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Abstract
Nanomeasuring machines developed at the Technische Universität Ilmenau enable three-dimensional measurements and 
manufacturing processes with the lowest uncertainties. Due to the requirements for these processes, a highly reproducible 
and long-term stable tool changing system is needed. For this purpose, kinematically determined couplings are widely used. 
The state-of-the-art investigations on those are not sufficient for the highest demands on the reproducibility required for 
this application. A theoretical determination of the reproducibility based on analytical or numerical methods is possible, 
however not in the desired nanometer range. Due to this, a measurement setup for the determination of the reproducibility 
in five degrees of freedom with nanometer uncertainty was developed. First, potential measuring devices are systematically 
examined and measurement principles were developed out of this. A three-dimensional vector-based uncertainty analysis is 
performed to prove the feasibility of the measurement principle and provides a basis for further design. As a result, a transla-
tory measurement uncertainty of 10 nm and a rotatory uncertainty of 11 nrad can be reached. Afterwards, the measurement 
setup is designed, focusing on the metrological frame and the lift-off device. The developed setup exceeds the uncertainties 
of the measurement setups presented in the state-of-the-art by an order of magnitude, allowing new in-depth investigations 
of the reproducibility of kinematic couplings.

Keywords Tool changing · Kinematic coupling · Measurement setup · Uncertainty analysis · Precision design

1 Introduction

The further development in the field of nanofabrication 
constantly creates new challenges for the machines. At the 
Technische Universität Ilmenau, the existing nanomeas-
uring machines are currently being extended to allow 

nanofabrication [1, 2]. A highly reproducible tool-changing 
system is required for combined processes with multiple sen-
sors and tools. Previous solutions for this are based on a cali-
bration process using the measurement of markers, which 
increases the processing time considerably and manufac-
turing tools may not have their own measuring system. The 
targeted three-dimensional reproducibility of the position of 
the tool-changing system is related to the three-dimensional 
measurement uncertainty of the nanomeasuring machine 
NPMM-200 and lies below 50 nm [3].

The tool-changing interface is based on kinematic cou-
pling, which is characterized by six ball-plane contacts and 
is therefore free of overdetermination. In the literature, the 
types shown in Fig. 1 are known. The Maxwell arrange-
ment consists of three V-grooves and is characterized by 
a central pivot point based on its symmetrical design. The 
Kelvin arrangement has a fixed pivot point realized by the 
ball-tetrahedron pairing. One of the major influencing fac-
tors on the reproducibility of kinematic couplings is the 
frictional behavior of the ball-plane contacts. For analytical 
or numerical calculations of the reproducibility, idealized 
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considerations of position and geometry of the contact sur-
faces are necessary. The friction occurring at the mechani-
cal contact points during the coupling process can only be 
considered simplified. These simplifications are no longer 
acceptable for the demands made on reproducibility in the 
research activity presented here. Therefore, a measurement 
setup is required for the experimental determination of the 
reproducibility.

2  State of the Art

State-of-the-art kinematic couplings are widely used in pre-
cision engineering and have already been investigated for 
their achievable reproducibility in various measurement set-
ups. In coordinate measuring machines, kinematic couplings 
are used as stylus-changing interfaces. The performance is 
not specified, however, a recalibration after a stylus change is 
not necessary. Therefore, the reproducibility must be clearly 
below the measurement uncertainty of the machine. For the 
most accurate coordinate measuring machines available on 
the market, the accuracy is specified with 0.3 + L∕1000 μm 
[6].

In the 1980s, the reproducibility of kinematic couplings 
was already extensively investigated by the MIT precision 
engineering research group of Slocum [7, 8]. The kinematic 
couplings in the Maxwell arrangement are intended for use 
in tooling machines. This results in a coupling diameter of 
356 mm and a ball diameter of 28.6 μm . The preload force 
of 45 kN was provided by a pneumatic piston, which is also 
used for the automated lift-off process. Lubricated and non-
lubricated sets of coupling elements are investigated for 600 
cycles. The measurement of the reproducibility is carried out 
using a total of six linear variable differential transformers 
(LVDT), arranged one each in the radial and axial direc-
tion at three points at an angle of 120◦ to each other. Thus, 
the measurement in all six degrees of freedom (DOF) is 
possible. Temperature stabilization of ± 1 K was reached, 
although the influence of temperature effects is minimal due 
to the massive design.

