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Abstract— This paper presents a six degree of freedom (DoF)
active sample-tracking robotic 3D measurement system for inline
applications. The integrated measurement platform (MP) of the
state-of-the-art system is augmented by a compact and tailored
in-plane tracking sensor system. Based on two position-sensitive
devices and laser markers, relative motion between the 3D
measuring tool on the MP and a sample surface is measured with
sub-micrometer resolution. Applying a tailored high performance
PID control architecture, a six DoF sample-tracking control
bandwidth of about 450 Hz is achieved. In a translational in-
plane DoF, vibrations with a dominant component at 66 Hz
are reduced from 9.44µm rms by a factor of 10 to 931 nm rms.
Experimental results successfully proof the system concept of
robotic 3D measurements with sub-micrometer precision directly
in a challenging vibration-prone environment.

I. INTRODUCTION

Flexible, fast and precise inline measurements can improve
industrial manufacturing processes by a 100% quality control
of the produced goods [1], [2]. The resulting continuous
quality monitoring enables realtime optimization of production
parameter settings to enhance the overall throughput as well
as the production yield [3], [4]. Surface properties, such as to-
pography and roughness, frequently serve as quality indicators,
which is why precise 3D surface measurements are considered
as a key technology in the semiconductor, automotive and
consumer electronics sector [5]–[7].

To achieve the targeted flexible positioning of a 3D mea-
surement tool (MT) at arbitrary measurement locations on a
sample surface as well as to extend its measurement range,
industrial robots can be employed [8], [9]. However, the limited
positioning accuracy of modern industrial robots of several tens
of micrometers [10], makes robots themselves not suitable for
the demanded 3D surface measurements with single- or sub-
micrometer resolution [11].

Similar to the positioning noise of a robot, environmental
vibrations within an industrial production line may cause rela-
tive motion between the MT and the sample surface, resulting
in corrupted 3D measurements due to motion blur [12]. Con-
sequently, precision quality monitoring is typically conducted
in vibration-free lab environments, usually impeding a 100%
quality control of goods with structural sizes in the single-
micrometer range without impairing the production throughput.

Recently, an active sample-tracking measurement system for
precise robotic inline 3D surface inspection on freeforms has
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been reported [13], [14]. The feedback control-induced stiff
link between the integrated MAGLEV measurement platform
(MP) and the sample surface establishes lab-like conditions
for the developed compact and lightweight scanning confocal
chromatic sensor (SCCS) [15] mounted onto the MP. Currently,
the system design includes three capacitive sensors to track a
sample surface in the three out-of-plane degrees of freedom
(DoFs), but is lacking appropriate in-plane tracking sensors
for tracking the three remaining DoFs.

While there is a variety of high precision out-of-plane
displacement sensors [16], fast, precise and compact in-plane
sensors are hardly available. Multi-DoF speckle or image
correlation-based micro-vision systems achieve spatial resolu-
tions in the range of the several micrometer down to single-
nanometer [17]–[20]. However, these camera-based measure-
ment systems typically show rather low measurement rates
of up to a few hundred Hertz [19], which is not expedient
for the targeted high performance feedback-controlled sample-
tracking application. To extend the current robotic measure-
ment system’s [13] sample-tracking capability from three to
six DoFs, an in-plane measurement system based on position-
sensitive devices (PSDs) may appear as a valid approach.
Using laser-based markers, PSDs provide the required sub-
micrometer resolution as well as a sufficient sensing range and
bandwidth [21], [22].

The contribution of this paper is the successful demonstra-
tion of robotic 3D measurement with sub-micrometer precision
within a challenging vibration-prone environment, enabled by
a six DoF active sample-tracking approach.

After a presentation of the roboic 3D measurement system
prototype in Section II, this paper focuses on i) the design
of an integrated PSD-based in-plane tracking sensor system in
Section III, ii) the design and implementation of the six DoF
sample-tracking control (Section IV), and iii) the experimental
tracking and 3D imaging performance evaluation in vibrational
environment in Section V. Finally, Section VI concludes this
paper.

