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Abstract
Resolution is a key criterion in 6 degrees of freedom (DOF) precision positioning systems such as Gough
Stewart platforms. Nevertheless, there is no consensus on the definition of resolution and its evaluation. We
propose a resolution characterisation method for the 6 DOF precision positioning systems based on users’
requirements (in telescope and synchrotron fields). The method is founded on two user-specific criteria: stability
and increment motion length. A new measurement system based on capacitive sensor technology has been
developed to assess resolution. The uncertainty of our measurement system was estimated by the Monte Carlo
method. This system enables measurement of hexapod platform displacement along 6 DOF with nanometre
uncertainty. This is a considerable advantage because it is possible to carry out all the measures of resolution
along 6 DOF automatically and without setup modification. We evaluated the resolution of an hexapod
specifically developed for the Eastern Anatolia Observatory. The 6 DOF contactless measuring system enabled
us to demonstrate an hexapod resolution of 20 nm for translation and 0.25 µrad for rotation.
Keywords: Resolution; precision; Nano-Positioning System; Stewart platform; Hexapod; capacitive sensor;
Monte Carlo method.

1 INTRODUCTION
A positioning robot is an electromechanical system that positions objects by moving them by
one or more degrees of freedom (DOF). The robot consists of a stationary platform, actuators
and a mobile platform. Figure 1 illustrates one of the most conventional architectures for
positioning robots, so-called Gough Stewart platforms [1] or hexapods. There are many uses
for such robots: positioning samples in synchrotrons [2], microsurgery [3], metrology [4], and
positioning system in telescopes [5].
The DAG (Turkish acronym for Eastern Anatolia Observatory) project is devoted to the
development of a new 4m-class telescope. The telescope is composed of three mirrors: a
primary mirror (M1), a convex secondary mirror (M2), and a flat mirror (M3). two hexapods
enable the M2 and M3 mirrors of the DAG telescope to be into position. Figure 1 shows the
CAD model of the complete telescope and the two developed hexapods. The hexapod
supporting M2 is used to correct the focus, field-astigmatism and coma aberration. The
hexapod supporting M3 is used to correct the focal plane tilt [6]. The developed hexapods
must have a fine enough resolution to position the M2 and M3 mirrors with an better than 1
µm and 5 µrad accuracy. Resolution is thus a key criterion for the DAG project.

Figure 1: DAG telescope design as defined in [5] and the CAD model of the Symetrie
hexapod [7]

The resolution concept is unclear because there is no industry standard or academic
consensus. In the industry, each robot manufacturer uses its own criteria to assess resolution:
Physics instruments (Pi) [8]; Newport [9]; Aerotech [10]; and Symetrie [11]. This is
problematic for three reasons: it is hard to compare the performance of different robots; the
proposed performance criteria are not always tailored to users’ needs and the evaluation
methods are often not specified.
Few scientific studies deal with the positioning system resolution issue. Furthermore, these
studies concern only nano-positioning systems with only one or two DOF. As specified in
[12], the strokes considered are very short, i.e. in the 100 µm range. The resolutions achieved
are subnanometric. In several studies [12] [13] [14], the resolution is defined as the sensor
resolution limit used for closed loop position control. In this case, Flemings specifies in [12]
that external disturbances are neglected. However external disturbances markedly reduce the
resolution level.
The present paper is focused on the study of 6 DOF positioning robots with at least 100 mm
strokes. In the first part, we propose a new resolution characterisation method based on users’
needs (in the telescope and synchrotron fields). Then a setup to measure the resolution in 6
DOF with nanometer accuracy is presented. The uncertainty of the new measurement system
was estimated by the Monte Carlo method. An example of resolution measurement (20 nm
and 0.25 µrad) is illustrated in the last part of this paper.

