 
applications such as seismology, wind turbines, oil rigs, bridges 
etc. [3, 4]. However, metrology aspects related to the accuracy, 
uncertainty, repeatability, and traceability of such MEMS 
sensors [2] have not been explored in detail. Previous work was 
conducted to characterize the performance [5] and estimate 
background noise arising from measurements of low cost triaxial 
accelerometers. This work expands the study by evaluating 
uncertainty in measured data of such low-cost digital MEMS 
vibration sensors according to classical probabilistic (JCGM 
100:2008) and Monte Carlo methods (JCGM 101:2008). 

The outcomes of this research is an example application of 
applying a metrological approach when selecting sensors in 
Industry 4.0 [6]. 

2. Methodology 

The uncertainty assessment and evaluation for digital MEMS 
accelerometers was conducted by establishing traceability 

according to the ISO 16063-21 [7] and ISO 16063-11 [8] 
standards. These standards define procedures for calibration of 
vibration sensors by comparing their results to a reference 
transducer and laser interferometer [9]. These methods are 
typically suitable for traditional vibration sensors, so had to be 
adapted for the MEMS sensors using IEEE-STD-1293-2018 [10]. 

A series of static and dynamic traceability tests were 
performed based on the aforementioned standards. To perform 
the tests sensors were mounted on an electrodynamic shaker in 
a temperature-controlled environment. The static tests were 
performed when the sensor was subject ‘zero excitation’ 
conditions. While the dynamic testing was performed, when the 
sensors were subject to sinusoidal excitation at discrete 
frequency points in the range of 5 Hz to 1 kHz. This frequency 
range was selected to cover most structural resonance 
frequencies for the majority of machine tools in industry. This 
range would also cover frequencies of interest for most rotary 
components on a machine tool, such as bearing rotational 
speeds, ball-pass, and ball-spin frequencies, excluding high-
speed spindles in industrial setups for condition monitoring and 
prognostics [11]. To ensure repeatability according to the 
industry practice, each set of readings was repeated five times. 

The recorded data from the sensors was then evaluated for 
quantification of uncertainties in accordance with “The Guide to 
the Expression of Uncertainty in Measurement (GUM)” by 
means of GUM Uncertainty Framework [12] and Monte Carlo 
Methods (MCM) [13]. The JCGM 100:2008 guide [12] provides 
guidelines for estimation of uncertainty in measurements based 
on the Law of Propagation of Uncertainties (LPU). While GUM 
Supplement 1 or JCGM 101:2008 [14] provides basic guidelines 
for using the Monte Carlo Methods (MCM) for the propagation 
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of distributions in metrology for evaluating measurement 
uncertainty. 

 

2.1. Experimental Setup  
An industrial grade tri-axial digital MEMS sensor (ADXL355) 

[15] was selected as a low-cost vibration sensor for evaluation 
of uncertainty. While several MEMS sensors at further lower 
costs are also available, the selected MEMS sensor provides high 
resolution (20 bit) ADC on chip to give the required sensitivity 
that may be expected from traditional accelerometers while also 
providing a digital communication option (I2C/SPI) for 
convenient data acquisition. A tri-axial IEPE accelerometer 
(PCB 356A02) [16] was employed as the primary reference 
transducer in the experiment. While a Renishaw XL-80 [17] laser 
interferometer was also used to establish metrological 
traceability in acceleration measurement mode in accordance 
with ISO 16063-11 [8]. 

The sensors were mounted on a 5 mm aluminium plate and 
secured using bolts, while the sensor cables were secured using 
adhesive clamps. Finite Element Analysis (FEA) was conducted 
during the design and installation of sensors on the plate to 
ensure uniform vibration pickup is enabled across all sensors. 
This would also ensure that the sensor setup is not affected by a 
systematic cosine error due to the arising vibrating modes. 

Digital temperature sensors (Maxim DS18B20) were used to 
monitor environmental temperature variations as well 
temperature variations on the plate which may induce 
uncertainties in the vibration sensors. All three sensors (MEMS, 
laser and IEPE accelerometer) had separate Data Acquisition 
Systems (DAQs) which recorded to a single computer to aid 
synchronisation and to ensure correct timing information for the 
recorded data. 

The data from the MEMS sensor was recorded and 
transmitted wirelessly to a PC through a Raspberry Pi 3 Model 
A+ processor. Laser measurements were recorded via a USB 
interface to the PC. While the data from the IEPE accelerometer 
was acquired using a National Instruments DAQ (NI 9234). The 
nominal range of the MEMS sensor was set to be ±2.048 g 
(where g=9.81 m/s2) to ensure high sensitivity operation, while 
the IEPE sensor was used in its nominal operating range of ±50 g. 
The sampling rate was set to be 2 kHz across all sensor 
acquisition systems to ensure to ensure fulfilment of Nyquist 
criterion for dynamic test frequencies in current application and 
to aid comparability of uncertainty results. 

 

2.2. Calibration Test Rig 
The calibration test rig was setup to characterize the 

uncertainty parameters of the MEMS sensor in comparison to 
the chosen transfer standard (laser interferometer) or reference 
transducer (IEPE). The test was conducted in a temperature-
controlled environment of ±1 °C, in accordance with ISO 
17025:2017 standard which sets the general requirements for 
testing and calibration setups. Moreover, the setup was allowed 
to stabilize after installation for a duration of 24 hrs to minimize 
the environmental and self-heating effects on sensors, which 
may cause sensitivity drift. For example, nominal sensitivity of 
100 mV/g of the IEPE based sensor in the experiment could vary 
up to ±1 % due to variation of temperature in operating range of 
-54 °C to +121 °C [16], while the MEMS vibration sensor’s output 
can vary up to 0.15 mg/°C or ±0.01 %/°C [15]. The average 
temperature during the tests was recorded to be 19.25 °C and 
19.5 °C for the sensor setup and the installation environment, 
respectively. 

The calibration setup was created to perform static tests at DC 
(0 Hz) or ‘zero excitation’ and dynamic tests using sinusoidal 
excitation, as shown in Figure 1 and Figure 2. The setup consists 

of the aluminium plate which was mounted securely on an 
electrodynamic shaker system (TIRA 500). In this experiment, 
the sensors were excited in only one axis of movement (Z-Axis), 
as a proof of concept. However, similar concept can be extended 
to excite the sensor in specified direction i.e., X and Y axis as well. 
Future work would include slight redesign of the current rig for 
simultaneous excitation of sensor for determination of tri-axial 
uncertainty in a single experimental configuration [18]. The 
input to the shaker is from a Data Physics signal generator via an 
amplifier and only the frequency of generated waveform is 
modified, whilst keeping the signal amplitude and amplifier 
power constant. The shaker is capable of providing a power 
output of up to 300 W. However, to prevent overloads in 
sensing, especially in the case of the MEMS sensor the power 
output from shaker was limited to 20 mW. The fifteen 
frequencies on which the sine testing was conducted within the 
5 Hz to 1 kHz range were selected in accordance with 
ISO 266:1997 [19]. Five tests were conducted in order to 
determine the static uncertainties. Similarly, for each frequency, 
the test was conducted five times for repeatability as well. 
Therefore, in total eighty (five static plus seventy-five dynamic) 
readings of 20 s duration each were recorded by the sensors. 
 

3. Uncertainty assessment and evaluation      

The error in any measurement can be defined as the 
difference between the true value and the observed value of the 
measurand [20]. An estimate of the 'error' is often referred to as 
associated uncertainty. Therefore, measurement uncertainty 
can be understood as the quantitative indicator of the quality or 
accuracy of reported measurement. Without the knowledge of 
associated uncertainty of a sensor measurement, the 
metrological characterization cannot be carried while 
comparing to specified reference values or a standard. The 
Guide to the Expression of Uncertainty in Measurement (GUM) 
provides standard methods and techniques for evaluation of 
measurement uncertainty in metrology [21]. 

Figure 2 Calibration Test Rig 
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Table 1 Uncertainty Budget for ADXL355 Digital MEMS Accelerometer (Confidence Interval = 95 %) 

S No 𝐮(𝐱𝐢) Source of Uncertainty Probability Distribution Factor 
Value (g) 

𝐮(𝐱𝐢)𝐌𝐄𝐌𝐒 
𝐮𝟐(𝐱𝐢)𝐌𝐄𝐌𝐒 

Relative Standard 
Uncertainty (%) 

1 𝐮(𝐱𝐢)𝐫 Repeatability Normal 1 6.49E-04 4.21E-07 0.016 

2 𝐮(𝐱𝐢)𝐧𝐥 Nonlinearity Uniform 
1

√3 
 2.36E-03 5.59E-06 0.058 

3 𝐮(𝐱𝐢)𝐜𝐬 Cross Axis Sensitivity Uniform 
1

√3 
 2.36E-02 5.59E-04 0.577 

4 𝐮(𝐱𝐢)𝐬𝐯 Senstivity Variation ADC Uniform 
1

√3 
 1.54E-02 2.37E-04 0.376 

5 𝐮(𝐱𝐢)𝐭𝐯 
Temperature Effect 

Senstivity 
Uniform 

1

√3 
 1.46E-04 2.14E-08 0.004 

6 𝐮(𝐱𝐢)𝐳𝐨 Zero-g Offset Uniform 
1

√3 
 1.44E-02 2.08E-04 0.352 

7 𝐮(𝐱𝐢)𝐭𝐨 Temperature Offset Uniform 
1

√3 
 5.77E-05 3.33E-09 0.001 

Variance 𝐮𝐌𝐄𝐌𝐒
𝟐  1.01E-03 Standard Uncertainty (g) 𝐮𝐌𝐄𝐌𝐒 3.18E-02 

Confidence Interval 95 % k=2 Expanded Uncertainty (g) 𝐔𝐌𝐄𝐌𝐒 6.36E-02 

The GUM allows evaluation of the uncertainty in 
measurement by application of GUM Uncertainty Framework 
(GUF) and Monte Carlo Methods. The GUF evaluates the output 
uncertainty through propagation of input uncertainties, while 
MCM involves the propagation of the distributions of the input 
sources of uncertainty. The comparison of both methods is 
illustrated in Figure 3 [1]. 

The measurement uncertainty for digital MEMS accelerometer 
was evaluated by applying both methods as contained in GUM 
for a confidence interval of 95 %. For traceability traditional IEPE 
or laser based sensors can be used for determining relative 
uncertainty based on the current experimental configuration. 
However, for simplification the current work chooses IEPE 
sensor as the reference transducer for evaluating the static and 
dynamic uncertainty of MEMS sensor and the work can be 
expanded in the future to include laser interferometer results. 

3.1. Uncertainty sources and measurement model    
The uncertainty value associated with a measurement is an 

estimate of residual error in that sensor after all the systematic 
corrections have been applied [20]. The list of factors that can 
be included as possible sources of uncertainty for any 
measurement are those which induce residual errors in true 
value of measurand [18]. If such a list is drawn it is often non-
exhaustive in nature. However, according to GUM the 

uncertainty components worth evaluating can always vary 
according to the experimental requirements. The factors that 
can typically affect the measurement uncertainty in a MEMS 
sensor are shown in Figure 4. While the sources of uncertainty 
𝐮(𝐱𝐢) investigated and evaluated as part of this work are shown 
in Table 1.  

Assuming that the sources of uncertainty of the MEMS 
vibration sensors are independent of each other and random in 
nature, the mathematical model of the sensor’s measurement 
uncertainty can be represented as: - 

𝑈𝑀𝐸𝑀𝑆 = 𝑈𝑅 + 𝑈𝑁𝐿 + 𝑈𝐶𝑆 + 𝑈𝑆𝑉 + 𝑈𝑇𝑉 + 𝑈𝑍𝑂 + 𝑈𝑇𝑂 
Where, 𝑈𝑀𝐸𝑀𝑆 represents the uncertainty as the sum of 

individual contributions by the components, represented by 
their relevant subscripts. For example, 𝑈𝑅 , represents the 
uncertainty value due to repeatability. 
 

3.2. Measurement uncertainty based on GUF 
Based on the classical statistical methods as outlined in GUF 

an estimate of uncertainty from randomly varying input 
quantities of the sensor's mathematical model can be 
calculated. By applying the principles of GUF the uncertainty 
budget as shown in Table 1, was calculated for static sensor 
measurements, as an example. The Type 'A' uncertainty 
parameters were evaluated from the MEMS sensor's 
measurements, while Type 'B' uncertainties were evaluated 
based on information provided by the manufacturer for the 
MEMS sensor. For a set of 𝑛 measurements from the sensor an 
output 𝑦 based on inputs 𝑥1; 𝑥2 ;  . . . ;  𝑥𝑛 , where 𝑦 =
𝑓(𝑥1; 𝑥2 ;  . . . ;  𝑥𝑛) , the mean of measured values, �̅� and 
standard deviation, 𝑠(�̅�) , of a randomly varying input quantity, 
𝑥 can be shown as:- 

�̅� =
1

𝑛
∑ 𝑥𝑖

𝑛

𝑖=1

 ;  𝑠(�̅�) =√
1

𝑛 − 1
∑(𝑥𝑖 − �̅�)2

𝑛

𝑖=1

 ;  𝑢(𝑥) =
𝑠(�̅�)

√𝑛
 

Where estimate of uncertainty according to GUM is 𝑢(𝑥). 
From Table 1, a baseline expanded uncertainty of 
𝑈𝑀𝐸𝑀𝑆 = ±6.36E-02 g or 1.55 % was computed for a confidence 
interval of 95 % (k=2), when the MEMS sensor operated in a 
nominal range of ±2.048 g. 
 

3.3. Measurement uncertainty based on MCM 
Alternatively, the evaluation of measurement uncertainty for 

MEMS sensor was also done by applying MCM through 
propagating probability distributions 𝑔(𝑥1; 𝑥2 ;  . . . ;  𝑥𝑛). The 
estimate of sensor output uncertainty 𝑔(𝑦) was obtained 
according to mathematical model outlined in Section 3.1. A key 
factor for correctly estimating the uncertainty through MCM is 
setting the value of 𝑀, the number of Monte Carlo trials. For this 
work 𝑀 = 106 was chosen in MATLAB for numerical 
implementation of MCM. Based on the Monte Carlo Method 
(MCM) the uncertainty in MEMS sensor was estimated to be 
±6.07E-02 g or 1.48 %. for a confidence interval of 95 %. The 
results from the GUM and MCM are shown in Figure 5. The 

Figure 4 Uncertainty Factors 

Figure 3 Comparison of GUF vs MCM [1] 
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results from both evaluation methods are in agreement with 
each other, while it can be seen that GUM overestimates the 
measurement uncertainty by 0.07 % as compared to MCM. 