In their research, Grimske et al. focuses on the investiga-
tion of kinematic couplings with a desired reproducibility 
of 1 μm for small tooling machines [9]. For the determina-
tion of the reproducibility, five fiber-coupled semiconduc-
tor interferometers with a resolution of 0.025 nm are used, 
which are mounted on a monolithic aluminum frame. The 
preload force of the coupling is applied by magnets and the 
measurement is performed for 25 cycles with a manual lift-
off device.

In [10], a kinematic mirror mount for ultra-precision 
manufacturing with a corresponding measuring setup is 
presented. This mirror mount is based on a rotatory coupled 
kinematic coupling with a diameter of the moving coupling 
half of 270 mm. The measurement is performed in five 
DOF using five capacitive probes with a resolution of 10 
nm mounted on a multi-piece metrological frame made of 
aluminum. The lift-off process is done manually, the meas-
urement was performed under atmospheric conditions with 
temperature stabilization of ±0.1 K. Multiple sets of 30 
cycles are performed after a break-in process and subsequent 
cleaning and lubricating of the coupling elements.

The work of Ziegert and Tymianski deals with the devel-
opment of an air-bearing kinematic coupling [11]. The 
reproducibility of those air-bearing couplings is measured 
with six capacitive sensors in six DOF. The sensors are 
attached by additional parts to the metrological frame, which 
is made of aluminum like the moving half of the coupling. 
The resolution of the capacitive sensors was determined 
experimentally throughout 24 h and equals 18 nm. Informa-
tion about temperature stabilization is not given. The process 
is measured for 1000 cycles using a pneumatic cylinder for 
an automated lift-off process.

Other approaches are based on optical tracking methods 
[12, 13]. Either a marker or an illuminated pinhole is used, 
whose position is detected by an imaging system. This only 
allows measurement up to three DOF. In [12], a standard 
deviation of the reproducibility of 30 nm is given. According 
to [13], a resolution in the subnanometer range is possible, 
but only under certain conditions. The number of cycles for 
a pair of coupling elements is not specified in both works.

3  Objectives for the Development 
of the Measurement Setup

The investigations on kinematic couplings presented in the 
state of the art were carried out under conditions and objec-
tives that considerably vary from the intended application in 
the nanofabrication machine. For this reason, the measure-
ment setups are not capable of an investigation of the repro-
ducibility with the precision required in this research. Fur-
thermore, up to now, no measuring setup has been designed 
for operation under vacuum conditions.

(a) (a)

Fig. 1  Kinematic couplings: a Maxwell clamp [4], b Kelvin clamp 
[5]
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The aim of this work is the development of a measure-
ment setup for the determination of the reproducibility of the 
position of a kinematic coupling in a vacuum. The measure-
ment uncertainty is intended to be at least five times lower 
then the desired three-dimensional reproducibility of 50 nm. 
Since a rotation around the tool axis is not relevant for the 
intended application, the measurement must be carried out 
in five DOF. The kinematic coupling has to be integrated 
into the measurement setup in a manner that allows the 
coupling elements to be exchanged to investigate different 
shapes and materials.

The development is carried out systematically and starts 
with a detailed analysis of measuring devices. Based on this, 
measuring principles are developed, evaluated, and selected. 
The measurement uncertainty is determined through a meas-
urement uncertainty analysis according to the Guide to the 
Expression of Uncertainty in Measurement (GUM). Subse-
quently, the measuring setup is designed.

4  Synthesis of a Measurement Principle

For the investigation of the reproducibility, the two halves of 
the kinematic coupling have to be separated, coupled again, 
and preloaded with a defined force. The position of the 
moved coupling half relative to the stationary coupling half 
is measured in five DOF. Therefore, the sensors are attached 
to the fixed coupling half and the measuring surfaces are 
located on the moved coupling half. To exclude influences 
on the reproducibility by a change of the preload force, the 
force resulting from the mass of the moved coupling half is 

used as preload force. The measurement procedure needs to 
be performed a sufficient number of cycles using an auto-
mated lift-off device.