2 RESOLUTION DEFINITION FOR POSITIONING ROBOTS
There is no standardized definition for the resolution concept regarding positioning systems.
For this reason, manufacturers have put forward their own definitions. Thus, Symetrie [16],
[17] PI, Aerotech [18] or Newport [19] propose to distinguish the theoretical resolution and
the resolution or minimum incremental motion (MIM). Table 1 presents terminologies
and definitions that are used by all of the manufacturers (Newport, PI, Aerotech, Symetrie).

Vocabulary used

Ma Newport [8]
nuf
actu
rers
defi

Theoretical resolution, display resolution, Resolution,
practical
resolution,
minimum,
encoder resolution, design resolution, incremental motion (MIM), typical resolution
resolution
“Resolution, also referred to as display or “Minimum incremental motion (MIM) is the smallest
encoder resolution, is the smallest increment increment of motion a device is capable of
that a motion system can be commanded to consistently and reliably delivering.”
move and/or detect.”

niti
ons
Pi [9]

“Design resolution: The theoretical minimum “The smallest motion that can be repeatedly executed
movement that can be made.”
is called minimum incremental motion, or typical
resolution, and is determined by measurements.”

Aerotech [10] “Theoretical resolution may exceed practical “Practical resolution:
resolution”
movement of a system.”
Symetrie [11] “Theoretical resolution”

The

smallest

possible

“The resolution or minimum incremental motion
(M.I.M.) is the smallest increment that the machine
can perform.”

Table 1: Manufacturers’ definitions (Newport, PI, Aerotech, Symetrie)

According to the International Vocabulary of Metrology (VIM) [12], resolution is defined as
the “smallest change in a quantity being measured that causes a perceptible change in the
corresponding indication”. Based on this definition we can give a qualitative definition for
positioning system resolution: Resolution – also called the minimum incremental motion
(MIM) – is the smallest increment of motion that a robot is capable of performing.
Theoretical resolution – also called display resolution, encoder resolution or design
resolution – is the shortest distance that can theoretically be travelled. The theoretical
resolution is generally calculated from the resolution of the encoder engine. A multiplying
factor is used for all movement converting system between the encoder engine and the
hexapod platform displacement.
2.1 CRITERIA AND METHOD TO EVALUATE RESOLUTION
Movement increment must be more precisely defined to evaluate MIM.
2.1.1 Position stability
Stability is the capacity of a positioning system to keep the same position over time. It is a
fundamental characteristic of a positioning system. The stability assessment conditions
should be precisely defined: time scale, measurement direction (translation, rotation), fixed
and variable loads, vibrational excitation (shocks, machines nearby) and temperature
(controlled or not). To distinguish two successive motion increments, the movement
increment value must be greater than the platform position instability level.

First criterion
Relative stability: the amplitude variations of the position – between two motion increments –
must be less than 10% (empirical value) of the movement increment value.
The 10% value has to be tailored to the users’ needs in the project.
2.1.2

Motion increment length

The motion increment length has to be consistent with the commanded length to ensure that
the systemis in the right position. For these reasons we propose the following second criterion
Second criterion
Motion increment length: commanded increment length -30% < increment length <
commanded increment length +30%
The 30% value has to be tailored to the users’ needs in the project. These two criteria –

stability and motion increment length – allow us to quantify the hexapod resolution.

2.1.3

Example of resolution test results

Figure 2 shows an example of a resolution test. The hexapod platform was translated along
the Y axis by 10 successive 100 nm steps. The top graph on Figure 2 shows the platform
position along the Y axis. The dotted red line represents the tolerance stability limit. The
bottom graph on the Figure 2 shows the amplitude of the 10 steps. The red line shows the the
step length tolerance limit. Each step value has to fall between 70 nm and 130 nm to satisfy
the length criteria. In the case of Figure 2, the stability criterion and motion increment length
criterion were met.

Figure 2: Example of a resolution test.
Two preliminary treatments were conducted on the raw data before plotting the curves in
Figure 2. Firstly, data recorded during displacements was systematically removed. The
platform position during motion increment is not related to the resolution concept. Secondly,
real-time filtering was applied to the raw data. This filtering is described in paragraph 3.2.
Then 10 points were recorded between two motion increments at a 1 Hz acquisition
frequency.