4. Results and discussion 

The determination of measurement uncertainty in static 
conditions for MEMS sensor has been explained in detail in 
sections 3.2 and 3.3 of the paper and the results are reported in 
Table 1 and Figure 5. These methods for uncertainty evaluation 
for MEMS vibration sensor were extended to evaluate the 
dynamic uncertainty as well. The summary of results for 
expanded dynamic uncertainty in the range 5 Hz to 1 kHz for a 
confidence interval of 95 % are tabulated in Table 2 along with 
actual vibration measurement amplitudes for the IEPE and 
MEMS sensors. Obtaining the repeatability for dynamic tests of 
MEMS in comparison to the traditional IEPE sensor was not 
trivial in nature. The issue was resolved by computing the 
difference between root mean square error (RMSE) of the 
sinusoidal variations in accelerations sensed by the two sensors. 
As any sensing errors should result in dynamic variability of 
recorded sine waves while comparing the results from IEPE and 
MEMS sensors. The uncertainty values for MEMS sensors range 
from 1.55 % to 19.83 %. Upon investigation the high value 
uncertainty at 900 Hz and 1000 Hz was attributed to sampling 
limitations of MEMS sensor-setup limiting its performance to 
855 Hz. Therefore, the effective expanded uncertainty for 
MEMS sensor ranges from 1.55 % to 11.38 % at dynamic test 
conditions for a confidence interval of 95 %.  

5. Conclusion 

This work focuses on uncertainty evaluation of low-cost MEMS 
sensors for use in industrial manufacturing scenarios. The 
uncertainty evaluation was done in accordance with JGCM 
100:2008 and JGCM 101:2008 through performing static and 
dynamic traceability tests through comparison to a reference 
transducer (IEPE). The expanded uncertainty for digital MEMS 
accelerometers was evaluated to be 1.48 % at static test 
conditions while it was evaluated to be in the range of 1.55 % to 
11.38 % for dynamic test conditions for a confidence interval of 
95 %. The work also identifies the main aspects which contribute 
to measurement uncertainty and proposes an improved setup 
to the mitigate its effects in such low-cost vibration sensors 
offering a viable implementation for precision manufacturing 
applications. Future work requires validation of MEMS sensors 
through applications on machine tools and comparison of 
results from laser Interferometry. Such tri-axial MEMS vibration 
sensors provide exciting opportunities in application areas of 
Industry 4.0 due to their low-cost and digitalization aspects. The 
knowledge of residual errors in MEMS can lead to building an 
on-line self-calibration setup in sensor-nets. Such advantages 
further widen the scope of the applications of MEMS sensors in 

industries in applications such as Servitization, condition 
monitoring, prognostics, and smart machining. 

 
Table 2 Summary of Dynamic Uncertainty Budgets 
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S 
No 

Excitation 
Frequency 

(Hz) 

Vib 
Amp 
IEPE 
(g) 

Vib 
Amp 

MEMS 
(g) 

Expanded 
Uncertainty 

(g) 
𝐔𝐌𝐄𝐌𝐒 

Relative 
Uncertainty 

(%) 

1 5 0.072 0.071 6.44E-02 1.57 

2 10 0.229 0.227 1.02E-01 2.49 

3 25 0.765 0.741 6.98E-02 1.70 

4 50 1.143 0.973 6.36E-02 1.55 

5 75 1.556 1.355 6.59E-02 1.61 

6 100 1.503 1.067 6.46E-02 1.58 

7 200 1.220 0.808 9.40E-02 2.29 

8 300 1.183 0.690 7.25E-02 1.77 

9 400 1.543 0.724 1.64E-01 4.02 

10 500 1.086 0.757 4.66E-01 11.38 

11 600 1.168 0.613 3.57E-01 8.72 

12 700 1.258 0.490 1.58E-01 3.87 

13 800 1.450 0.323 9.88E-02 2.41 

14 900 1.304 0.433 4.11E-01 10.03 

15 1000 1.432 0.407 8.12E-01 19.83 

Figure 5 Probability Distribution of Uncertainty: GUM vs MCM 
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Abstract 
New demands concerning nanofabrication require the extension of the nanomeasuring machines developed at the Technische 
Universität Ilmenau by a highly reproducible tool changing system. Conventional kinematic couplings consisting of three equally 
distributed ball-V-groove pairings are prone to sliding friction effects close to the final position. This paper presents the development 
of a kinematic coupling with a self-centring V-groove realized using a compliant mechanism. Sliding movements and stick-slip effects 
are reduced to a minimum to enhance the reproducibility and avoid material abrasion and debris. For this purpose, planar 
mechanisms with concentrated compliances were developed and optimized concerning design space, straightness of the guiding 
path, and manufacturability. Unavoidable randomized small stick-slip effects, result in deviations to the intended linear movement 
thus having a direct influence on the reproducibility of the whole kinematic coupling. Ten different planar mechanisms have been 
developed and evaluated. In addition to the mentioned optimization criteria, also the simplicity of the mechanisms was evaluated. A 
parallel crank, a double Roberts mechanism, and a pendulum mechanism proved to be the best solutions. Due to the static force 
given by the preload, the parallel mechanism is preferred since it can be designed in a way that all hinges are loaded by tension only. 
An optimization of the hinge contour in terms of low stiffness and low rotational axis deviations was carried out. Subsequently, the 
mechanical properties of the mechanism were investigated with an FE analysis. 
 
Keywords: kinematic coupling, nanofabrication, tool changing system, compliant mechanism, flexure hinges 

 

1. Introduction 

With ongoing research on nanomeasuring machines 
developed at Technische Universität Ilmenau and advances in 
the field of nanofabrication, the need for a highly reproducible 
tool changing system arises [1, 2]. This tool changing system is 
based on a statically determined kinematic coupling. The 
targeted reproducibility of the tool centre point, whose distance 
from the coupling is in the order of 50 mm, is below 50 nm which 
is an improvement of one order compared to the state of the 
art. The reproducibility of conventional kinematic couplings 
consisting of three equally distributed ball-V-groove pairings 
suffers due to sliding friction at the closing final position. This 
effect occurs more intensively under vacuum conditions. To 
minimize these friction effects, to avoid any material abrasion, 
and to enhance reproducibility, a compliant mechanism is 
integrated into each V-groove half. This mechanism needs to be 
arranged in a way, to allow self-centring of the V-groove. 

2. State of the art 

The application of self-centring ball-V-groove pairings is 
frequently indicated in the state of the art of kinematic 
couplings. A typical example shows a rotatory mechanism with 
1 DOF presented in [3], another one is based on a 2 DOF 
mechanism with distributed compliances [4]. These and other 
mechanisms found in a systematic survey do not meet the 
demands on reproducibility, needed for the application in the 
nanofabrication machine. To increase the reproducibility 
significantly, assumptions taken in the literature, like ideal 
geometries of the pairing surfaces and simplified friction 
models, are no longer applicable. 

3. Development of a mechanism 

The aim of this work is the development of a Maxwell clamp with 
self-centring V-grooves that ideally completely avoids sliding 
movements as shown in figure 1. The design space is taken from 
the measurement setup for the determination of the 
reproducibility presented in [2]. The influence of unavoidable 
randomized small stick-slip effects is neglected in the first 
approach. An investigation on the direction and value of possible 
motions during the coupling process revealed that a movement 
in the negative y-direction is crucial since the reproducibility of 
the tool centre point is mainly influenced by angular deviations 
of the kinematic coupling. A free movement in the x-y plane 
would be advantageous but was not yet investigated. Since only 
the approaching part of the movement is crucial for the 
reproducibility, the required movement range is below 0.1 mm. 
The stiffness of the mechanism needs to be optimized to allow 
evasive motion in the y-direction under the given load of 20 N 
while having high stiffness in the z-direction. The mechanism 
developed is based on concentrated compliances. 
 

 
 
Figure 1. (a) Kinematic coupling as Kelvin clamp; (b) V-groove-half with 
the ball: necessary movement (red), optional movement (blue). 

(a) (b)

x
y
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Research on deployable mechanisms was conducted regarding 
criteria such as symmetry, planar motion, linear guidance, the 
absence of crossed links, and the degree of freedom. A number 
of ten mechanisms were found, each optimized concerning the 
character of the pathway within a defined design space. These 
mechanisms are evaluated based on quantified criteria.  

 
3.1. Evaluation criteria 

The first criterion is the design space of the planar mechanism 
due to the very limited design space of the kinematic coupling in 
the nanofabrication machine. Mechanisms are grouped into 1 
DOF mechanisms, mechanisms that can be easily extended for 2 
DOF, and mechanisms with 2 DOF. The complexity is described 
by the number of overall hinges. To consider manufacturability, 
the cutting length of the mechanism in a monolithic design was 
examined. Stiffness in negative z-direction was calculated and 
taken into account, as well as systematic error motion in the z-
direction, given by the individual kinematics. All evaluation 
criteria are given an additional weighting, whereby criteria 
complexity, stiffness, and error motion in the z-direction are 
weighted most strongly. 
 
3.2. Results of the evaluation 

As a result of the evaluation, the three mechanisms shown in 
figure 2 were considered for further investigations.  

 

 
 
Figure 2. Most promising mechanisms with the ball located at point B: 
(a) double Roberts mechanism, (b) parallel crank, (c) pendulum 
mechanism 

 
The double Roberts mechanism consists of 9 hinges, which 

makes the manufacturing of the mechanism within the given 
design space difficult. Further, hinges 2 and 6 are loaded by 
compression, which is problematic when using compliant 
hinges. The simple pendulum mechanism can be loaded by 
tension with the right hinge orientation. Due to the simple shape 
of the mechanism, a rotatory movement is performed which 
could affect the reproducibility more than a translatory 
movement. The parallel crank mechanism has two advantages, 
it shows a linear movement with only a small error movement in 
negative z-direction, further on all hinges can be loaded by 
tension in the appropriate arrangement. For these reasons, the 
parallel crank was selected for the following design process of 
the mechanism. 

4. Design of the mechanism 

The selected mechanism is transformed from a rigid-body 
model to a compliant mechanism. The hinges and the 
mechanism are arranged in such a way that the preload force 
loads all the hinges in tension only. In the design of the 
mechanism, the hinge contour is one of the most important 
design factors, as it has a strong influence on the overall stiffness 
and the character and the maximum range of the moving path.  
The hinge contour can be optimized between the two limits 
semicircular and rectangular contour in form of polynomial 
contours. Therefore, software detasFLEX is used [5]. As result, a 
semi-circle contour with a minimal hinge height of 0.1 mm is 

chosen as a good compromise between low stiffness in the y-
direction and simple manufacturing. 
The final mechanism is shown in figure 3. The outer dimensions 
of this mechanism are 15.5 mm x 16 mm x 5 mm which fits in the 
given design space. To ensure the required properties of the 
mechanism, an FE analysis was subsequently carried out. The 
stiffness of the mechanism results in cz= 8.5e-4 N/µm and thus 
sufficiently small for the mechanism to be deflected by the 
friction force in the contact, resulting from the preload force. In 
x- and z-direction the stiffnesses are about three orders higher 
with cx = 0.29 N/µm and cy = 3.15 N/µm. The maximum error 
motion in the negative z-direction is 591 nm at the contact point 
at the maximum deflection of 0.1 mm. Since the deflection of 
the mechanism in z varies only with very small changes of the 
friction force over the coupling cycles, the influences on the 
reproducibility are expected to be negligible. 

 

 
 
Figure 3. Final mechanism for one V-groove half: (1) ball contact area, 
(2) end stops, (3) holes for alignment and fixation on to the mount, (4) 
concentrated compliance in circular shapes 

5. Conclusion and outlook 

A mechanism with straight-line guidance was developed for 
the use in the V-groove halves of a kinematic coupling to 
minimize friction movements and thus improve the 
reproducibility in comparison to a conventional kinematic 
coupling. This is especially achieved through the specific 
optimization of the straight-line guidance, low stiffness in the y-
direction, and high stiffness in the negative z-direction. In the 
next steps, the V-grooves with the developed mechanism will be 
manufactured, assembled, and tested. More complex 
mechanisms allowing a free movement in the x-y-plane will be 
investigated. 
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Abstract 

 
This article presents a novel torque measuring setup working in the nano newton-meter	(10!"	Nm) range. The central novelty is a 
long (1 meter range) thin (diameter of a few tens of micrometers) metallic wire used instead of the relatively stiff torsion zone of the 
shaft of classical rotating torque sensors. This thin wire is made straight by placing it vertically and suspending a mass at its lower 
extremity. The very low torsional stiffness of the wire is determined by measuring the frequency of the torsional pendulum 
constituted by the wire and its hanging mass. The twist-angle of the wire is measured optically. The setup can be used to measure 
torques in static and rotating modes. The performance of this setup has been demonstrated by measuring the output torque of a 
modified mechanical watch gear train constituted of two 10:1 speed multiplying stages in series, driven by a commercial torque 
meter. With outputs torques ranging from 40 ∙ 10!"  to  160 ∙ 10!"	Nm, the measurements showed a linear input to output torque 
ratio of 108 for a total gear ratio of 100:1, corresponding to a load-dependent efficiency of 92.6%. The measured constant loss is 
7.63	nN ∙ m. 
 
Rotating torque sensor , Nano newton-meter, Torsion Wire, Torsion pendulum, Watchmaking 

 

1. Introduction 

There is a lack of readily-available solutions to measure or 
apply torques in the nano newton-meter	(10!"	Nm) range. On 
one side, the most sensitive commercial instruments are limited 
to applications in the micro newton-meter	(10!#	Nm)  range 
(e.g. Lecureux Kuiper sensor/actuator with a resolution of 100 ∙
10!"	Nm or ATI nano17 sensor with a resolution of 16 ∙
10!"	Nm). On the other side, known devices with a sensitivity in 
the nano newton-meter range are based on complex MEMS that 
are not commercially available, necessitate advanced 
fabrication processes, and need adaptation to operate as 
actuators [1, 2]. 