For this purpose, measuring principles are developed 
based on the potential measurement devices shown in 
Tables 1 and 2. These measurement devices are preselected 
concerning the requirements of the measuring setup. For the 
development of the measurement principles, these measure-
ment devices are combined to measure three translatory and 
two rotatory DOF independently. The aim is to use one type 
of measuring device only to reach a simple measuring setup 
and to reduce the number of parasitic effects. Small angular 
deviations can be captured via triangulation by differential 
length measurement as well. A total of 13 measuring prin-
ciples are developed and evaluated based on the following 
evaluation criteria.

• Short curcuited metrological loop
• Vacuum compatibility
• Setup reduced to the most necessary, open extensions
• Ease of integration of an automated lift-off for automated 

measurements

The solution based on five single-electrode capacitive sen-
sors showed the best performance. These sensors are very 
compact, vacuum compatible, and can be combined eas-
ily for measuring five DOF independently. The measuring 
arrangement is shown in Fig. 2. Two sensors are used to 
measure the x and y reproducibility. Three further sensors 
are used to measure the reproducibility in the z-direction 
and the rotatory reproducibility around the x- and y-axis. 

Table 1  Typical properties of high-precision translatory measuring devices achieved in the state of the art [13–16]

Measurement 
principle

Measuring device Resolution (nm) Measuring range 
(mm)

Contactless Relative/absolute

Capacitive Capacitive sensors 0.1–1 0.02–10 Yes Absolute
Inductive Linear variable differential transformer 

(LVDT)
10–100 1–600 No Absolute

Tracking Lighted-pinhole-tracking 1 0.01 × 0.01 Yes Absolute
Confocal Focus sensor 0.1–10 0.002–1 Yes Absolute
Confocal Chromatic confocal 10 0.3–30 Yes Absolute
Optical Laser interferometer 0.01 100 Yes Relative
Optical Position sensitive detector (PSD) 10–100 2 × 2 Yes Relative

Table 2  Typical properties 
of high-precision rotatory 
measuring devices achieved in 
the state of the art [17, 18]

Measuring device Resolution 
( μrad)

Measuring 
range (mrad)

Number 
of DOF

Contactless Relative/absolute

Autocollimator 0.5 8.7 2 Yes Absolute
Inclinometer 0.6 9 1 No Absolute
Three-beam interferometer 0.005 0.1 2 Yes Absolute
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The selected sensors have a static resolution of 0.5 nm and 
a measuring range of 50 μm . For the following uncertainty 
analysis materials, dimensions, sensor positions, and envi-
ronmental conditions are specified.

5  Uncertainty Analysis According 
to the GUM

To prove the capability of the selected measurement arrange-
ment and for the design of the measurement setup, an uncer-
tainty analysis must be performed. This uncertainty analysis 
is based on the Guide to the Expression of Uncertainty in 
Measurement (GUM). A vector-based approach, which has 
already been proven to be successful for modeling the uncer-
tainty of the NPMM-200, is chosen [3]. Individual uncer-
tainty influences are modeled as subvectors and combined 
to build a closed vector chain. Advantageous is the good 
expandability and modifiability of this chain.

5.1  Uncertainty Models for the Sensors

The modeling is based on the analogy between the meas-
urement setup and a positioning system with six DOF. The 
range of the moving coupling half corresponds to the worst 
expected reproducibility of the kinematic coupling. The vec-
tor chains are created for the two states a and b. In state a, 
the moving coupling half is located at the negative maxi-
mum and in state b at the positive maximum of the repro-
ducibility. For the calculation of the overall uncertainty, the 
uncertainty of the difference vector rmeas between the two 
states a, and b is used.

The vector chain for the uncertainty in x- and y-direc-
tion is identical and shown in Fig. 3. It consists of the 

frame vectors r
Fr

 and measurement object vectors r
MO

 as 
well as the measurement value of the sensor r

S
 . First-order 

Abbe error (sine error) r
Abbe

 and second-order Abbe error 
(cosine error) r

Cos
 are expected hereby. For both states a 

and b, the equation for the vector chain results in:

The modeling of the z-direction differs slightly from 
the x- and y-direction and is shown in Fig. 4. Again, the 
difference vector is formed for two states, but for a better 
overview, this is not shown in the figure. The vector chain 
consists of the frame vectors r

��
 and the measurement vec-

tors of the sensors r
�
 , whereby second-order Abbe errors 

r
���

 are considered. Initially, the translatory uncertainty 
in the z-direction is determined by averaging the three 
sensors.