In the case in Figure 2, motion is along one axis and one direction. For many applications, the
hexapod is used along 6 DOF with direction inversion, e.g. to adjust the telescope mirror

position by translation and rotation. Therefore, tests are commonly carried out with direction
inversion. Figure 3 presents the results of such a test for the Y axis. The bidirectional
resolution test presented is an extension of the pure resolution concept. As in the Figure 2
case, the stability criterion and motion increment length criterion were fulfilled.

Figure 3: Example of a bidirectional resolution test. Y axis and 100 nm step

3 RESOLUTION MEASUREMENT
A setup dedicated to resolution measurement have been developed. This system is based on
the use of capacitive sensors. It allows to perform displacements measurements according to
6 DOF. This is a considerable advantage because it is possible to carry out all resolution
measurements along 6 DOF automatically and without any setup modification.
3.1 ARCHITECTURE OF THE 6 DOF SETUP
The measurement system principle is described in Figure 4. Six displacement sensors are
attached to the base of the hexapod via the (green) support. These 6 sensors measure the
motion of a target attached to the moving platform according to 6 DOF.

Figure 4: Measurement system

Metrologists use the of metrology loop concept to evaluate and optimize the design of
measurement machines [13][14][15]. The metrology loop is defined as a conceptual line
going through all solids, sensors and joints of a machine and determining the relative position
of probes with respect to the artefact. The artefact is the part to measure – it could for
instance be a simple cylinder [14]. Any non-controlled dimensional change in the
metrological loop increases the measurement uncertainty. Hence, the dimensional stability of
all components crossed by the metrology loop have to be optimized.
The metrology loop concept can be tailored to our resolution measurement system. The
artefact is the hexapod in Figure 4. The dimensional stability of components crossed by the
metrology loop (red in Figure 4) has been optimized. We designed the most compact and stiff
metrological structure to minimize the deformation amplitude. We used INVAR to reduce the
temperature variation impact because of its low thermal expansion coefficient (0.15 µm/m/
°C). In addition, the setup was placed in a measurement room with small temperature
variations (0.05°C). The hexapod platform was deformed under the strain induced by the six
actuators. We developed a specific decoupling system to avoid transmitting deformations
from the platform to the capacitive sensor target. The target is connected to the platform
through 3 decoupling blades facing 120° (triangles in Figure 4). The principle and
implementation of this decoupling liaison is explained in [20]. The detailed design of the
decoupling system and the capacitive sensor target is presented in Figure 6.
We opted to evaluate the hexapod resolution in the same conditions as will be used to
position the DAG telescope M2 mirror. Consequently, the hexapod was returned and a mass
was added under the platform to simulate the weight of the telescope mirror. The
configuration is presented in Figure 5.

Figure 5: Hexapod configuration for the resolution test
To define the pose of the hexapod, we introduced the base frame (denoted Rb) and the mirror
frame (denoted Rm). Rm is attached to the mass as shown in Figure 7. Rb is attached to the
hexapod base. For the ease of experiments Rb was chosen coincident with Rm for the initial
pose of the resolution tests.
The pose is described by the pose vector χ.
Where Tx, Ty and Tz are the translations and Rx, Ry and Rz are the rotations of the mirror along
the fixed axis of the base frame Rb.