The work presented here aims at bridging this gap by designing 
a dedicated experimental setup to be used either as a static 
torque sensor or as rotating torque sensor (in conjunction with 
an actuator), with, in both cases, a resolution in the nano 
newton-meter range. The measuring principle is similar to 
conventional optical rotating torque sensors [3]) (also called 
twist-type optical torque transducers [4]). The central novelty is 
that a long (1 meter range) thin (diameter of a few tens of 
micrometers) metallic wire is used instead of the relatively stiff 
torsion zone of the shaft of classical rotating torque sensors. This 
thin wire, which is naturally curly, is made straight by placing it 
vertically and suspending a mass at its lower extremity. The very 
low torsional stiffness of the wire enables reaching the specified 
torque resolution. Precisely determining the torsional stiffness 
of the wire itself is crucial to accurate torque measurement as 
shown below. This has been realized by using the suspended 
mass itself as the bob of a torsion pendulum and measuring the 
frequency of the latter. The torsion angle of the wire is measured 
optically. 

 
The setup is based on commercial sensors, standard 

components and conventionally-machined parts. 
The applicability of our setup in static mode is demonstrated 

by measuring the output torque of a mechanical watch gear 
train in order to evaluate its friction losses. This gear train was 
designed to drive a new type of two-degrees-of-freedom 
flexure-based time base called IsoSpring [5–7] whose high 
quality factor and high frequency require one order of 
magnitude lower driving torque than standard oscillators. In this 
case, the frictional losses in the gear train are of the same order 
as the driving torque (typically 	10 ∙ 10!"	Nm ) and need to be 
quantified precisely. 

2. Experimental approach 

2.1. Setup 
The experimental setup (Fig. 1) consists of a torsion wire 
suspending a mass to a fixed gantry. The mass is coupled to the 
rotating crank whose torque is to be measured via a pair of 
interface pins transmitting the couple. The contact between the 
pin and crank via two contact points is such that a pure torque 
is transmitted, without overconstraints. The torque value is 
derived from the torsion angle of the suspension wire, knowing 
its torsional stiffness. In the static torque sensor configuration, 
the upper extremity of the wire is attached to a fixed gantry and 
the torsion angle is determined by measuring the rotation of the 
suspended mass. In the rotating torque sensor configuration, the 
upper extremity of the wire is attached coaxially to the shaft of 
a servomotor whose angular position is controlled so as to 
maintain a given angular offset with the suspended mass and 
hence continuously controlling the torsion angle of the wire, 
which results in a precisely known applied torque. 
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The angular position measurement of the suspended mass, 
which is the key parameter of this setup, is achieved using a laser 
distance sensor (Keyence type LK-H082) pointed towards radial 
grooves machined in the suspended mass (Fig. 1b). These 
grooves are 0.5 mm deep and have a periodic angular spacing of 
20 degrees. The signal returned by the distance sensor as the 
mass rotates (Fig. 2) is processed to detect the edges of the 
grooves and the angular position is reconstructed incrementally. 
The principle is similar to that of the widely-used incremental 
optical encoder. 
 

a) 
 

 
 

b) 

 
 
Figure 1. Nano-torque sensor/actuator experimental setup (a) and 
zoom on the suspended mass (b). 

 
 
Figure 2. Distance sensor signal during the rotation of the mass. 

Our setup uses a 99.99% gold wire (Heareus 4N bonding wire) 
with diameter 𝑑 = 38	µm	and length 𝐿 = 820	mm chosen for 
its thinness, purity and low shear modulus. With a torsional 
stiffness 𝑘$ = 9.82 %&∙(

)*+
= 	61.7 %&∙(

,-)%
 (characterized in Section 

2.1) and an angular resolution 	𝛼. = 10° = 0.175	rad, the 
resulting torque resolution of the setup is 𝑅 = 𝑘/𝛼. =
	1.71	nN ∙ m. For the range of torques considered for this sensor 
(< 1	µN ∙ m), this resolution is the limiting factor to the accuracy 
of the setup. Indeed, in this range the uncertainty on the 
measured stiffness (±0.01 %&∙(

)*+
) results in an absolute torque 

uncertainty below 1.02 nN ∙ m. 
 
2.2. Torsion wire characterization 

In order to accurately estimate the torque resulting from the 
torsion of the suspension wire, it is essential to characterize its 
torsional stiffness. Knowing the moment of inertia of the 

suspended mass about the wire axis (𝐽 = 21.8	g ∙ mm0 obtained 
from the CAD file), the torsional stiffness of the wire was derived 
from the frequency of the system when it oscillates in torsion 
pendulum mode. For this, the suspended mass was released 
from an initial torsion angle and left to oscillate freely while its 
position is measured via the distance sensor. Figure 3 shows an 
extract of measurement data, where the groove edges and 
direction changes were detected by the signal processing 
algorithm. Note that the envelope of the signal shows 
perturbations that can be attributed to an imbalance of the 
rotating mass and oscillations in gravity pendulum mode. These 
are however enough distinct from the torsional frequency not to 
compromise the measurement. 
 

 
 
Figure 3. Angular position measurement of the suspended mass in free 
torsion pendulum oscillation (extract from a data set). 

The position signal was sampled at 20 kHz, based on an OCXO 
quartz oscillator with a stability of ±75 ppb (PXIe-6614) that 
allowed to precisely reconstruct the angular position of the 
oscillator over time (Fig. 4).  
 

 
 

Figure 4. Reconstructed angular position vs time of the torsion 
pendulum. 

In order to account for a potentially nonlinear torsional 
stiffness resulting in an amplitude-dependent oscillation 
frequency, we extracted the frequency-amplitude characteristic 
of the torsion pendulum (Fig. 5). This plot was obtained by fitting 
sinusoidal functions to subsets of the position versus time data 
with the algorithm described in our parallel research [8]. The 
nonlinear stiffness coefficients were then derived from the 
coefficients of a second order even polynomial fit of the 
frequency-amplitude characteristic: 𝜔(Θ) = 𝜔$ +𝜔0Θ0. Using 
the formula described in [9, Eq. 4-6], this yielded the nonlinear 
restoring torque 

 𝑀 = 𝑘$𝜃 + 𝑘0𝜃1 (1) 

where 𝑘$ = 9.82 ± 0.01 %&∙(
)*+

 with 95% confidence intervals, 

𝑘0 = (0.44 ± 1.85) ∙ 10!2 %&∙(
)*+!

 and 𝜃 is the torsion angle. Note 
that the uncertainty on the inertia of the pendulum is 
considered smaller than that of the measurement and is hence 
not taken into account. 

Since the upper bound of the nonlinear term 𝑘0 would result 
in less than 0.4% stiffness increase for 6 turns (which 
corresponds to a 370 nN ∙ m torque and is more than the 
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requirements of our application in Section 3), it is reasonable to 
neglect it and assume a purely constant stiffness 𝑘$. This is 
confirmed by the observation that the frequency variation with 
amplitude is within the measurement noise in Fig. 5 and is 
reflected in the uncertainty (1.85 ∙ 10!2 nN ∙ m rad1⁄ ) that is 
larger than the term itself (0.44 ∙ 10!2 nN ∙ m rad1⁄ ). 

The measured torsional stiffness was validated with seven 
visual timings of the oscillation period using a stopwatch that 
returned an average period 𝑇 = 9.43	s with a standard 
deviation 𝜎 = 0.36	s. This corresponds to a mean stiffness of 
9.66 ± 0.68	 %&∙(

)*+
 (with 95% confidence intervals) that matches 

our previous measurement. 
We compared our stiffness measurements with theoretical 

estimations using the formula for the torsional stiffness of a bar 
with circular cross-section: 

𝑘 =
𝐺𝜋𝑑3

32𝐿 = 7.49	
nN ∙ m
rad  (2) 

where 𝐺 = 30	Gpa is the shear modulus of gold. The 24% 
discrepancy with the experimental results shows the importance 
of properly measuring the effective stiffness in order to realize 
an accurate setup. 

 

 
 
Figure 5. Measured frequency-amplitude data of the torsion pendulum. 

3. Application example 

The nano-torque sensor presented here was used to measure 
the frictional losses of a mechanical watch gear train dedicated 
to driving a silicon IsoSpring oscillator (see video in [7]). This 
oscillator has a higher frequency than classical mechanical watch 
oscillators (15 Hz vs 3 to 5 Hz) and a higher quality factor (𝑄 ≈
1000 vs 𝑄 ≈ 200) and thus requires a significantly lower driving 
torque (20	nN ∙ m	vs typically 800 nN ∙ m for the escape wheel 
of conventional mechanical watches). An off-the shelf watch 
movement “ETA Caliber 6497-1” has been modified by adding 
an extra gear stage in order to reduce the torque to the desired 
level. In this modified movement, as the output torque level is 
decreased, the fluctuation of the friction losses in the gear trains  
are relatively increased: they reach the same order of magnitude 
as the targeted useable torque itself. The ultimate aim of the 
experimental setup is to allow for an accurate characterization 
of these non-negligible losses. 

These losses can be modelled as 

 𝑇4-, =
𝜂
𝑖 𝑇5% − 𝑐6	�̇� − 𝑇74%8, 

(2) 

where 𝑇5% is the input torque, 𝑖 is the total gear ratio, 𝜂 is the 
load-dependent efficiency (mostly dependent on the friction 
between the gear teeth), 𝑐6 is the velocity-dependent loss 
coefficient, and 𝑇74%8, represents the constant losses (principally 
caused by the friction in the bearings of the gear train) [10]. 
Equation 2 shows that the load-dependent efficiency 𝜂 and 
constant losses 𝑇74%8, can be determined from static 
measurements (�̇� = 0). Indeed, given the gear ratio, these 
coefficients define the slope and intercept of the static input-
output torque characteristic. For this purpose, a sensor capable 

of measuring output torques of order 10 ∙ 10!"	Nm was 
required. 

The setup used to obtain the input-output torque 
characteristic of the modified gear train is depicted on Fig. 6. 
Various values of quasi-static input torque (in the micro newton-
meter range) were applied with the Kuiper actuator and the 
output torque (in the nano newton-meter range) was measured 
with our experimental setup. The input is applied at the shaft of 
the fourth wheel (second hand shaft) via a crank, hence 
bypassing the upstream gear stages of the watch movement. 
The escape wheel (driven by the fourth wheel with a gear ratio 
10:1) is replaced by an extra gear wheel engaging in an extra 
pinion with an gear ratio of 10:1. This results in a total gear ratio 
𝑖 = 10 ∙ 10 = 100 (i.e. the rotating speed is multiplied by 100) 
between input and output. The experimental results (Fig. 7) 
match the modelled linear characteristic and the desired 
physical quantities were obtained from the linear regression. 
The linear input to output torque ratio is 108, corresponding to 
a load-dependent efficiency of 𝜂 = 92.6%, with outputs torques 
ranging from 40 ∙ 10!"  to  160 ∙ 10!"	Nm. The estimated 
constant losses are 𝑇74%8, = 7.63	nN ∙ m. 

 

 
 

Figure 6. Setup for the static measurement of the modified mechanical 
watch gear train transmitted torque. Note: The torsion wire on which 
the mass is suspended is too thin to be visible. 

Once these coefficients are known, the speed-dependent 
losses can be determined from the velocity of the gear train 
operating at constant velocity without output load (𝑇4-, = 0) 
using Eq. 2: 

 𝑐6	 = 
!
"!#$"!%&$'(

#̇
 (3) 

Note that, since the IsoSpring operates continuously, as opposed 
to the back and forth motion of traditional a 1-DOF oscillator, 
and at a higher frequency, the speed dependent losses are much 
greater. 
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Figure 7. Measured input-output torque characteristic of the modified 
mechanical watch gear train. 

4. Conclusion      

A new experimental setup was developed to measure, 
statically or in rotation, torques in the nano newton-meter 
(10!"	Nm) range.  The theoretical resolution of the realized 
setup is 1.7 ∙ 10!"	Nm. Its appplicability was demonstrated in 
quasi-static mode by measuring the output torque of a modified 
mechanical watch two stage speed multiplying (100:1) gear train 
driven by a commercial torque meter. The range and resolution 
of the setup can be adapted by modifying the dimensions and 
material of the suspension of the wire whose length is limited 
solely by the vertical space available in the laboratory, as well as 
the number of grooves on the suspended mass. Additionally, a 
second distance sensor aimed at the grooves with an offset 
creating a quadrature signal could be used to double the angular 
resolution without modifying the rest of the setup. 

We expect this instrument to become a benchmark for the 
experimental characterization of low torque micromechanical 
systems such as gear trains, bearings and flexure hinges. In 
future work, we will build upon the static results presented here 
to measure the dynamic losses of the studied gear train. 
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Abstract 
Stereo deflectometry is a measurement technique for specular surfaces with the advantages of full-field, non-contact and fast 
measurement. In this paper, a calibration method is investigated to enhance absolute measurement accuracy of stereo 
deflectometry. Traditional calibration method applies a flat mirror to obtain geometrical parameters of stereo deflectomety by 
placing the mirror at several space positions. Calibration errors introduced in this process result in inaccurate absolute measurement 
of stereo deflectometry. In order to improve calibration accuracy, a novel iterative algorithm based on a specular step gauge is 
explored. Calibration results obtained by traditional calibration method are used as initial input. A step gauge is measured based on 
the input. Calibration parameters are optimized through an iterative process by obtaining the most accurate measurement data of 
the step. In order to test the developed method, Two samples including a  specular step gauge and a specular circle step are measured 
with a stereo deflectometry system. Comparison studies are conducted by measuring the samples based on CMM (Coordinate 
Measuring Machine) and stereo deflectometry with optimized parameters and unoptimized parameters. Experimental results show 
the developed method can improve the absolute measurement accuracy of stereo deflectometry from millimetre level to tens of 
micrometers. 
 
Keywords: Absolute measurement, specular surface measurement, structure surface measurement, stereo deflectometry 

1. Introduction   

Structured specular surfaces are widely applied in various 
industrial fields such as precision manufacturing, aerospace, 
intelligent lighting, and automotive manufacturing. Three-
dimensional (3D) form accuracy of the structured surfaces 
directly affects system performance and product quality. 
However, it is still a challenging assignment for current 
metrologies to measure structured and discontinued specular 
surface with good accuracy and speed [1-2]. Stereo 
deflectometry [3-4] is one of Phase Measuring Deflectometry 
(PMD) [1-5] technique, which consisting of two imaging sensors 
and a fringe displaying screen. It is normally applied for specular 
surfaces without discontinuity because it is sensitive to surface 
slope variation compares to surface position and slope 
integrations are used for surface reconstructions [1-5]. High 
accuracy absolute surface measurement remains a challenge to 
PMD [6-7]. Form data of measured surface is calculated based 
on spatial geometric relationship of optical elements in PMD 
system. Since the geometric relationship is obtained by using 
calibration, calibration error has serious impact on 
measurement accuracy of PMD [1-5, 8-10]. Self-calibration 
methods [9-10] are explored to increase the calibration accuracy 
of PMD with the advantage of preventing error caused by 
external calibration tools. By using self-calibration method, 
stereo deflectometry can achieve good accuracy in the form 
measurement of continuous specular surface [9-10]. However, 
our experiments demonstrate that there are errors existing in 
the absolute measurement of stereo deflectometry when 
calibrating the system with self-calibration method [9-10].  