For the determination of the rotatory uncertainties, a plane 
defined by the vectors p , v and u is created and the cor-
responding normal vector n is calculated. The angle of the 

(1)0 = r
��

− r
���

− r
��
− r

�����
− r

����
−

4∑
i=1

r
����

(2)0 = r
��

− r
���

− r
��
− r

�����
− r

����
−

4∑
i=1

r
����

(3)r
����

= r
��

− r
��

(4)rz =
1

3
⋅

3∑
i=1

sia

S5

S4

S3

S2

S1

Fig. 2  Measurement arrangement

Fig. 3  Vector chain for the uncertainty calculation in x and y direction 
for state a (state b shown schematically in gray)



185Nanomanufacturing and Metrology (2021) 4:181–189 

1 3

plane is calculated by the angle between the normal vector 
of the sensor plane and the respective coordinate axis:

The determination of the angles is again done for the two 
states a and b. The uncertainty is calculated from the uncer-
tainty of the difference angle �meas.

5.2  Uncertainty Contributions

In the following, the individual uncertainty contributions, 
each modeled as a single vector, are introduced.

5.2.1  Frame Components

The vectors for the frame components r
��

 are derived from the 
measuring arrangement. Uncertainties due to position devia-
tions of the sensors bsensor are considered hereby. Besides, 

(5)�x = π∕2 − arccos

⎛
⎜⎜⎜⎝

ny�
n2
x
+ n2

y
+ n2

z

⎞⎟⎟⎟⎠

(6)�y = π∕2 − arccos

⎛
⎜⎜⎜⎝

nx�
n2
x
+ n2

y
+ n2

z

⎞⎟⎟⎟⎠

(7)�meas = �b − �a

thermal expansions also have a significant influence on the 
measurement uncertainty of the entire system. These were cal-
culated according to Eq. (8) considering the current tempera-
ture �cur and the thermal expansion coefficient �th at a reference 
temperature of 20◦C.

5.2.2  First‑Order Abbe Errors (Sine Error)

Due to the rotary and translatory motion of the upper coupling 
half, first-order Abbe errors occur. These errors occur when 
the measuring axis is not aligned with the motion axis. The 
entire measurement setup works as a relative measurement 
and the motion axis is in a random position. For this reason, 
the worst expected translatory reproducibility arep is assumed 
to be the distance rDis between the measuring and motion axis. 
The tilt angle �Abbe equals the worst expected rotatory repro-
ducibility �rep.

Due to the small angles �Abbe in the range of multiple μrad 
the model can be linearized according to Eq. (10).

5.2.3  Second‑Order Abbe Errors (Cosine Error)

Second-order Abbe errors occur when the sensors are tilted by 
the angle � . The distance between the sensor and measuring 
object equals the measurement value of the sensors rC.

5.2.4  Non‑Orthogonal Coordinate System

Due to manufacturing tolerances, the coordinate system 
defined by the sensor axes is not perpendicular. This uncer-
tainty is corrected by a coordinate transformation from the 
non-orthogonal coordinate system rnot orth to the orthogonal 
coordinate system r

����
 using the linear transformation matrix 

Alin according to [19]. The tilt of the sensors is identical to � 
and is described as �� for this sub-model. For the z-direction 
the means values of the three sensors are combined to a virtual 
sensor, which coincides with the coordinate axis.

(8)r
��

= r
��20◦C

⋅ (1 + �th ⋅ (�cur − 20◦C))

(9)r
����

= tan(�
����

) × r
���

(10)r
����

= �
����

× r
���

(11)rCos = rC◦

⎛
⎜⎜⎝

1

1

1

⎞
⎟⎟⎠
× (1 − �)

(12)r
����

=Alin ⋅ rnot orth

Fig. 4  Vector chain for the uncertainty calculation in z direction and 
around the x- and y-axis for state a 



186 Nanomanufacturing and Metrology (2021) 4:181–189

1 3

Afterwards, the difference of the vectors can be calculated.

5.3  Calculated Measurement Uncertainty

The measurement uncertainty is calculated based on the cre-
ated model. For this purpose, uncertainties and uncertainty 
distributions are assigned to the variables introduced in the 
model. Since these are based on manufacturer specifications, 
manufacturing tolerances, or conservative estimations, a rec-
tangular distribution (type B) is assumed for all influencing 
factors.