3.2 SENSOR CHOICE AND DATA ACQUISITION
Sensors have to provide high accuracy and resolution for our 6 DOF measuring system.
Typically, to measure an MIM of 10 nm – according to the resolution criteria presented in
this paper – the sensor has to provide a measurement error of less than 1 nm and a resolution
better than 1 nm. Interferometric or capacitive sensors are the most commonly used to
achieve this performance level [16]. In [17], the capacitive sensor residual error after
calibration was experimentally reduced to less than 1 nm in an 80 µm range. Capacitive
sensors are less expensive than interferometers and they have a smaller footprint. We thus
chose capacitive sensors for our 6 DOF measuring system.
The use of commercial capacitive sensors has to be optimized to achieve measurements with
sub-nanometer uncertainty. Two categories of error, as described in [16], should be
minimized: systematic and random error. An interferometer based calibration is required to
reduce the systematic error. The interferometer is considered as the reference measurement.
The reference interferometer is traceable to the International System of Units (SI). The
residual error is less than 0.1% of the travel range after calibration.
The capacitive sensor random error is caused by electrical noise. All electronic components
produce small random changes in voltage potential that combine throughout the circuitry and
appear as a band of noise [18]. The recorded data reveals that the capacitive probe noise is
about 40 nm and has a Gaussian distribution. This implies that the measurement can be
improved by applying a filter. For our tests, a Butterworth low pass filter was applied to the
measurement values. For all the tests, we empirically chose a 1 Hz cutoff frequency.
The graph in Figure 6 presents the complete architecture of the acquisition system. The six
capacitive sensors are connected to the conditioner module [19]. An analog-to-digital
converter is used to generate digital values from the conditioner module output. A software
package applies the Butterworth low pass filter. The tests are automated and conducted
remotely to minimize environmental disturbance (thermal, vibration). Consequently, a trigger
signal is sent by the PC to automatically control the motion of the hexapod following a duty
cycle.

Figure 6: Data acquisition architecture
3.3 FROM CAPACITIVE SENSOR VALUES TO PLATFORM POSITION
Figure 7 shows the detailed design of the capacitive sensor target. The surfaces targeted by
capacitive sensors are the areas shown in green. We recall here that Tx, Ty and Tz denote the
translations and Rx, Ry and Rz denote the rotations of the robot platform along the fixed axis
of the base frame denoted Rb (see paragraph 3.1 figure 5). For Tz translation and Rx and Ry
rotation, three capacitive sensors oriented along the Z axis measure the translation of three
discs located on the XY plane. For Tx translation and Rz rotation two capacitive sensors are
oriented along the X axis and target the central block. For Ty translation, a sensor oriented
along the Y axis targets the central block.

Figure 7: Detailed design of the measurement system

At that point, the mirror frame displacement has to be deduced from the 6 capacitive sensor
measurements through the forward kinematics of our measurement system. Figure 8 shows
the complete settings of the measurement system: capacitive sensor targets and capacitive
sensor support.

Figure 8: 6 DOF measurement system
length Value (m)
L1

0.4020

L2

0.0300

L3
L4
L5

0.0700
0.1000
0.0866
0.0500

L6

Table 2: Capacitive sensor positions

The value given by capacitive sensors is denoted C, where
The first step consists of expressing the value given by each capacitive sensor depending on χ
components. For the first capacitive sensor, denoted C1:
Similar equations for the 6 capacitive sensors give the following relation:

By inversing M in equation (5):
By equation (6), the displacement of the mirror frame is deduced from the 6 capacitive sensor
measurements.

4 UNCERTAINTY ESTIMATION BASED ON THE MONTE CARLO METHOD
To estimate measurement uncertainty, two methods are detailed in the “Guide to the
expression of uncertainty in measurement” (GUM)[20][21]. The first method proposed in the
GUM is based on the law of propagation of uncertainty. The application of this first method
becomes tedious, especially when the measurement process is complex [22]. The Monte
Carlo method (MCM) offers an alternative to estimate uncertainty.
We chose the Monte Carlo method in order to estimate the measurement uncertainty of our 6
DOF measurement system. In the present study, the different MCM steps described in the
GUM were applied:
• definition of the measured output quantity