In order to solve this problem, a calibration method is 
investigated to enhance absolute measurement accuracy of 
stereo deflectometry by optimising calibration parameters 
based on a specular step gauge. Section 2 describes principle of 
stereo deflectometry and the proposed method. Experiment 
verifies the method through comparison  studies by measuring 
two specular samples in Section 3. Conclusion is addressed in 
Section 4. 

2. Principle and method   

 
 
Figure 1. Illustration of measurement principle of stereo deflectometry. 

 
The basic measurement principle of stereo deflectometry is the 
law of reflection, as illustrated in Figure 1. When regular fringe 
patterns are reflected by a specular surface, reflection fringes 
are deformed due to the modulation of the shape of the surface. 
Surface point S can be measured based on its image points  𝑃1 
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,   𝑃2  in Camera 1 and Camera 2, and corresponding points 
𝑄1 , 𝑄2  on a displaying screen by matching equivalent normal 
vectors of S.  
 
 

 
 
Figure 2. Comparison of measurement data. (a) Original measurement 
result before compensation; (b) error of original measurement; (c) 
measurement data after compensation; (d) error of compensated 
measurement data. 
 

After calibrating a stereo deflectometry system based on self-
calibration method [9-10], absolute 3D coordinate of a specular 
step gauge is obtained, as shown in Figure 2(a). The step gauge 
is also measured by a Coordinate Measuring Machine (CMM) as 
a reference. Depth difference between measurement results 
obtained by stereo deflectometry and CMM is displayed in 
Figure 2(b). Table 1 compares details of measurement difference 
between stereo deflectometry and CMM. The distance between 
the second step and the first step is expressed by  𝒉𝟐𝟏.  𝒉𝟑𝟏 and 
𝒉𝟒𝟏 represent the distance between the third step and the first 
step, and the distance between the fourth step and the first step 
respectively. Measurement difference of 𝒉𝟐𝟏 , 𝒉𝟑𝟏 , 𝒉𝟒𝟏 
between stereo deflectometry and CMM are denoted with 
|∆𝒉𝟐𝟏| , |∆𝒉𝟑𝟏| , and |∆𝒉𝟒𝟏| . Figure 2(b) and Talbe 1 clearly 
demonstrate that there is millimetre-level measurement error 
existing in oribinal absolute measurement data of stereo 
deflectometry. Another comparison beween stereo 
deflectometry and CMM regarding the ratio of step distance is 
conducted in Table 2. It is noticed that the ratio obtained by the 
two instruments are similar. Based on this conclusion, a method 
is developed to compensate absolute measurement error of 
stereo deflectometry by adjusting the scaling factor of its 
measuring coordinate system. 
 

 
Figure 3. Illustration of the proposed compensation method. 

 
Figure 3 illustrates the method for calculating the scaling 

factor 𝛼 , where 𝑺𝟏  and 𝑺𝟐 represent two step planes of the 
measured step gauge. 𝑷𝟏  and 𝑷𝟐 are two points on 𝑺𝟏  and 
𝑺𝟐 with coordinates of (𝛼𝑥, 𝛼𝑦, 𝛼𝑧1)  and 
(𝛼𝑥, 𝛼𝑦, 𝛼𝑧2) respectively. The distance between  𝑷𝟏 and 𝑷𝟐 is 
denoted with h. The measured distance between 𝑺𝟏 and 𝑺𝟐 is 
expressed with d, which can be calculated according to Equation 
(1). 

𝑑 = hcos(𝜗)     (1) 
where cos(𝜗) can be obtained according to Equation (2). 

cos(𝜗) =
�⃑� ∙�⃑� 

|�⃑� ||�⃑� |
     (2) 

where 𝑎  and �⃑�  are two space unit vectors. 𝑎  equals (0,0,1). �⃑�  is 
the normal vector of the step surface and can be obtained from 
the measurement data of stereo deflectometry. 𝛼  can be 
calculated by minimizing the following functional: 

∑ |𝑑�̅� − 𝑑𝑖(𝛼)|
2𝑚

𝑖=1        (3) 

where �̅� is the distance between 𝑺𝟏 and 𝑺𝟐 measured by CMM. 
𝑚 is the number of sampling points on the step surface. Figure 
2(c) shows the absolute 3D coordinate compensated by the 
calculated scaling factor. Depth difference between the 
compensated data and CMM is shown in Figure 2(d). Talbe 1 lists 
the obtained 𝒉𝟐𝟏 , 𝒉𝟑𝟏 , 𝒉𝟒𝟏,  |∆𝒉𝟐𝟏| , |∆𝒉𝟑𝟏| , and |∆𝒉𝟒𝟏|  after 
compensation. It is obvious that |∆𝒉𝟐𝟏| , |∆𝒉𝟑𝟏| , and |∆𝒉𝟒𝟏| 
decrease to tens of microns by applying the developed method. 
 
Table 1 Comparison of measurement difference between stereo 
deflectometry and CMM 
 

 𝒉𝟐𝟏(mm)/ 
|∆𝒉𝟐𝟏|(mm) 

𝒉𝟑𝟏(mm)/ 
|∆𝒉𝟑𝟏|(mm) 

𝒉𝟒𝟏(𝐦𝐦/ 
|∆𝒉𝟒𝟏|(𝐦𝐦) 

Reference 
(measured 
by CMM) 

2.995 / 
n/a 

6.921 / 
n/a 

11.863 / 
n/a 

Original 
data 
(measured 
by stereo 
deflectomet
ry) 

2.029 / 
0.966 

4.635 / 
2.286 

7.905 / 
3.958 

Data after 
compensati

on 
(measured 
by stereo 

deflectomet
ry) 

3.041 / 
0.046 

6.954 / 
0.024 

11.846 / 
0.017 

 
Table 2 Comparison beween stereo deflectometry and CMM in relation 
to the ratio of step distance 
 

 𝒉𝟑𝟏

𝒉𝟐𝟏
  

𝒉𝟒𝟏

𝒉𝟐𝟏
  

Reference 
(measured by 

CMM) 

2.311 3.961 

Original data 
(measured by 
stereo 
deflectometry) 

2.284 3.896 
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3. Experiment  

 
 
Figure 4. Set up of stereo deflectometry. 

 
In order to verify the developed algorithm, an experiment is 

conducted with a real stereo deflectometer system, as shown in 
Figure 4. The system contains two CCD (Charge-coupled Device) 
cameras (Lumenera Lw235M [11]) and an iPad Pro [12] used as 
fringe displaying screen. Through the reflection of a specular 
step gauge, sinusoidal fringe patterns displayed on the screen 
are captured by the cameras simultaneously, as shown in Figure 
4. Initial geometrical parameters of the system can be obtained 
by placing a flat mirror at several positions [9-10]. Then the 
obtained geometrical parameters are optimized by using the 
developed method. A comparison study is conducted by 
measuring a sepcular step gauge located at an arbitrary position 
based on optimized parameters and unoptimized parameters. 
The results is compared in Figure 5 and Table 3. Treating the test 
result of CMM as the reference value, the absolute 
measurement error of 𝒉𝟐𝟏, 𝒉𝟑𝟏, 𝒉𝟒𝟏 are dramatically decreased 
from 0.960 mm, 2.274 mm, 3.950 mm to 0.054 mm, 0.042 mm, 
0.006 mm. A specular mirror with three circle steps is also 
measured with the stere deflectometry system. Measurement 
results before compensation and after compensation, and 
measurement difference comparing with CMM are shown in 
Figure 6. The comparison clearly illustrates the improvement of 
absolute measurement accuracy of stereo deflectometry by 
applying the developed method. Using 𝒉𝟐𝟏, 𝒉𝟑𝟏, 𝒉𝟒𝟏 represent 
the distance from three circle steps to circle base of the mirror. 
Table 4 shows measurement difference of 𝒉𝟐𝟏 , 𝒉𝟑𝟏 , 𝒉𝟒𝟏  are 
dramatically decreased from 1.802 mm, 1.212 mm, 1.562 mm to 
0.097 mm, 0.013 mm, 0.014 mm after applying the developed 
method.  
 

 
 
Figure 5. Comparison of measurement data of a specular step gauge. (a) 
Original measurement result before compensation; (b) error of original 
measurement; (c) measurement data after compensation; (d) error of 
compensated measurement data. 
 

Table 3 Comparison of the specular step gauge measured based on 
optimized parameters and unoptimized parameters 
 

 𝒉𝟐𝟏(mm)/ 
|∆𝒉𝟐𝟏|(mm) 

𝒉𝟑𝟏(mm)/ 
|∆𝒉𝟑𝟏|(mm) 

𝒉𝟒𝟏(𝐦𝐦/ 
|∆𝒉𝟒𝟏|(𝐦𝐦) 

Reference 
(measured 
by CMM) 

2.995 / 
n/a 

6.921 / 
n/a 

11.863 / 
n/a 

Original 
data 
(measured 
by stereo 
deflectomet
ry) 

2.035 / 
0.960 

4.647 / 
2.274 

7.913 / 
3.950 

Data after 
compensati

on 
(measured 
by stereo 

deflectomet
ry) 

3.049 / 
0.054 

6.963 / 
0.042 

11.857 / 
0.006 

 

 
 
Figure 6. Comparison of measurement data of a specular circle mirror. 
(a) Original measurement result before compensation; (b) error of 
original measurement; (c) measurement data after compensation; (d) 
error of compensated measurement data. 
 
Table 4 Comparison of the specular circle mirror measured based on 
optimized parameters and unoptimized parameters 
 

 𝒉𝟐𝟏(mm)/ 
|∆𝒉𝟐𝟏|(mm) 

𝒉𝟑𝟏(mm)/ 
|∆𝒉𝟑𝟏|(mm) 

𝒉𝟒𝟏(𝐦𝐦/ 
|∆𝒉𝟒𝟏|(𝐦𝐦) 

Reference 
(measured 
by CMM) 

5.617 / 
n/a 

3.676 / 
n/a 

4.672 / 
n/a 

Original 
data 
(measured 
by stereo 
deflectomet
ry) 

3.815 / 
1.802 

2.463 / 
1.212 

3.110 / 
1.562 

Data after 
compensati

on 
(measured 
by stereo 

deflectomet
ry) 

5.714 / 
0.097 

3.689 / 
0.013 

4.658 / 
0.014 
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4. Conclusions     

Stereo deflectometry is widely applied in form measurement 
of continuous specular surface, but seldom tested in the 
measurement of structure specular surface. This paper 
discussed error existing in the absolute measurement of stereo 
deflectometry when using self-calibration methods and method 
to compensate the measurement error. Based on the fact that 
the error only relults in the scale change of measurement 
coordinate system, a method is developed to  adjust the scaling 
factor of the measuring coordinate system of stereo 
deflectometry by measuring a specular step gauge with known 
form information. Experimental results verify that the 
developed method can significantly improve the absolute 
measurement accuracy of stereo deflectometry.  
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Abstract 

 
Dynamic stiffness is an important characteristic of production machinery, as it contributes to its ability to maintain the position of 
the tool centre point accurately and precisely under loads. For machine tools, it directly affects the geometric dimensions and surface 
properties  of  produced  parts.  This  work  presents  a  measurement  procedure  for  identification  of  the  full  translational  dynamic 
stiffness matrix for a single configuration of a machine tool under loaded conditions. The measurement procedure consists of inducing 
a static baseload with superimposed dynamic loads, which were controlled in magnitude and direction, at the tool centre point of 
the machine tool. The measurement procedure uses the Loaded Double Ball Bar and measures the dynamic displacement with three 
Non-Contact Capacitive Probes. The measurement procedure is implemented in a case study on a 5-axis machining centre.  
Finally, the manuscript concludes with a discussion on the utility value of the translational dynamic stiffness matrix for the design 
and operation of machine tools as well as the possibility to expand the measurement procedure to capture the dynamic stiffness 
using quasi-static movements of the machine tool. 
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1. Introduction 

Machine tools’ accuracy enables machining complex products 
of tight geometric dimensions and tolerances. One of the main 
design criteria of machine tools is stiffness as it affects their 
performance under load. Several works exist which focus on the 
stiffness evaluation and identification at the Tool Centre Point 
(TCP) of a machine tool. There are a priori modelling approaches, 
which employ finite element analysis [1], and a posteriori 
experimental approaches, which can be sub-divided into 
machining tests [2] and experiments [3]. Analogously for 
dynamic stiffness, one refers to operational modal analysis [4] 
and experimental modal analysis [5] which commonly employ 
impact hammers and shakers for the excitation, as well as 
accelerometers and lasers for response measurement. These 
measurements can usually neither apply a load between the 
spindle and the workpiece or any machine component (e.g. table 
and spindle), as recommended by ISO230-1:2012 for static 
stiffness, nor measure directly the displacement. Laser 
vibrometers measure velocity and require single integration, 
while accelerometers measure acceleration and require double 
integration. This is troublesome as also the noise is integrated. 
This research work is a first step towards expanding the 
capabilities of the Loaded Double Ball Bar (LDBB) proposed by 
Archenti and Nicolescu [6] to identify the dynamic translational 
stiffness matrix 𝐾𝑡  represented in terms of its Frequency 
Response Function (FRF) from displacement measurements. 