II. MODULE FOR PRECISE ROBOTIC 3D MEASUREMENTS

The concept of the active sample-tracking measurement
system for precise robotic inline 3D surface inspection on
freeforms is exemplarily shown for two DoFs in Fig.1. As
can be seen, the measurement module acts as an endeffector
of an industrial robot and is composed of a SCCS as precision
3D MT and a MAGLEV MP. Integrated tracking sensors
measure the relative position of the SCCS to the sample surface
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(external MP position). By means of feedback control, a con-
stant alignment of the SCCS relative to the sample surface is
maintained, compensating also for robot pose-induced position
uncertainties. In this way, the contactless stiff link between
SCCS and sample surface actively compensates for relative
motion and establishes lab-like conditions for the 3D MT.
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Fig. 1: Precise robotic inline 3D measurements on freeform
surfaces. By maintaining a constant in-plane (xe) and out-of-
plane (ze) position of the SCCS relative to the sample surface,
disturbing vibrations (xS and zS) are actively compensated.
On the bottom-right, the internal in-plane position signal xi is
exemplarily shown, compensating the sample vibrations xS .

Considering the concept in Fig. 1, Fig. 2a shows the im-
plemented robotic 3D measurement system prototype with the
measurement module mounted to an industrial robot arm (KR
10 R900-2, KUKA AG, Augsburg, Germany). Figure 2b shows
a zoomed image of the measurement module with the SCCS
embedded in the MAGLEV MP. A balanced system design and
the system’s operability in arbitrary robot poses is achieved
by employing eight identical voice coil actuators (VCAs) for
the MP’s quasi-zero-stiffness actuation. Six capacitive internal
position sensors (IPSs) are integrated to measure the MP’s
position relative to the supporting frame (internal MP position),
enabling a feedback-controlled stabilization of the MP in a
free-floating position during a robot re-positioning. In order to
achieve the targeted precision 3D measurements, the tailored,
compact and lightweight SCCS has been developed as 3D
MT [15], showing a lateral and axial resolution of down to
2.5 µm and 76 nm, respectively.

In its current state, the measurement module in Fig. 2b
comprises three capacitive tracking sensors (TSs) to actively
track a sample surface in the out-of-plane DoFs [13]. Due to
their random characteristics, environmental vibration-induced
disturbances can cause relative motion between the SCCS and
the sample surface in all six DoFs [23]. Therefore, additional
in-plane tracking sensors are required, which are compact and
tailored for the operation on the MP. To enable the targeted
high tracking performance of several hundred Hertz and sub-
micrometer 3D measurements, the in-plane TS system is
required to provide sub-micrometer resolution and a bandwidth
exceeding 5 kHz.

(a) Robotic 3D measurement
system.

(b) 3D measurement module.

Fig. 2: Robotic 3D measurement system prototype. a) The
measurement module is mounted to an industrial robot arm.
b) The SCCS is embedded into the MP, which is actuated by
VCAs. Integrated IPSs measure the MP position relative to the
supporting frame. Three capacitive sensors and two PSDs are
used to measure the relative motion between the SCCS and a
sample surface.

III. IN-PLANE TRACKING SENSOR SYSTEM DESIGN AND
IMPLEMENTATION

Given the limited number of compact in-plane displacement
sensors available, a tailored and lightweight in-plane TS system
based on two two-dimensional PSDs (S5991-01, Hamamatsu
Photonics K.K., Hamamatsu, Japan) is designed. Each PSD
provides four photo-currents, which are dependent on the
light spot position of the used marker. Custom electronics
are designed for signal conditioning, including transimpedance
amplifiers as well as analog addition/subtraction circuits and
are mounted on the bottom-left and top-right of the MP (see
Fig. 2b). By setting the two lateral displacement-dependent
photo-currents in relation to the sum current, the PSD char-
acteristics can be linearized [24]. Therefore, besides the two
lateral displacement-dependent signals, each PCB provides the
according sum current-proportional signal. Two laser diodes
(LDM650/1LJM, Roithner Lasertechnik GmbH, Vienna, Aus-
tria) are used as markers for the PSDs, providing a laser spots
with a diameter of about 1mm on each PSD.