• definition of the input quantities upon which the output depends
• determination of the probability density function (PDF) of the input variables
• definition of a model relating input and output
• Propagation of PDFs for input through the model to obtain the PDF for output
• estimation of the standard deviation and confidence interval for output.
Our resolution evaluation proposal is based on two criteria: stability and motion increment
length. Firstly, we implemented the Monte Carlo method to estimate the stability
measurement uncertainty. In this case, the measurand is the position of the platform for 10 s.
The input variables are the 6 values given by the 6 capacitive sensors. To estimate the PDFs
of the 6 input variables, 90,000 values per capacitive sensor were recorded for a test duration
of 100 s. For this data capture, the position of the target sensor was assumed to be perfectly
stable. The result of the test is presented in Figure 9. The histograms show the recorded
sensor values. A normal probability distribution function – represented by the red dotted line
– was fitted to the recorded data. The mean value, denoted µ, was removed for clarity. The

standard deviation, denoted σ, ranged from 1.35 to 1.74 nm.

Figure 9: Normal distribution for the six capacitive sensors
The forward kinematics of our measurement system were used for PDF propagation. Two
cases were studied here. In the first case, platform displacement was calculated in the
capacitive sensor plane (in Figure 8, distance L1 is equal to zero). In the second case,
displacement was calculated at 40.2 cm above the capacitive sensor plane (in Figure 8,
distance L1 is equal to 40.2 cm).
The Figure 10 histograms show the calculated positions. Actually 100,000 values were
randomly generated according to the six normal distributions experimentally identified for
the six capacitive sensors. Then the generated values were input into equation (6) to calculate
100,000 platform positions along each of the 6 DOF. In Figure 10, normal probability
distribution functions – represented by dotted lines – were fitted to the calculated platform
positions. The red dotted line refers to L1=0 and black dotted line refers to L1=40.2 cm.

Figure 10: Platform position simulations along the 6 DOF
The standard deviation obtained with L1=0 ranged from 0.91 to 1.57 nm for the platform
position measurements and from 0.012 to 0.019 µrad for the platform orientation
measurements. The position measurement uncertainty was slightly better than the individual
capacitive sensor uncertainty due to the averaging effect. For example, displacement along
the Z axis is the mean of sensors 4 to 6.
Figure 10 highlights the effect of the L1 distance on the stability measurement uncertainty.
Indeed, when L1 increased from 0 to 40.2 cm, the standard deviation increased by
approximately 4 nm for the X and Y axes. Tz translation and Rx, Ry and Rz rotation were not
affected by the L1 distance. The best solution – to avoid the uncertainty amplification – was
to design a tailored sensor support to minimize the L1 distance. The uncertainty, and the 95%
coverage interval for the stability measurement, are listed in Table

3 for L1 = 0.

Table 3: Uncertainty of the 6 DOF measurement system
Axis

Uncertainty 95% coverage interval

Tx(nm) 1.56

[-3.12 , 3.12]

Ty(nm) 1.02

[-2.04 , 2.04]

Tz(nm) 0.91

[-1.82 , 1.82]

Rx(µrad) 0.014

[-0.028, 0.028]

Ry(µrad) 0.012

[-0.024, 0.024]

Rz(µrad) 0.019

[-0.038, 0.038]

Secondly, the uncertainty on the step length measurements was studied. Here the only source
of uncertainty was related to the trueness of the capacitive sensors. After calibration, the
residual linearity error of the 6 capacitive sensors was less than 0.1% of the measurement
range. The effect of this error on the step length measurements was less than 0.7% on the
translation and less than 0.3% for the rotations. As 30% is the usual value for the step length

criterion, we considered that the systematic error introduced by our measurement system was
negligible.

5 EXPERIMENTAL RESULTS AND DISCUSSION
The resolution test was conducted to evaluate the resolution of the DAG project hexapod.
The hexapod resolution was not known before the test. Consequently, we tried different
resolutions from the high to low to empirically determine the achievable resolution level. The
test cycle is described on the following table.

Table 4: Test cycle
Translation Tx Translation Ty Translation Tz Rotation Rx Rotation Ry Rotation Rz
number
roundtrips

of step size

step size

step size

step size

step size

step size

(nm)

(nm)

(nm)

(µrad)

(µrad)

(µrad)

1

500

500

50

0,5

0,5

0,5

3

200

200

20

0,25

0,25

0,25

3

100

100

10

0,1

0,1

0,1

Figure 11 gives an overview of the test results. The 6 DOF were tested successively. The
graph position was initialised at zero.