 
 
 

 
 

 
Figure 1. Schematic measurement setup. 
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2. Methodology 

2.1. Measurement 
The schematic experimental setup is displayed in Figure 1.          

It consists of the LDBB (1), three Non-Contact Capacitive Probes 
(NCCPs) Lion Precision CPL290® (2) fixed on a Metrology Frame 
(MF) (3), a Tool Adaptor (TA) (4), which consists of a sphere of 
radius 15 mm attached to a shaft of diameter 25 mm, and a set 
of Table Link (TLs) (5), which feature another steel sphere of 
radius 15 mm. The LDBB is equipped with a helical coil spring to 
create the static preload, a Cedrat PP40L® Piezo-Electric 
Actuator (PEA) is used to exert dynamic loads, and a 
Dytran1053V2® force sensor to measure the force. The PEA is 
excited with a sine-sweep from 10 to 210 Hz, generated in a BK 
Precision 4062 B® and amplified via a Cedrat LA75B®. The force 
and displacement spectra are acquired using an NI cDAQ-9178® 
equipped with a NI-9234, to supply the excitation power for the 
IEPE force sensor, and a NI-9215, which supports ±10 V input 
signals. In addition to that the dynamic stiffness of the 
component 𝑘𝑦𝑦 was measured in a single point using a PSV-500 

Scanning Vibrometer® and a Kistler 9726A5000® impact 
hammer. The bandwidth of the excitation spectrum has been 
selected to be much lower than the first eigenfrequency of the 
LDBB which is close to 500 Hz. Furthermore, the metrology loop 
[7] is decoupled from the force loop [7], which should separate 
influences from the LDBB in the displacement spectrum.             
The measurement procedure consists of the following three 
principal steps: 1) Locating the metrology frame in the Machine 
Base Coordinate System (MBCS), 2) Transforming data from 
NCCP coordinate system into MBCS (for more information see 
[3]), and 3) Measuring the deflections under combined static and 
dynamic loads. These three steps are repeated for a 
combination of at least three non-linear Force Vectors (FV). The 
three FVs used in the case study are displayed in Figure 1. The 
static loads depend on the compression of the helical coil spring 
and ranged around 500±50 N for the three FVs. This has been 
calculated from the distance between the TA and the TLs. For 
each FV five independent measurements have been conducted. 
Each independent measurement captures 60 recurring 
excitation signals. The data of the NCCPs has been acquired 
using the high sensitivity setting resulting in a measurement 
range of 50 µm for each of the linear distance sensors. 
2.2. Data analysis 

Models of the dynamic deflections of machine tools describe 
the spatial deflections (Δ𝑥(𝑓)) of the loaded TCP compared to 
the unloaded TCP due to the finite stiffness (𝐾𝑡(𝑓)) of the 
structural members which are in the flow of forces ( (𝑓)) 
considering the dependency of the magnitude of these 
parameters depending on the frequency (𝑓). For conciseness 
and as all herein referenced quantities dependent on frequency, 
this dependency is omitted in their representation. 

 [

𝑘𝑥𝑥 𝑘𝑥𝑦 𝑘𝑥𝑧
𝑘𝑥𝑦 𝑘𝑦𝑦 𝑘𝑦𝑧
𝑘𝑥𝑧 𝑘𝑦𝑧 𝑘𝑧𝑧

] × [
𝛿𝑥
𝛿𝑦
𝛿𝑧

] − [

𝑓𝑥
𝑓𝑦
𝑓𝑧

 ] (1) 

The full dynamic translational stiffness matrix is identified as the 
solution to: 

 ||𝐾𝑡 ⊗Δx − F||
 

 (2) 

For the dynamic translational stiffness matrix 𝐾𝑡, it is assumed 
the off-diagonal elements are equal, i.e. 𝑘𝑥𝑦 = 𝑘𝑦𝑥, 𝑘𝑥𝑧 = 𝑘𝑧𝑥, 

and 𝑘𝑦𝑧 = 𝑘𝑧𝑦. The operator ⊗ represents the Kronecker 

product. There are 6 unknown quantities, 9 measured 
deflections (three for each FV), and 9 measured wrenches (also 
three for each FV). The FVs allow for a linear least-squares as 
well as for analytic identification of the components of the 
stiffness matrix. 

 

 

 
Figure 2. The main diagonal of the dynamic translational stiffness 

matrix identified from the analytic expression. 
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Figure 3. The full translational dynamic stiffness matrix identified from the linear least-squares expression. 
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3. Results 

The case study uses a 5-axis milling machine, kinematic 
configuration wC'A'bYXZ(C)t, with a rotary tilting table, equipped 
with a tandem drive on the A-axis [8]. Figure 2 displays the 
analytic solutions for the components 𝑘𝑥𝑥, 𝑘𝑦𝑦, and 𝑘𝑧𝑧. For all 

three components the dynamic and static stiffness as well as the 
coherence are displayed in the same graph. For 𝑘𝑥𝑥, 𝑘𝑦𝑦, and 

𝑘𝑧𝑧 there exist differences of respectively 1 Nµm-1 (10%), 4 Nµm-

1 (30%), and 27 Nµm-1 (30%) up to 40 Hz compared to the static 
stiffness reference. The static stiffness has been measured 
according to [9]. Then the stiffness drops in the bandwidth of 50 
to 70 Hz depending on the direction. This, per theory, is the 
bandwidth in which the first eigenfrequencies of machine tools 
can be expected. The coherence functions for the components 
𝑘𝑥𝑥  and 𝑘𝑦𝑦 are reasonably good, while the coherence for the 

𝑘𝑧𝑧 component is unsatisfactory. It is assumed that this is due to 
the fact that the Z-axis stiffness is about ten times bigger than 
for the X- and Y-axis. Nevertheless, the magnitude of the 
identified 𝑘𝑧𝑧 component has some relevance with respect to 
the static stiffness reference. For comparison, the 𝑘𝑦𝑦 

component was additionally measured with a scanning 
vibrometer and an impact hammer, see Figure 2 PSV-500. The 
identified FRFs share similar characteristics but are different in 
magnitude. This is probably due to the fact that the sensitivity of 
the force sensors in both measurements differ by almost exactly 
a factor 100 and that the data in the comparative measurement 
has not been transformed into the MBCS. Furthermore, it should 
be heeded that the proposed measurement with the LDBB 
exerts a static base load, which is assumed to result in a change 
in stiffness, while the comparative measurements with the PSV-
500 exert no static base load. The standard deviations are 
omitted in all plots, as these are always less than 1 Nµm-1, i.e. 
hard to visualise. Figure 3 displays the full translational dynamic 
stiffness matrix. The sub figures visualise the identified 
components as solutions according to Equation 2, as well as the 
analytic solutions and static references displayed in Figure 2. The 
components of the main diagonal exhibit the same trend, but 
𝑘𝑥𝑥, 𝑘𝑦𝑦, and 𝑘𝑧𝑧 differ respectively by 1 Nµm-1 (8%), 9 Nµm-1 

(56%), and 35 Nµm-1 (40%) up to 40 Hz compared to the analytic 
solution. Coincidentally, the linear least-squares solution to 𝑘𝑦𝑦 

is a close match to the comparative measurements up to 55 Hz, 
i.e. their magnitudes differ on average by 3 Nµm-1 (10%). The 
components 𝑘𝑥𝑦, 𝑘𝑥𝑧, and 𝑘𝑦𝑧  differ by 5 Nµm-1 (85%), 15 Nµm-

1 (75%), and 26 Nµm-1 (93%) and have the same sign up to 40 Hz 
compared to the static stiffness reference. The components 𝑘𝑥𝑧 
and 𝑘𝑦𝑧  exceed the expected magnitudes and are bigger than 

𝑘𝑥𝑥  and 𝑘𝑦𝑦. Additionally, above 40 Hz sign changes take place 

for 𝑘𝑥𝑦 and 𝑘𝑥𝑧. This is signs are omitted in Figure 3 as all 

quantities are plotted on a logarithmic scale. 

4. Conclusion 

This work presents a measurement and identification 
procedure for the full translational dynamic stiffness matrix of a 
machine tool using the LDBB and additional measurement 
instruments. As can be observed from the measurement results 
displayed in Figure 2 and Figure 3, the proposed method yields 
reasonable estimates for main diagonal entries of the full 
translational stiffness matrix, but further work needs to be 
conducted to provide reliable estimates of the off-diagonal 
elements. A comparison of measured and simulated 
eigenfrequencies could be considered a prudent validation for 
the proposed method; however, accurate simulations of 
machine tools are exclusively reserved to the manufacturers. 

Additionally, the investments in the measurement instruments 
used renders the proposed method only applicable to machine 
tool design rather than machine tool users, e.g. process 
planning. Future works focus on improving the method to 
identify the full translational stiffness matrix for a subset of the 
workspace. Further future work shall focus on providing an 
uncertainty budget for the proposed measurement procedure, 
as it is uncertain how the machine tool kinematics and thermal 
drifts influence the measurement results. 
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Abstract 
In this research, the acoustic emission signal from a cutting tool was monitored with an AE (acoustic emission) sensor to investigate 
the feasibility of in-process detection of cutting tool fractures during the finish turning in metal cutting. The outer diameter of die 
steel was turned with cemented carbide tools at a cutting speed of 180 m/min, a feed rate of 0.1 mm/rev, and a cutting depth of 
0.2 mm. The amplitude and frequency components of the AE wave were mostly constant before the tool fractured. However, when 
a small tool fractured, the AE frequency component shifted to the lower side and the AE amplitude began to decrease. The tool 
fractures were 250–275 μm deep. The observation results of the chips before and after the tool fracture showed that serrations 
formed on the side surfaces of the chips was larger after the fracture. The change in the serration pitch of the chips was found to 
correlate with the frequency change of the AE signal. Therefore, chip formation changes resulting from tool fractures could be 
detected as changes in the frequency component of the AE signal. 
 
 
acoustic emission (AE), tool fracture, chip formation, finish turning 

 

1. Introduction 

Cutting tool fractures must be detected to maintain processing 
quality and improve processing efficiency. In high-load 
processing such as roughing or medium finishing, a cutting tool 
fracture can be detected by monitoring cutting forces or spindle 
motor current [1-3]. However, in low-load processing such as 
finishing, the processing conditions are difficult to recognize 
because the cutting phenomenon is microscopic [4]. In this 
research, the acoustic emission signal from cutting tool was 
monitored with an acoustic emission (AE) [5] sensor to 
investigate the feasibility of in-process detection of cutting tool 
fractures during the finish turning in metal cutting. 

2. Experimental methods 

In this experiment, the outer diameter turning of a die steel 
workpiece under the wet process was carried out as a finish 
turning as shown in Fig. 1. The cutting conditions are shown in 
Table 1. The acoustic wave generated by the damage of the 
cutting tool tip and the destruction of the workpiece was 
measured using an AE sensor attached to the tool holder. The 

 
Table 1.  Cutting conditions. 

 

 
Figure 1.  Setup of workpiece, cutting tool, tool holder, and AE sensor 
for outer diameter turning. 

 

  
 

Figure 2.  Block diagram of AE-signal acquisition. 
 
Table 2.  AE-signal measurement conditions. 

Bandwidth of AE sensor 0.1‒1.0 MHz (±10 dB) 

Amplification factor 20 dB 

Cut-off frequency of high-pass filter  20 kHz 

Sampling frequency 2.0 MHz 

Workpiece

Tool

AE sensor
(with case)

Tool holder

Feed direction

Workpiece
rotation

Tool Tool holder AE sensor

Pre-
amplifier

High-pass
filter

Oscilloscope
Cutting tool 

Cemented carbide 
(nose radius: 0.8 mm) 

Workpiece material 
AISI H13 die steel 

(EN: 1.2344 | X40CrMoV5-1, JIS: SKD61) 
(hardness: HRC50) 

Type of processing Wet processing 

Form of processing Outer diameter turning 

Cutting speed 180 m/min 

Cutting feed rate 0.1 mm/rev 

Cutting depth 0.2 mm 
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Figure 3.  Flank and rake face of (a) new and (b) fractured tool tip. 

 
 

 
Figure 4. Microscopic images of chip details. 
 
 

propagation path of AE waves and a block diagram of the 

measurement system are shown in Fig.2. The AE-signal 
measurement conditions are shown in Table 2. 

The size of the tool fractures and the shape of the chips before 
and after tool fracture were observed. Changes in the amplitude 
and frequency domain of the AE waves before and after tool 
fracture were also monitored. 

3. Results and discussion 

3.1. Changes in tool tip and chip formation 
Fig. 3 shows the microscopic images of the cutting tool tips of 

new and fractured tools. The shape of the tool tip and the 
amount of wear were measured using a microscope at a 
magnification of 150 times. The observation results of the tool 
tip showed that the sizes of the fracture were 250 μm for the 
principal flank wear width VB, 170 μm for the crater depth KT, 
and 275 μm for the crater width KB. 

Fig. 4 shows the microscopic images of chip details formed 
during turning process. Chips generated before and after the 
tool fracture were cut out by 5 samples each, and the shape of 
the chips was observed with a microscope. The observation 
results of the chips showed that the serrations were formed on 
both sides of the chips before fracture, whereas the serrations 
were formed only on one side after fracture. It was also 
observed that the pitch of serrations was larger after the tool 
fracture. Before the tool fracture, the average pitch of the 
serrations was 80 μm for the thin part and 155 μm for the thick 
part, whereas after the tool fracture, the average pitch was 230 
μm for the thin part and did not appear in the thick part. Since 
the above-mentioned changes of the serration pitch were 
observed in the chips, they were expected to appear as a 
frequency change in the AE signal. 

 

 
 
Figure 5.  AE-signal waveforms: (a) AE amplitude and (b) spectrogram. 

 
 
3.2. Change in AE signal 

Fig. 5 shows the time-series data of the amplitude and 
spectrogram of AE signal. The amplitude and frequency 
components of the AE wave were almost constant before the 
tool fractured. However, when a small tool fracture occurred, 
the AE amplitude began to decrease and the AE frequency 
component shifted to the lower frequency side. Since a 
remarkable change appeared in the frequency domain before 
and after the tool fracture, a small tool fracture that occurs 
during finishing could be detected by the change in the 
frequency component of the AE waves. 

The frequency components of the AE waves shifted to the low 
frequency side after the tool was fractured. This change 
correlates with an increase in the pitch of the serrations of the 
chips. 

4. Conclusions  

To detect cutting tool fractures during finish turning, the signal 
from a cutting tool was monitored with an acoustic emission 
(AE) sensor attached to the tool holder. Tool fractures that 
occurred during finish turning could be detected as changes in 
the frequency component of the AE signal. 