As a stiff connection between the markers and the sample
surface is necessary, the sample box in Fig. 3 is designed. It
includes conductive targets for the three capacitive TSs, the
laser diode-based markers for the in-plane TS system and a
mounting for the sample surface to be precisely 3D imaged.

Optical disturbances, such as industrial lightning, can cause
undesired noise within the targeted sensing bandwidth of the
PSDs, which is why the modulation approach in Fig. 4 is
pursued. Using the field programmable gate array (FPGA) of
the rapid prototyping system (RPS) (MicroLabBox, dSPACE
GmbH, Paderborn, Germany), a rectangular modulation signal
fm = 50 kHz is applied to the laser diode. The three modulated
signals of each PSD, with ux and uy being the displacement-
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Fig. 3: Custom-made sample box. Conductive targets for the
capacitive out-of-plane TSs and laser diodes as markers for the
PSD-based in-plane TSs are rigidly to connected to a sample
surface.

dependent voltage signals in x- and y-direction as well as
us the signal proportional to the sum current, are fed to the
ADC (10MHz, 14 bit) of the RPS. The demodulation is per-
formed on the FPGA by multiplying the three signals with the
modulation source signal sin(2πfmt). A subsequent digital 2nd

order lowpass filter (LP) with a cut-off frequency of 10 kHz
is the result of a trade-off between sufficient dynamic behavior
and acceptable measurement noise. Subsequently, u′

x and u′
y

are divided by us, linearizing the PSD’s characteristics [24].
Finally, the resulting signals u′′

x and u′′
y are applied to a

look-up table (LUT), which is used to compensate residual
non-linearities and to calculate the two-dimensional position
(xPSD and yPSD) of the laser spot on the PSD. This results
in a positioning noise of about 200 nm rms for small lateral
displacements, i.e. laser spots close to the PSD center, which
meets the sub-micrometer precision requirement. For higher
lateral displacements the position noise increases towards the
single-micrometer level [22], which is, however, not relevant
for the targeted compensation-based operation.

Fig. 4: Block diagram of the PSD-based in-plane tracking
sensors. A laser diode is modulated with a frequency fm and
used as marker. Demodulation and subsequent digital lowpass
filtering LP of the signals are performed and a look-up table
LUT is used to calculate the measured lateral displacements
xPSD and yPSD.

IV. SYSTEM ANALYSIS AND MOTION CONTROL DESIGN

With the additional TS system implemented and operable,
the motion control of the integrated MAGLEV MP [13] is
designed, requiring two individual control modes. First, the

MP should be stabilized with respect to the supported frame
when the robot is re-positioning and the TSs are not in range
(stabilization mode). Second, with the TSs is range, the MP
requires a high performance tracking control mode, which
establishes the targeted contactless stiff link between the SCCS
and the sample surface.

Figure 5 illustrates a schematic block diagram of the in-
tegrated MP’s individual system components. Based on the
actual MP positioning error eζ , the controller output u is
calculated and transformed by a matrix T into the eight
reference voltages ua,r for the analog PI voltage-controlled
current amplifiers ia(ua,r). The desired currents ia are applied
to the integrated VCAs [13], [14].

Fig. 5: Schematic block diagram of the integrated sample-
tracking MP.

The measured distances dIPS and dTS by the integrated
IPSs and TSs system need to be transformed into the actual
internal and external MP position ζi and ζe, respectively.
Therefore, a set of trigonometric functions

ζi = hi (dIPS) (1a)
ζe = he (dTS) (1b)

is applied and the two individual MP positions are obtained in
six DoFs. Considering the two coordinate systems in Fig. 2b,
the dynamics of the internal ζi and external ζe MP position
differ solely in the sign, yielding

ζ̇i = −ζ̇e = −he (dTS) (2)

and enabling a cross-fading error gain (CFEG)-based transition
scheme between the two individual control tasks [25].

As the system dynamics of the six DoF free-floating MP can
only be identified in a feedback-controlled manner, six single-
input single-output (SISO) floating mass model-based low-
bandwidth proportional-integral-derivative (PID) controllers
are designed and implemented. Low cross talk between the
individual DoFs is obtained by the balanced MP design,
justifying a SISO PID control architecture [13]. In Fig. 6, the
identified dynamics and the subsequent controller design for
the in-plane DoF x are exemplarily shown.