In Table 3, all influencing parameters on the measurement 
uncertainty are shown. The worst expected reproducibility of 
the position of the kinematic coupling is estimated accord-
ing to the state of the art [8, 9, 12, 13]. Measuring range, 
resolution, material of the sensors, and permissible tilt of the 
sensor axis relative to the measuring surface are given in the 
datasheet of the manufacturer [20]. The measurement uncer-
tainty of the sensors for a static measurement is estimated 
as factor two of the sensor resolution. Sensor positions are 
derived by the use of a coordinate measuring machine. Thus, 
the uncertainty is given by this measurement. All compo-
nents in the metrological circle of the measuring setup are 
made of the glass-ceramic  Zerodur®, which has a thermal 
expansion coefficient close to zero [21].

Subsequently, the measurement uncertainty can be calcu-
lated. This results in 9.00 nm uncertainty in the x-direction, 
8.76 nm uncertainty in the y-direction, and 10.06 nm uncer-
tainty in the  z-direction with a coverage factor k = 1. Fig-
ure 5 shows the uncertainty contributions for the translatory 

(13)Alin =

⎡
⎢⎢⎣

1 − ��xy − ��xz

0 1 ��yz

0 0 1

⎤
⎥⎥⎦

(14)�r
����

= |r
����

| − |r
not orth

|

measurement uncertainty. It becomes clear that the largest 
uncertainty contributions are given by the thermal expan-
sions of frame and sensors. Furthermore, the non-orthogonal 
coordinate axes and the measurement uncertainty of the sen-
sors themselves influence the overall uncertainty. First-order 
Abbe errors also have a small influence. Influencing fac-
tors not shown have either no or negligible influence on the 
measurement uncertainty.

For the measurement of the rotatory reproducibility, rela-
tively small measurement uncertainties of 10.7 nrad around 
the x- and y-axis was achieved (k = 1). These small uncer-
tainties can be explained by the measuring principle, since 
the arrangement of the sensors is symmetrical. Thermal 
expansion has the same effects on all sensors and therefore 
does not contribute to the uncertainty. For this reason, the 
uncertainty amounts for the rotatory measurement uncer-
tainty are given only by the measurement uncertainties of the 
sensors themselves and position deviations of the sensors, 
as shown in Fig. 6.

Table 3  Assumptions of the values for the measurement uncertainty

Description Symbol Value

Expected translatory reproducibility arep 5 μm

Expected rotatory reproducibility �rep 10 μrad

Nominal measuring range of the sen-
sors

dsensor 50 μm

Measurement uncertainty of the sen-
sors

�sensor 1 nm

Translatory deviation of the sensor 
position

bsensor 10 μm

Rotary deviation of the sensor axes � , �� 700 μrad

Temperature � 20◦ ± 0.05K

Thermal expansion coefficient of frame �frame 0 ±0.1K−1

Thermal expansion coefficient of 
sensor

�sensor 13 ⋅10−6 ± 0.1K−1

Fig. 5  Uncertainty contributions for the translatory measurement 
uncertainty

Fig. 6  Uncertainty contributions for the rotatory measurement uncer-
tainty
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6  Design of the Measurement Setup

The design is based on the performed measurement uncer-
tainty analysis and is divided into the main assemblies: Met-
rological frame with clamping of the sensors and a lift-off 
device.

6.1  Preliminary Tests of the Clamping 
of the Capacitive Sensors

The sensors need to be clamped highly reproducible and 

stable. For this purpose, the cylindrical capacitive sensors 
are placed into V-grooves, preloaded by a small and defined 
spring force. An adjustment of the sensors into the work-
ing distance of 50 μm is done using gauge blocks. Thereby, 
the permissible angular deviation of 700 μrad of the sen-
sor is checked and, if necessary adjusted using thin spacer 
elements.

This variant of sensor clamping and sensor adjustment 
was investigated in a 1-axis pre-test which is shown in Fig. 7. 
The sensor is mounted on a two-axis rotatory adjustment 
table. The measuring surface of the sensor is placed on a 
linear axis with a resolution of 8 nm. This was moved in 
defined steps and the position was measured by the capaci-
tive sensor and the integrated measuring system of the axis. 
The closed-loop control was switched off for the duration of 
the measuring value acquisition to achieve static measure-
ment. The measured values of the capacitive sensor and the 
integrated measuring system show deviations of 0.4 μm . 
These deviations are very reproducible and caused by move-
ments after deactivating the closed-loop control of the axis.