The shape of the chips was observed to change before and 
after the tool fracture, and the change in the serration pitch of 
the chips was found to correlate with the frequency change of 
the AE signal. Therefore, it was suggested that by monitoring the 
frequency change of the AE signal using an AE sensor, it would 
be possible to detect the characteristics of chip formation as a 
change in the quality of the finished surface. 
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Abstract 
Simulation of machine tool feed drive is utilized for machining process optimization. However, time consumption for optimization is 
huge because it requires repeated simulations. Therefore, this paper proposes the rapid simulation model for estimating the tracking 
performance of a CNC (computerized numerical control) machine tool feed drive. The velocity profiler in CNC was modeled to 
estimate the overall shape of the tool path for each block. The combination of the CNC control loop and feed drive was described 
using a transfer function. The analytical solution of feed drive response was acquired by combining the velocity profiler model and 
the feed drive model. Using the generalized solution, tracking error can be estimated at an arbitrary instance. The proposed method 
showed similar estimation accuracy when compared to the conventional simulation that used interpolated tool path. 
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1. Introduction 

Demand for simulation-based optimization in machining is 
increasing. Without operating real machine tools on a factory 
floor, a simulation model can estimate the result of the 
manufacturing process. Using the models, machining accuracy 
estimation [1], energy consumption estimation [2] and 
machining condition optimization [3] can be performed. 

The simulation model consists of a CNC (computerized 
numerical controller) model and a feed drive model. The main 
role of the CNC model is tool path generation and feed drive 
servo control. The CNC model generates a reference tool path 
using velocity profiling algorithms such as trapezoidal, sinusoidal, 
etc. The feed drive model with the servo controller describes the 
dynamic behavior of an actual system. It is built by identification 
processes such as recursive least squares method [4]. 

To select optimal parameters for machining, an iterative 
computation process of simulation and parameter tuning should 
be executed. To analyze the feed drive response such as tracking 
error, in the finest accuracy, the CNC model usually adopts the 
interpolation period and the cycle frequency of an actual CNC 
system for the tool path generation model and the feed drive 
controller model, respectively. As interpolators and servo 
controllers in commercial CNCs work in thousands of Hz, the CNC 
model should run in identical time steps. Calculating numerous 
samples for each set of parameters becomes a bottleneck in 
simulation-based optimization. 

This paper proposes a novel simulation model that calculates 
tracking error in interval-by-interval to reduce or eliminate the 
sampling process of the conventional time-domain model. The 
proposed method analyzes each block in a part program to 
calculate its acceleration, constant velocity, and deceleration 
intervals. For each interval, the general solution of tracking error 
is derived. The estimation accuracy of the proposed model is 
evaluated experimentally. It was shown that the proposed 
method can estimate tracking error using the derived analytical 
solution, without using the interpolated tool path. 

 

 

 
Figure 1. Comparison of the proposed method and time-domain model 

2. Rapid simulation model 

 The objective of the rapid simulation model is to avoid 
dependency on sampling in the tool path generation and the 
feed drive controller. We focus on expressing the tracking error 
of a feed drive in the closed-form solution for each interval such 
as accelerating, constant velocity, and decelerating region. The 
concept of the proposed method is shown in Fig. 1. 

Tool paths are generated in the discrete-time domain in actual 
CNC systems. They can be approximated as functions of time if 
the interpolation period is short enough. Here, the trapezoidal 
velocity profiler was chosen. The tool path generated by the 
selected acceleration-deceleration algorithm is expressed as 
𝑟(𝑡)  where 𝑟0 , 𝑟0̇ , 𝐴 , 𝑡  are initial position, initial velocity, 
commanded acceleration, and time, respectively. 

 

Part program
G01 X20 F600;
…

Interval-by-interval (proposed) Time-domain (conventional)

Tool path generation

Generalized dynamic model

Tool path generation

Controller and plant model

Ctrl Plant

Analytical solution of 
tracking error in each interval

Numerical solution of 
tracking error in each sample
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𝑟(𝑡) = 𝑟0 + 𝑟0̇𝑡 +
1
2⁄ 𝐴𝑡2 

 
The dynamic model of the feed drive is composed of the servo 

controller model and the feed drive model. For the controller, 
commercial CNC generally uses a P-PI cascade controller. It has 
been reported that a combination of the P-PI controller and rigid 
body dynamics model with equivalent mass and Coulomb 
friction can capture dynamics under 30 Hz [5]. The proposed 
model utilizes the reported model but without Coulomb friction. 
The dynamic model is reduced into the transfer function that 
estimates tracking error 𝑒  where 𝑟  is the input reference tool 
path. 𝑎𝑖  and 𝑐𝑖  are coefficients that determine poles 𝑝𝑛  and 
zeros 𝑧𝑚, respectively. 

 
𝑒(𝑠)

𝑟(𝑠)
=
∏ (𝑠 + 𝑧𝑚)
2
𝑚=1

∏ (𝑠 + 𝑝𝑛)
3
𝑛=1

=
𝑐0𝑠

2 + 𝑐1𝑠 + 𝑐2

𝑠2 + 𝑎1𝑠 + 𝑎2 + 𝑎3
1
𝑠⁄

 

 
By combining the tool path generator model and the dynamic 

model, the general solution of tracking error 𝑒(𝑡)  is derived. 
Coefficients 𝐻𝑖  and 𝑃𝑖  are determined by model parameters, 
initial conditions, and the commanded acceleration. 

 
𝑒(𝑡) = 𝐻1𝑒

𝑝1𝑡 + 𝐻2𝑒
𝑝2𝑡 + 𝐻3𝑒

𝑝3𝑡 + 𝑃1 + 𝑃2𝑡 

3. Experimental setup 

 The detail of the experimental setup is shown in Table 1. The 
feed drive system was driven by the commercial CNC. By using 
the controller monitoring program provided by the CNC 
manufacturer, the commanded and actual position was 
gathered from the system. From the collected data, 𝑎𝑖  and 𝑐𝑖  
were identified using least squares method. 

To estimate tracking error, the time-domain model used 
interpolated command position acquired from actual CNC. The 
proposed model used commanded acceleration extracted from 
the part program. For example, if the block G01 X10 F600 and 
the acceleration time 0.1 s is given for trapezoidal velocity 
profiler, the acceleration is 100 mm/s2 for 0.1 s, 0 for 0.9 s, and 
-100 for 0.1 s. 

The time consumption and estimation performance were 
compared between the two models. The computational 
performance was evaluated by measuring the time consumed to 
simulate 1,000 times. The estimation performance was 
compared using the prediction error 𝑒𝑝𝑟𝑒𝑑 , where 𝑒𝑎𝑐𝑡  is the 

actual tracking error, and 𝑒𝑒𝑠𝑡𝑚 is the tracking error estimated 
by each model.  

 
𝑒𝑝𝑟𝑒𝑑(𝑡) = 𝑒𝑎𝑐𝑡(𝑡) − 𝑒𝑒𝑠𝑡𝑚(𝑡) 

 
Table 1 Specification and parameters used in the experiment 
 

CNC  

Model name FANUC 0i-MD 

Sampling frequency 1000 Hz 

Acceleration time 0.1 s 

Simulation model  

Sampling frequency 
(conventional) 

1000 Hz 

Sampling frequency 
(proposed) 

20 Hz 

Feed drive model 
𝑠2 + 3213𝑠 + 531

𝑠2 + 3213𝑠 + 96976 + 157821 𝑠⁄
 

Simulation computer  

CPU Intel i7-9700 (w/o Turbo Boost) 

RAM 16 GB 

Models developed in MATLAB 2020b 

 
Figure 2. Result of experiment and simulation models 

4. Results 

As shown in Fig. 2, the tracking error was estimated within 
prediction error under 50 μm for both models. The proposed 
model was able to estimate the overall behavior of tracking error, 
with only one-fiftieth number of samples. Computation time 
consumed was 268 s and 13 s for the conventional and proposed 
model, respectively. 

5. Conclusion 

In this paper, the rapid simulation model for estimating 
tracking error was proposed. Because the conventional time-
domain model utilized time properties such as interpolation 
period and control cycle frequency of actual CNC, numerous 
sampling process was a bottleneck in simulation-based 
optimization. To avoid dependency on the sampling period, the 
tool path was expressed as a function of time in each 
accelerating, constant velocity, and decelerating interval. By 
combining the velocity profiler model, servo controller model, 
and feed drive model, the analytical solution of tracking error 
was derived for each interval. The experimental result shows 
that the proposed simulation model can capture overall tracking 
behavior with the one-fiftieth frequency of actual CNC, with 
shorter simulation time. 
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Abstract 
In  this paper, we propose a phosphorescent spherical marker  to  improve precision of detecting  the marker position  in captured 
images, which leads to precise image measurements. The phosphorescent spherical marker is excited by a UV light source to emit 
phosphorescence from the marker. Only phosphorescence emitted from the marker is captured by a camera without any other light 
source. In the captured images, the intensity contrast between the marker and background is high because the images contain only 
the intensity information of phosphorescence emitted from the marker instead of the reflected UV light. This high contrast leads to 
success of edge detection of the marker contour with high precision. The phosphorescent spherical marker of 25.4 mm in diameter 
has high sphericity less than 100 µm. The marker position in the captured images can be detected with high precision by fitting a 
circle  to detected edge points on  the marker  contour because of  the precise edge detection and  the high  sphericity.  Standard 
deviation of detected position of the phosphorescent spherical marker was evaluated as an index of precision of marker detection. 
The marker placed 500 mm in front of a camera was captured 30 times. The camera was Nikon D800E which resolution was 7360 x 
4912 pixels. The lens installed in the camera was AF‐S NIKKOR 50mm f/1.8G. In the captured images, the diameter of the marker was 
about 690 pixels. The precision of detecting the phosphorescent spherical marker was 0.0084 pixels  in standard deviation, which 
corresponded to 0.31 µm. The relative precision were 1.1 x 10‐6 and 1.7 x 10‐6 in horizontal and vertical directions respectively. These 
results show a possibility of applying image measurements with the phosphorescent spherical marker to precise motion of machines. 
 
Phosphorescence, Spherical Marker, Image Measurement, Precise Detection 

 

1. Introduction 

Image  measurements  have  two  important  advantages:  (1) 
contactless measurement,  (2)  simultaneous measurement  of 
multiple  points.  One  of  the  most  successful  applications  of 
image measurements  is motion capture system  for measuring 
human and  robot motion.  In general,  the  relative precision of 
motion  capture  systems  is  from 10‐4  to 10‐5  [1], which means 
that the measurement precision corresponding to measurement 
range  of  1  m  is  from  100  μm  to  10  μm.  For  more  precise 
applications  of  measuring  motion  of  precision  mechanical 
systems,  it  is  necessary  to  improve  the  relative  precision  of 
image measurement from 10‐5 to 10‐6. 
In motion capture systems, retroreflective spherical markers 

are  mainly  used  for  detecting  measurement  points.  The 
precision  of  detecting  retroreflective  spherical  marker  with 
weighted centroid method is from 0.05 pixels to 0.02 pixels [1‐
2].  Fluorescent  spherical  markers  can  be  detected  more 
precisely  than  retroreflective ones with edge‐based detection 
method  [3].  Image  measurement  with  fluorescent  spherical 
makers  requires UV‐cut  filters  to make high contrast between 
the marker and background. 
In this paper, we propose a phosphorescent spherical marker 

which  can  be  detected  precisely  without  UV‐cut  filters.  The 
followings describe the difference of shooting method between 
phosphorescent and fluorescent spherical makers, and precision 
of detecting phosphorescent spherical makers. 

2. Phosphorescent spherical marker  

A phosphorescent spherical marker  is a novel optical marker 
for precise  image measurement without any UV‐cut filter. The 
phosphorescent  spherical  marker  is  made  by  coating  with 
phosphorescent paint on a soda glass sphere with high sphericity. 
Figure  1  (a)  shows  an  appearance  of  the  marker  under 
fluorescent light. Figure 1 (b) is an example of captured image of 
the marker excited by UV light source. The shooting procedure 
is described in section 2.1. 
The  phosphorescent  spherical  marker  has  two  important 

features for high‐precision detection: (1) high sphericity, (2) high 
contrast  between  the  marker  and  background.  The 
phosphorescent spherical marker of 25.4 mm  in diameter has 
high sphericity less than 100 µm. 
 

         
(a)                                                          (b) 

 
Figure  1.  Phosphorescent  spherical  marker:  (a)  appearance  of  a 
phosphorescent spherical marker under fluorescent  light, (b) captured 
image of a phosphorescent spherical marker after excitation by UV light 
source 
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2.1. Shooting procedure for high‐contrast images 
Phosphorescent  spherical  markers  are  captured  after 

excitation  by  UV  light  source.  Figure  2  shows  the  temporal 
relationship  between  exposure  of  a  shooting  camera  and 
excitation  lighting.  These  shooting  procedure  makes  the 
captured  image  high‐contrast  between  the  marker  and 
background like shown in Figure 1 (b). 
In  capturing a  fluorescent  spherical marker as high‐contrast 

images,  UV‐cut  filters  are  required  to  remove  reflected 
excitation  light  [3].  In  contrast,  a  phosphorescent  spherical 
marker can be captured as high‐contrast images without any UV‐
cut  filter  because  there  is  no  reflected  light  in  the  time  of 
exposure. 
 
2.2. Marker detection with high accuracy 
The  position  of  a  phosphorescent  spherical  marker  in  a 

captured  image  is measured by  fitting a  circle  to edge points 
detected by  [4]. These edge points  can be detected precisely 
because of high‐contrast  images which  leads  to high  intensity 
gradient around the edge. The relationship between precision of 
edge detection and intensity gradient is shown in Figure 3. 
Fitting a circle to the precisely detected edge points results in 

high‐precision  detection  of  the  marker.  In  addition,  high 
sphericity  of  the  marker  leads  to  high  trueness  of  marker 
detection. 

3. Experiments  

Appropriate excitation time and precision of marker detection 
were examined. Shown in Figure 4, a phosphorescent spherical 
marker placed 500 mm in front of a camera was captured with 
two  UV  light  sources.  The  camera  was  Nikon  D800E  which 
resolution  was  7360  x  4912  pixels.  The  lens  installed  in  the 
camera was AF‐S NIKKOR 50mm f/1.8G. In the captured images, 
the diameter of the marker was about 690 pixels. 
 
3.1. Excitation time for high‐contrast images 
The  excitation  time  was  varied  from  0.5  s  to  60  s.  The 

horizontal profile of marker intensity is shown in Figure 5. This 
graph shows that excitation time more than 5 s was enough to 
be high intensity gradient around the marker edge. 

 
3.2. Precision of marker detection  
The marker was captured 30 times. The precision of detecting 

the  phosphorescent  spherical  marker  was  0.0084  pixels  in 
standard  deviation,  which  corresponded  to  0.31  µm.  The 
relative precision were 1.1 x 10‐6 and 1.7 x 10‐6 in horizontal and 
vertical directions respectively. 