Figure 11: Overview of the complete test results (Tx Ty Tz) and (Rx Ry Rz)

Figure 12 shows zoomed views of 6 achieved DOF resolutions.

Figure 12: Zoom resolutions Tx, Ty, Tz and Rx, Ry, Rz
The tested hexapod achieved a resolution of 100 nm along the X and Y axes and 20 nm along
Z. This difference could be explained by a simple stiffness analysis. According to [23],
stiffness along the Z axis is higher than that along the X or Y axes. This inequality is always
true if the hexapod height is greater than the difference between the base and the platform
radius. This condition was verified for the studied hexapod. Stiffness along the Z axis was
greater than that along X or Y axes. Consequently, the stability in relation to vibrations was
better along the Z axis.
The step length along the Y axis was 100 nm and consistent with the specification. The steps
were smaller than the command for the X and Z axes. The first hypothesis was that the
difference between the command and the effective step length was due to the accuracy of the
hexapod along the total travel range. However, the accuracy had already been evaluated using
a coordinate measuring machine (CMM): after hexapod calibration [24][25] the motion error
was less than 10 µm for a 10 mm travel range and along the 3 DOF. By extrapolating this
result to a smaller range, the accuracy error turned out to be better than 1 nm for a 1 µm
length step, which could be neglected. The second hypothesis was that the accuracy
difference between the 3 axes could be due to the joint configuration difference. To confirm
this hypothesis, it was necessary to investigate the hexapod behaviour, which did not concern
the method and resolution measuring system.
The platform orientation was evaluated by calculating the difference between two or three
capacitive sensor values. In this case, the capacitive sensor target was tilted relative to the
sensor axis. It is questionable whether it was necessary to take the effect of tilt on the
capacitive measurement into account. Firstly, the target tilt was the same for all of the
capacitive sensors. Consequently, the tilt effect would be cancelled out when calculating the
sensor measurement difference. Secondly, experiments described in [18][26] showed that the
capacitive sensor tilt had a negligible effect – at the nanometer scale – for lower slopes than
+/- 87 µrad. The maximum tilt for our test was under 5 µrad.
The tested hexapod achieved 0.25 µrad resolution along X, Y and Z axes. The rotation
amplitude was less than the command for the X and Z axes. This point will need to be
investigated further. However, as for translation, that aspect concerns the hexapod more than
the resolution measurement method and device.

Figure 13: Thermal drift compensation
Figure 12 shows an example of resolution measurements for three cycles. There was an offset
of 14 nm between the first and last positions. This offset could be explained by thermal drift
of the system over the duration of the test (10 min). Thermal drift was not related to the
resolution evaluation. Consequently, it would be of interest to try to remove the thermal drift
effect by post processing. In Figure 13, the thermal drift effect was considered to be linear.
The least-squared best-fit line (dotted line) was deleted from the intial results (red line). The
blue line is the resolution test result after deleting the thermal drift effect. This method must
be conducted with care. Indeed, the thermal drift estimation could be distorted by mecahnical
hysteresis phenomena, so it should be carried out over at least two duty cycles.
5.1 CONCLUSION
The present study focused on the resolution evaluation of 6 DOF positioning robots. A new
resolution characterisation method has been proposed. The method is founded on two criteria
based on the users’ needs: stability and motion increment length. A new setup to measure the
resolution in 6 DOF was developed to achieve characterisation at a nanometer level. The
uncertainty of the measurement system was estimated by the Monte Carlo method. The
uncertainty achieved was better than 1.5 nm for the positions and 0.02 µrad for the
orientations. The capacitive technology based device was tested on an hexapod and the
following resolution was obtained: Tx,Ty: 100 nm, Tz: 20 nm Rx,Ry,Rz: 0.25 µrad.
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