6.2  Metrological Components

The metrological frame consists of a static and moving 
half, and is shown in Fig. 8. The static half is primarily 

designed to fix the five capacitive sensors and is made 
monolithic to avoid uncertainties due to contact points. For 
the same reason, the kinematic coupling is also integrated 
directly into the metrological frame, which means that 
forces must be taken by the frame. Therefore, the metro-
logical frame is made as massive parts of Zerodur ®, which 
is characterized by a relatively high Young’s modulus of 
90.3 GPa in addition to its low thermal expansion [21]. 
Based on the one-axis test in chapter 6.1, V-grooves are 
added into the static half of the metrological frame for 
the sensor clamping and the sensors are adjusted into the 
working range using gauge blocks. The kinematic coupling 
is integrated into the metrological frame as exchangeable 
elements to vary the materials, shapes, and sizes of the 
coupling elements. These cylindrical exchangeable cou-
pling elements are mounted to the metrological frame via 
very well-defined holes and are secured against rotation 
by spring forces. These geometries are chosen because 
the force application to the frame is more crucial than the 
position definition of the exchangeable coupling elements.

6.3  Lift‑off Device

Since the sensors have a working distance of only 50 μm 
, the high demands made on the guidance are achieved 
through a double diaphragm spring guide (see Fig. 9) 
characterized by very small guidance deviations and a 
high rigidity against tilting. To prevent the stiffness of the 
guidance system from becoming too high and the actuator 
from being unnecessarily loaded, the diaphragm springs 
are axially slotted.

The connection to the moving coupling half is real-
ized by three ball-plane contacts. To prevent possible tilt-
ing during lift-off, the three ball-plane contacts must be 
adjusted in two rotatory directions using two adjustment 
tables placed at an angle of 90◦ above each other. The 
lift-off device can be engaged by a bayonet-type mount 

Fig. 7  1-axis test setup of the sensor clamping: (1) capacitive sensor; 
(2) clamping of sensor in V-groove ; (3) 2-axis rotatory adjustment 
table; (4) capacitor measuring plate; (5) linear axis

Fig. 8  Metrological components of the measurement setup with-
out the sensor clamping elements: (1) interchangeable inserts; (2) 
z-sensor in V-groove; (3) static half of the metrological frame; (4) x-, 
y-sensor in V-groove; (5) capacitor measuring plate; (6) moving half 
of the metrological frame
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allowing quick and easy mounting. A voice coil is used as 
the actuator and the connection to the diaphragm spring 
guide is made by a flexible element to avoid overdetermi-
nation. Besides, the large distance between the actuator 
and sensors keeps the influence of the heating of the actua-
tor on the measurement uncertainty small.

7  Conclusions and Outlook

In the state of the art, similar measurement setups are already 
presented, however, either the resolution of the measuring 
device is too low or the measurement was not performed in 
at least five DOF. The lift-off and coupling of the two cou-
pling halves were realized manually in many previous works, 
which results in additional uncertainty contributions that are 
difficult to consider. The performance of the measurement 
setup for the intended application can only be proven by a 
systematic measurement uncertainty analysis. This has not 
yet been carried out for any of the measurement setups pre-
sented in other works. Therefore, a measurement setup has 
been developed for the determination of the reproducibility 
of highest precision kinematic couplings with an uncertainty 
of about 10 nm per coordinate axis and about 11 nrad per 
rotation under the given conditions (k = 1). This is achieved 
by a spartan kinematic design, largely reduced number of 
components, using high-precision capacitive sensors and 
low thermal expansion material for all metrological compo-
nents. Since the above-mentioned uncertainty is still a con-
servative estimate, the expected measurement uncertainty 
will be smaller. Thereby, the reproducibility of kinematic 
couplings can be investigated with an uncertainty that has 
not been achieved before. Further, the use of the measure-
ments in a vacuum environment enables minimization of 
disturbing influences on the reproducibility.

The measurement setup is currently being mounted and 
set into operation. Subsequently, it will be used to investigate 
different variants of kinematic couplings in a vacuum using 
the exchangeable coupling elements. A particular focus is on 
the change in friction conditions caused by different materi-
als and the vacuum environment. Furthermore, the influence 
on the reproducibility by the application of lubricants or 
high-frequency vibrations will be investigated too.
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