4. Conclusion 

This paper proposes a phosphorescent spherical marker which 
can be detected with relative precision of about 10‐6. 
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Figure 2. Timing control of exposure and excitation lighting 

 

 
(a) Low intensity gradient g 

 
(b) High intensity gradient g 

 
Figure  3. Relationship between uncertainty of  edge detection  σE  and 
intensity gradient g under condition of intensity variation σI 
 

 
 
Figure 4. Experimental setup 
 

 
 
Figure 5. Intensity distribution of a phosphorescent spherical marker in 
various excitation time 
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Abstract 

In recent years, a parallel mechanism with multiple links is expected to be applied to machining because of its higher rigidity, 
accuracy, and output rather than a series mechanism as industrial robots. However, unlike conventional machine tool which consists 
of linear and rotary axes, the parallel mechanism has many error factors. In this paper, we devise and evaluate kinematics model of 
a robot-type machine tool which has parallel mechanism using the shape creation theory. The kinematics model was derived by 
formulating the constraint conditions of the parallel mechanism of the target device. To evaluate the accuracy of the forward 
kinematics model, we used the internal functions of the controller to measure the operating state of each axis of the robot machine 
tool. As a result of comparing the devised forward kinematics model with the target value using the measurement results, we report 
that the tool tip coordinates can be calculated with high accuracy and its evaluation results. 
 
Keywords: parallel mechanism, shape creation theory, homogeneous transformation matrix, kinematics   

1. Introduction   

In recent years, industrial robots are expected to be used not 
only for transportation but also for machining. The robot type 
machine tool as shown in Fig.1 have a parallel mechanism and a 
serial mechanism. The parallel mechanism has a smaller working 
area, higher rigidity and higher accuracy than the conventional 
serial mechanism. However, the positioning accuracy may be 
reduced due to the complexity of the machine structure and 
errors in assembling and motion of each part, considering the 
application to machine tools, it is necessary to improve the 
accuracy. Therefore, by creating an original kinematics model, it 
is possible to simulate the tool path. In addition, by inputting 
encoder information during machining, it is possible to compare 
the machining results with the behavior of each axis and clarify 
the factors that affect the machined surface. In addition, to cope 
with the digital-twin concept, the kinematics model of this 
machine must be built in case of the model unrevealed. 
Therefore, a three-dimensional geometric model was derived 
for target robot-type machine tool, and the mechanism of the 
machine tool was modeled. Based on the model, we derive a 
kinematics model and report the result of its evaluation results. 

2. The target machine tool      

Figure 1 shows the schematic diagram of the robot type 
machine tool (XMINI made by EXECHON Enterprises L.L.C). There 
are three coordinate systems to represent this machine tool 
with kinematics model. The first is the Internal Coordinate 
System (ICS), which is a coordinate system that uses the 
intersection of the Base platform and the 1st-axis as the origin 
and serves as a reference for representing the internal structure. 
The second is the Moving Platform Coordinate System (MPS), 
which is a coordinate system that takes into account the posture 
of the Moving platform. The third is the basic coordinate system 
(BCS), which is a coordinate system that is parallel to the three 
axes of the spatial coordinate system and represents the 
direction and coordinates of the tool center axis.  

The geometric model of the machine tool is represented as 

 

 
Figure 1. Schematic diagram of robot type machine tool. 

 

 
Figure 2. Geometric model of a machine tool. 

 

shown in Fig.2 to visualize the parameters with the direction and 
the offset value considered in the motion controller program. 
Table 1 shows the parameters of robot type machine tool. In the 
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following the index i runs from 1 to 3. The FARO® Gage which is 
three dimensional measurement device for the offsets and 
coordinate acquisition was used based on a software called xCAL 
provided by Exechon Enterprises L.L.C. 

3.  Forward kinematics model     

The forward kinematics model is derived based on the shape 
generation theory using a homogeneous coordinate 
transformation matrix [1]. Modeling is performed in the order of 
ICS origin A1, 1st-axis, 2nd-axis, 3rd-axis, moving platform, C-axis, 
A-axis, tool. The input parameters are the stroke q1 (1st-axis), the 
stroke q2 (2nd-axis), the stroke q3 (3rd-axis), the angle qC (C-axis), 
and the angle qA (A-axis) respectively, which are the drive axes.  

First, the intersection of each axis and the moving platform is 
derived. By deriving B1, B2, and B3, the posture of the moving 
platform and the coordinates of the origin OM of MPS can be 
calculated.  

 𝐵1 = 𝑅(𝛼1)𝐷1𝑅(𝛽1)𝑄1 (1) 
 𝐵2 = 𝐴2𝑅(𝛼2)𝐷2𝑅(𝛽2)𝐸𝐹𝑅(𝜑)𝑄2 (2) 
 𝐵3 = 𝐴3𝑅(𝛼3)𝐷3𝑅(𝛽3)𝑄3 (3) 
Tooltip coordinates are derived using the calculated OM 

coordinates. θ0 is the tilt of the entire target device, OM is the OM 
coordinates, θCYZ, θCXZ are MPS C-axis corrections, and T is the 
distances from the A-axis to the tip end of the spindle, S is tool 
tip coodinates. Tooltip coordinates can be obtained by the next 
eq.(4).  

 𝑆 = 𝑅(𝜃0)𝑂M𝑅(𝜃CYZ)𝑅(𝜃CXZ)𝑅(𝑞c)𝐿c𝑅(𝑞A)𝑇 (4) 
In order to evaluate the results calculated using the forward 

kinematics model, the behavior is verified using the command 
values actually given to the machine tool. In the simulation, a 
linear motion of ± 180 mm was performed at 20 mm intervals in 
the X axis direction. Figure 3 shows the simulation results with 
mechanical error and without mechanical error. Considering 
that the calculation of the command unit provided in the 
controller can be regarded as is accurate, we compared the 
controller calculated value with the calculation result by our 
forward kinematics model. From this results, we found that the 
devised forward kinematics model without mechanical errors 
can acquire the tool tip coordinates with an error of about 1 μm 
or less. In the forward kinematics model with mechanical error, 
the maximum error was about 25 μm. This result leads us to 
improve the model considering the error model. 

4. Inverse kinematics model      

In the inverse kinematics model, Tooltip coordinates and the 
orientation of the tool are used as input parameters, 1st-axis 
stroke q1, 2nd-axis stroke q2, 3rd-axis stroke q3, C-axis angle qC , 
and A-axis angle qA are used as output parameters. Inverse 
kinematics models are also calculated using the homogeneous 
coordinate transformation matrix. θMPX is the rotation of the 
moving platform around the X axis, θMPY is the rotation of the 
moving platform around the Y axis, lMPZ is a translational motion 
in the Z-axis direction. The above three parameters are used as 
the 3-degrees-of-freedom of the parallel mechanism. The 
inverse k inemat ics  model  der ives  the pos i t ion and  
orientation of the Moving Platform, the C-axis angle, and the A-
axis angle from the eq.(5). The linear motion axis is derived from 
the positions of the Base platform and Moving platform. 

 𝑅(𝜃0)𝑅(𝜃MPX)𝑅(𝜃MPY)𝐿MPZ𝑅(𝜃CYZ)𝑅(𝜃CXZ)  

             𝑅(𝑞c)𝐿c𝑅(𝑞A)𝑇
= 𝑆 

(5) 

Table 1 Parameters of robot type machine tool 

𝑂ICS Origin of internal coordinate system (𝐴1)  

𝑂M Origin of moving platform coordinate system 

𝐴𝑖 Point of intersection of base platform and the each 
axis 

𝐵𝑖 Point of intersection of Moving platform and each axis  

𝑞𝑖 Length of the perpendicular between 𝐴𝑖 and 𝐵𝑖 

𝑞C Angle of the C rotary axis 

𝑞A Angle of the A rotary axis 

𝛼𝑖   
𝛽𝑖  

Angle of the outer, inner universal joint at the base 
platform  

𝜆𝑖 Distance between O and 𝐴2, 𝐴3  along the X, Y 
direction  

𝜆c distance between 𝑂M and A axis 

𝑑𝑖 Distance between both rotaries of a universal joint  

e,f Possible offsets perpendicular to 2-axis at the base 
point 𝐴2 

φ Angle between 2-axis about its longitudinal direction  

 

 
Figure 3. Error of simulated results of forward kinematics model 

 
Table 2 Error of simulated results of inverse kinematics model 

 Target value Calculated value 

1st-axis[mm] 734.7025 734.8162 

2nd-axis[mm] 689.1889 689.9319 

3rd-axis[mm] 666.7449 666.8872 

C-axis[deg.] 17.4918 17.3631 

A-axis[deg.] 25.3417 25.5136 

 
Table 2 shows the results of comparing the calculation results 

of the command unit provided in the controller with the 
calculation results of the inverse kinematics model with 
mechanical error. From this results, the error on 2nd-axis is as 
large as about 0.8 mm. The inverse kinematics model with 
mechanical errors is to be improved especially by considering 
the parameter models contributing to the main calculation 
error. 

5. Conclusions      

The following results were obtained for the devised kinematics 
model. 
1) We found that the devised forward kinematics model with 

mechanical errors can acquire the tool tip coordinates with 
an accuracy of about 1 μm or less. 

2) The inverse kinematic model including mechanical error 
still remain a large calculation error and needs 
improvement. 
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Machine  tool  is  important    foundation  of  industrial 
production  and  an  index  of  industrialization  of  a  country. 
Precision  of  such  equipment  is  critical.  The  rotary  indexing 
table (RIT), such as the dual‐axis RIT shown in Figure 1,  is an 
important module  for multi‐axis machine tools. The C‐axis  is 
composed  of  the  rotary  table,  a  mandrel  that  is  fixed  to  a 
rotary  shaft  and  seats  on  an  axial  bearing.  The  mandrel  is 
driven by a built‐in‐motor with water‐cooling jacket and with 
an  encoder  attached.  One  of  the  most  important  factors 
affecting the RIT accuracy is the tolerance of components. This 
paper analyzes assembly tolerance stack‐up of the RIT as a step 
toward for tolerance design.  

 

Map[4]. They are similar in representing geometric constraints 
among geometric features in a product. In this work, TN is used 
to represent assembly relationship as TN represents geometric 
features and geometric constraints with variations as a graph.  
The graph intuitively maps features into nodes and constraints 
as edges of the graph thus is easier to recognize. 

The  RIT  is  decomposed  into  components  and  further 
decomposed into geometric features to construct the product 
hierarchy. Geometric constraints, such as GD&T, are applied to 
features to construct TN of a part/component. AS an example, 
Figure 2 shows the TN of the part Table of the C‐axis module. 
Each geometric  feature  is shown as a black  rectangle with a 
coordinate frame (red rectangle) associated with it. The frame 
is further referred to the datum reference frame (DRF, shown 
as rectangle filled with gray) of the part. Geometric constraints 
are represented as oval blocks where yellow oval represents 

The  constraint  in  the  TN  is  a  relationship  and  can  be 
represents as a homogenous transformation. In the ideal case, 
without tolerancing, the ideal geometry or fitting condition of 
the  design  is  expressed  as  Tideal(i)  where  i  means  the  ith 

constraint. Tolerance attached to it can be expressed as T(i) 
that is the variational kinematics or differential transformation 
due  to  the  tolerance[5].  As  a  result,  the  real  constraint  that 

considers  the effects of  tolerance  is Treal(i)=Tideal(i)T(i). This 
representation  has  been widely  employed  in  literatures  and 
used  in  tolerance  analysis  of  various  electromechanical 
products[5‐9].  

In  conjunction  with  the  TN  shown  in  Figure  3,  the  error 

accumulated along a path P is calculated as Treal(P)= Treal(i); 

Tideal(P) = Tideal(i) where P is the path of tolerance stack‐up. 
The  resultant  error  is  the  difference  between    Treal(P)  and 
Tideal(P) and cab be shown as a bonding box that represents the 
stack‐up error in each axial direction. The resultant tolerance 
stack‐up,  based  on  current  tolerancing  specifications,  by 

Figure 1: A dual‐axis RIT for five‐axis machine tools   

2.		Tolerance	Network		 
The  first step  for  tolerance stack‐up analysis  is  to  find the   

stack‐up  route.  For  this  purpose,  the  assembly  relationship, 
including  tolerancing constraints,  among components has  to 
be constructed. The RIT is composed of three modules, namely 
the C axis, Base and the A axis. Tolerance analysis starts from 
product decomposition to the feature level as tolerancing are 
assigned  to geometry and dimensions of  features. Assembly 
conditions are also  constructed among  features  thus  form a 
network. Tolerances are accumulated, i.e. tolerance stack‐up, 
when components are assembled.  

There are various representation schemes, such as TTRS [1], 
constraint  network  [2],  tolerance  network  (TN)  [3],  and  T‐ 

  

self‐reference  constraint  and  purple  oval  means  cross‐
reference  constraint.  Assembly  relationship  among 
components  is  then  mapped  to  the  TN  and  applied  to 
assembled features. Figure 3 shows part of the resultant TN of 
the C‐axis module as the full TN is too large to fit in the paper.  

3.	Tolerance	Stack‐up	Analysis		 

1.		Introduction		 

Abstract  
Rotary indexing table (RIT) is the critical module of a multi‐axis machine tool as it affects the accuracy of the machine tool. While  
tolerancing is one the most crucial factors that affect the accuracy of the RIT, this research is aimed to tolerance analysis of the C axis 
of a RIT. The product hierarchy and tolerance network for the C axis are first constructed and route for tolerance stack‐up is analyzed. 
Tolerance analysis is further conducted based on the stack‐up route. The accumulated variations of the C axis center position are 
analyzed based on the variational kinematics method. The resultant tolerance stack‐up, based on current tolerancing specifications,  
are 0.039mm and 0.174mm in radial and axial direction respectively.  
  
Keywords: Rotary Indexing Table, Tolerance Network, Tolerance Analysis  
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statistical  analysis  are  0.039mm  in  radial  direction  and 

0.174mm  in  axial  direction.  The  results  suggest  further 

tolerance  adjustment  is  needed  to  achieve  higher  assembly 
precision of the C‐axis module of the RIT. 

   

Figure 2: TN of the Table of the C‐axis  module

 

Figure 3: TN of the C‐axis 

and  tolerancing  is one  the most crucial  factors  that affect  the 
accuracy of the RIT, this research is aimed on tolerance analysis 

each  axial  direction  of  the  C‐axis  center  position  is  then 
conducted along the route based on the variational kinematics 
method.  The  method  treats  tolerance  as  a  differential 
transformation  that  associated  with  the  ideal  geometric 
constrain, represented as an ideal transformation. The resultant 
tolerance stack‐up, based on current tolerancing specifications, 

are  0.039mm  in  radial  direction  and  0.174mm  in  axial 
direction.  The  results  show  that  tolerance  assignment  needs 
further  adjustment  to  achieve  higher  precision.  This  analysis, 
however, provides a systematic approach for tolerance stack‐up 
analysis  in  a  product.  Further  tolerance  adjustment  can  be 
conducted based on sensitivity analysis with this approach. 
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Abstract 
The research work presented in this paper is focused on the development of a new tuneable clamping table (TCT) for avoiding chatter 
instability in slender parts machining. The table where those slender parts are clamped is designed to be dynamically tuned in a range 
of frequencies and damping factor, and it allows a coupling effect between the vibration modes of the part to be machined and the 
modes of the table itself. This adjustable dynamic table has one predominant degree of freedom, therefore the coupling effect with 
slender part is given at this direction, increasing notably the machining capability. The design of the table is based on several precision 
engineering concepts: Light table to minimize the moving mass (optimized structure), rolling miniaturized guideways to allow 
movement in coupling direction, variable stiffness spring based on flexure parts for natural frequency tuning, and finally eddy currents 
based damping effect with tuneable capability through moving conducting plates. This paper presents the design, simulations and 
optimization of those concepts for the first prototype of tuneable clamping table. The table has been manufactured and validated 
showing notorious increase of cutting capability, with a very precise tuning and adjusting of its dynamics for different parts and 
applications. 
 
 
KEYWORDS: Workholder, adjusting damping, precision guiding, tuneable stiffness, chatter  

 

1. Introduction  

Thin walls and slender parts machining are a quite challenging 
task in current manufacturing trends, where structural 
lightweight, resources consumption and fuel saving are values to 
be optimized. Considering those issues, the finishing in milling 
operations of turbine blades is most known, extended and 
demanding application where the outputs of this research could 
impact, improving the productivity and overall quality of 
manufactured parts. 

Two challenges are presented in the manufacturing of those 
parts, static deflection errors and self-regenerative chatter. 
Industry has dealt with this problem increasing static stiffness of 
the blades, with supports in cantilever zones. Increase rigidity of 
the part reduce deflection and static errors and increase the 
cutting capability moving chatter vibration limit out of working 
range, but those solutions have two main drawbacks: on one 
hand the structures used to increase stiffness of the part are 
commonly very invasive and they limit tool path and milling 
operations, and on the other hand the clamping forces and their 
releasing after machining induces static error in the part, usually 
slight errors but they could be significant in the case that the 
clamping mechanisms are not enough precise. 

The work presented in this paper is focused on the increasing 
the damping on the part, and therefore reduction of self-excited 
vibration effect, chatter. Those vibrations limit dramatically the 
productivity of manufacturing process and increasing tool wear 
and reducing the surface quality of parts [1]. 

Chatter occurs due part vibration modes therefore all actions 
should go to increase dynamic stiffness of the parts, not in the 
tool/work-head and neither in the machine structure. This way 
active and passive dampers use is extended with aim to increase 

critical parts damping Passive dampers introduce damping 
dissipating energy by means of tuned mass-damper system 
(TMD) [2], however their applicability is very difficult in complex 
geometries with varying dynamics. Active dampers are actuators 
that counteract the workpiece vibration, with several solutions 
given in bibliography, in this case with electromagnetic actuators 
[3], however this solution requires direct attachment of damper 
(active or passive) to slender part, being the major difficulty for 
a feasible and general implementation. 

Mode coupling effect (like TMD) has been studied in different 
works and the controllable mode with high damping is tuned to 
be close of the frequency of the critical mode [4,5]. But 
comparing with TMD systems this new approach introduces 
damping inside the cutting force in a serial way, without any 
direct intervention in the cutting zone and increasing dynamic 
stiffness at the cutting point. Previous works cited above were 
focused on the study of practical effect on machining dynamics 
and damping increasing, but first theoretical study of this 
phenomena: “serial mode coupling techniques to increase the 
dynamic stiffness of flexible parts”, it is presented by authors in 
this work [6]. 

Therefore, this paper will take theoretical approach of [6] and 
here it is presented the design of a tuneable clamping table (TCT) 
based on serial mode coupling to damp thin-walled part modes. 
The stiffness of the clamping table may be tuned to achieve 
mode coupling between the modes of the part and the table. 

This paper has four sections after this introduction. The first 
section related with the theory of TCT and its main variables, 
second section focused on the architecture of the table (main 
structures, guiding, variable stiffness and damping), the third 
section with experimental validation and a final one with main 
conclusions. 
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2. TCT conception and optimization 

In the same way as TMDs, the tuneable clamping table (TCT) 
concept aims at increasing the dynamic stiffness at the 
machining point by means of mode coupling. When two or more 
modes lie close in the frequency band, mode coupling occurs, 
and the mode shapes of the neighbouring modes are combined. 
When damping is considered, a transfer dissipation between 
ideal (stand-alone) modes is achieved, which can be used for 
decreasing the dynamic flexibility of critical modes of structures. 

 

 
Figure 1. (a) Classical tuned mass damper (TMD) concept. (b) Tuneable 
clamping table (TCT) concept. 

 
However, in TMDs, the highly damped mode is placed in 

parallel to the critical mode (Figure 1 (a)), whereas the TCT 
concept is based on placing the controlled mode in a serial 
configuration with the critical mode inside the flow of the 
excitation forces (Figure 1(b)). This allows introducing damping 
and, therefore, increasing the dynamic stiffness of the part at 
the machining point without having any device that can interfere 
with the cutting process clamped to it. 

Theoretical development of the TCT system is presented in 
previous cited work [6] and even deeper in [7], so here only the 
main conclusions are presented for design optimization: 

• Table frequency mode must be tuned by a variable 
stiffness (K1) in the principal direction of the system (X). 

• The combination of table moving mass (m1), the part 
(m2), and the springs stiffness coefficients (K1 and K2), 
they define the operation frequency range (f). This range 
should be in the range of the mode to damped. 

• By the way, mass ratio defines the robustness of system. 
Lower is the mass of the moving part of the table (m1) 
better is the fine-tuning capability and robustness of the 
system. 

• Damping of the table must be modified looking for a 
proper tuning of the system, C1. 

• Overall conclusions: Low friction in moving direction, 
high stiffness in other 5DoF, adjustable stiffness and 
damping of the table, and minimum mass for the 
moving part of the TCT. 

3. TCT architecture: Structure, guiding, stiffness and damping 

The tuneable clamping table is designed to work in 1 DoF, 
aligned with the principal direction of vibration mode of critical 
part. In this case it will be a thin wall simulating the finishing 
milling of a turbine blade, therefore, other 5 DoF of the table 
should be enough rigid and their vibration modes enough far 
away comparing the mentioned blade. Prototyping of the TCT 
moreover requires controlling the dynamic properties of a clear 
mode. This entails three main design challenges: creating a stiff 
table with low mass to clamp the different parts and developing 
two mechanisms to change the stiffness and damping of moving 
parts of the TCT. 

Consequently, a very light moving mass table is posed in order 
to maximise the mass ratio and ensure the robustness of the 
frequency tuning. The stiffness, and therefore, the natural 

frequency of the translational mode is controlled by a rotary 
spring attached to the table. And a variable damping system 
relaying on eddy currents is added to control the optimal 
damping. But those issues are described in deep in the next sub-
sections of the paper. 

 
3.1. Main structure and guidance 

Considering the presence of strong magnetic field, the table is 
designed mainly in aluminium, to avoid problems with flux 
direction and in the assembly task. As shown in the Figure 2, 
upper face of the TCT is designed for a flexible clamping of any 
kind of part, but considering always the working direction of the 
table, modes coupling direction. 

 

 
Figure 2. Overall view of tuneable clamping table TCT 

 

In the figure 2 the stiffness variation mechanism and damping 
tuning systems are slightly showed. Into the circular cover in the 
centre of the table is the variable stiffness spring and lateral 
manual mechanisms move the immersion of conductive plates 
tuning the damping by Eddy current effect. 

In the figure 3 the main guiding systems is shown where a pair 
of linear bearings guide the movement of the table over the 
fixed structure, and two rolling bearing are used to rotate the 
variable stiffness spring, tuning the frequency of table mode 
(coupling with slender part frequency) and ensuring proper 
guidance and stiffness in all other degrees of freedom. 

 

 
Figure 3. Cutting view of the TCT with main guiding system. 
 
Moreover, of the rolling guiding system presented in last 

figure, the table is also guided by two flexure leaf with the main 
aim to keep the table centred at rest condition. Those flexures 

Coupling 
direction 

Variable 
stiffness 
spring 

Damping 
tunning 
system 
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are shown in the figure 4, together some explanation about 
static and moving parts of the mechanism. 

 

 
Figure 4. Spring leaves for guiding of the table, and static moving parts 
of the TCT. 

 
Therefore, and summing up the main structure description, 

the translational mode was achieved with a guiding system 
composed by flexures and linear bearings, and the aluminium 
table was incorporated resulting in a total reflected mass of 6.5 
kg. 

 
3.2. Stiffness variation system 

The solution for table frequency tuning is based on a spring 
with stiffness modulation in function of angular positioning [8]. 
In the figure 5 it can see a representation of mentioned stiffness 
variation spring, where rotating the spring from 0º to 90º the 
stiffness change from minimum to maximum. 

 
Figure 5. Tuning flexure, spring with rotation dependence stiffness. 

 
The angular position of the rotary spring is controlled by a 

system composed by a motor which permits altering the 
stiffness of the mode externally, Figure 6. The translational 
mode of the table can be tuned within a frequency range of 200-
400 Hz, range within which the thin-walled modes can be 
coupled. 

 
Figure 6. TCT view with stiffness control motor. 

Thanks to this configuration, the table could be tuned 
automatically adapting the frequency to new parts or even 
adapting the tuning for part where large amount of material is 
removed, and therefore large dynamics change is expected. 

However, the tuning range of TCT depends also on the 
additional mass (m) added by the part. A very low table mass 
supposes a higher sensitivity towards suffering a variation of the 
tuning range when additional mass is added to the table, Figure 
7. This is an additional difficulty compared to TMDs, which show 
no variation of the device mass and the tuning range when 
clamped to the part. 

 
Figure 7. TCT tuning in function of spring orientation and added mass, 
the mass of part to be machined. 

 
3.3. Damping variation system 

The damping has been introduced by induced currents, Eddy 
current effect, instead of a more classical viscous effect with 
hydraulic dampers. The damping amount and adjustability is 
superior with hydraulic systems but due to the friction 
introduced by gaskets and O-rings, and consequent non-
linearities in the system, magnetic principle was selected. Two 
twin damping devices are in both sided of the table, damper 1 
and damper 2 of figure 8. 

 
Figure 8. TCT dampers, one each side of the table, symmetrical. 

 
For damping tuning, the table has conductive plates fixed 

underneath. The amount of damping is controlled altering the 
immersion of these plates inside a magnetic field created by 
permanent magnets, Figure 9. 

 
Figure 9. Detail view of Eddy Current’s based damper. 
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4. Experimental validation 

The table TCT presented in this paper was constructed and 
validated experimentally with several cutting tests. In the figure 
10 a picture of the table is shown, with a dummy of slender part 
to be machined. A special part made of C45E with a clear 
bending mode at 380 Hz has been considered as dummy, with a 
replaceable part located in the tip of the part to perform 
successive cutting tests. 

 

 
Figure 10. Picture of TCT table during experimental validation tests. 

 
To verify the increase of stability given by TCT table developed 

in this project, several cutting tests were carried out on the part. 
The tuning and dynamic analysis of the table was carried and 
presented in previous cited work [6]. 

The operation is a flank milling up-milling with 1.25% radial 
engagement carried out with a diameter 16 mm and 4-fluted 
tool, which resembles a typical operation on thin-walled parts in 
the aerospace industry. The stability lobe diagrams obtained by 
semidiscretisation [9] for both clampings are shown in Figure 
11a.  

 

Figure 11. Experimental results of the test part machining without the 
TCT and with TCT. (a) Stability Lobe Diagram. (b) Acceleration signal 
during the machining for N = 2100 rpm. (c) Vibration severity for N = 
2100 rpm. 
 

The milling stability is clearly enhanced for the entire spindle 
speed range. The stability simulations predict a huge increase in 
the critical stability limit from 0.15 mm to 5 mm. The cutting 
tests verified the stability increase. At a spindle speed of 2100 
rpm, a stable cut is achieved up to 10 mm of depth of cut, while 
without TCT chatter arises at 395 Hz already for 3 mm (Fig. 8c). 

Moreover, the vibration level of the damped clamping case 
remains inferior to the regular clamping case for double the axial 
depth of cut (Fig. 8b), resulting in noticeably inferior roughness 
values. 

5. Conclusions 

It was developed and presented a novel solution for slender 
parts machining at stable conditions, ensuring high productivity 
and good quality parts free of chatter. The tuneable clamping 
table (TCT) was designed following the requirements of dynamic 
stability specifications, but many of the solutions are based on 
precision engineering concepts to ensure a fine-tuning 
capability, low friction and as linear as possible response. 

All these structures, guiding systems, flexures and dampers 
were calculated and optimized following the dynamic 
requirements presented above. The mass of the table was 
reduced as much as possible optimizing the structure and 
placing heavy parts of the system (i.e.: magnets, rotary 
mechanism, etc.) in the static part. Stiffness variable spring was 
designed to fit with expected frequency range. This system 
includes an automatic orientation mechanism to adapt the 
stiffness to new tuning frequencies. Moreover, the damping also 
can be modified (manually in this case) with accessible adjusting 
screws. This way, the two main variables of TCT can be easily 
modified to adapt it for new dynamics. The TCT prototype was 
constructed and validated experimentally, showing a high 
increase on cutting capacity. 

But the industrial application of this concept will require the 
improvement of the actual design to achieve a lower moving 
mass of the table while maintaining a high stiffness of the 
clamping and to try to target higher natural frequencies. 
Materials with high stiffness to density ratio based on 
composites should be considered for future prototypes. 
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