Considering the relation in (2) and the according implemen-
tation in Fig. 5, similar dynamics of the internal (Gi) and
external dynamics (Ge) are measured for frequencies up to
900Hz. Thus, the same PID control parameters can be applied
for both control modes. The PID control parameters are syn-
thesized and optimized in a loop-shaping approach to achieve
the targeted high performance motion control [13]. A loop
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Fig. 6: Controller design for DoF x. The in- and external
dynamics are in good accordance (Gi ≈ Ge) and match the
mathematical floating mass model GFMM . The stabilization
controller Cx,i and tracking controller Cx,e differ only by
tailored notch filters at frequencies above 800Hz.

gain with a crossover frequency of fc = 300Hz is designed,
yielding a robust gain and phase margin of 20 dB and 35°,
respectively. The structural modes measured by the IPS and TS
system of the MP slightly differ, which is most probably caused
by the different sensor placement (see Fig. 2b). Therefore,
individually tailored notch filters HN,k, k ∈ {i, e} are applied
to ensure robustness.

As indicated in Fig. 6, the PID controllers Cx,i (solid
red) and Cx,e (solid green) differ solely by the tailored and
individually designed notch filters. Good accordance between
the simulated Le,sim. and measured loop gain Le,meas. of
the external MP position is achieved. A detailed discussion
on the system modelling and controller design can be found
in [13], [14]. With the designed and implemented CFEG-based
control structure in Fig. 5, an efficient transition between the
stabilization and tracking control is enabled [25].

In Fig. 7, the measured complementary sensitivity T and
sensitivity function S of the six DoF tracking control (external
position) are shown. A −3 dB tracking control bandwidth of
about 450Hz is achieved, with a good disturbance rejection in
the lower frequency range.

V. EXPERIMENTAL EVALUATION OF TRACKING AND 3D
IMAGING PERFORMANCE

The system’s disturbance rejection capability to broadband
vibrations in the out-of-plane DoFs is demonstrated in [13]. To
generate and apply a six DoF disturbance to the horizontally
mounted sample box, the eccentric motor in Fig. 3 is used. In
the following, the tracking control performance the 3D imaging
capability of the integrated robotic 3D measurement module in
the vibration-prone environment is evaluated.

A. Tracking control performance

With the industrial robot positioning the 3D measurement
module above the sample box such that all TSs are in mid-

(a) Out-of-plane tracking control.

(b) In-plane tracking control.

Fig. 7: Complementary sensitivity T and sensitivity S of the
implemented a) out-of-plane and b) in-plane tracking control.
A −3 dB tracking control bandwidth of about 450Hz and good
disturbance rejection at low frequencies are achieved.

range, the disturbance generator is activated. For disabled
tracking control, the tracking error, representing the sample
vibration in each DoF, is shown in Fig. 8 (red). The measure-
ment results reveal a vibrating sample surface with a dominant
component at a frequency of 66Hz and different magnitudes
in the individual six DoFs. Focusing on the proposed in-plane
TS tracking control (left column), the resulting disturbance
in the translational in-plane DoF x is 9.44 µm rms. Repeating
the measurement with enabled tracking control, the residual
tracking errors for the attenuated disturbances are shown in
black. The disturbance is reduced by a factor of 10 to a residual
tracking error of about 931 nm rms, which corresponds to an
attenuation of 20 dB and accords to the measured sensitivity
Sx at the disturbance frequency of 66Hz (see Fig. 7). For
reasons of completeness, the out-of-plane tracking performance
is shown in the right column of Fig. 8. Although in the trans-
lational out-of-plane DoF z a lower level vibration is induced,
a disturbance attenuation factor of about 10 is maintained.

B. Precise 3D imaging in vibration-prone environment

Finally, the measurement module’s 3D imaging performance
in the vibrational environment is experimentally evaluated on
a calibration standard (Nanuler Calibration Standard, Applied
NanoStructures Inc., Mountain view, CA, USA), which is
mounted in the center of the sample box (see Fig. 3). In
Fig. 9, a microscope image of the structural surface under test
is illustrated. Next to the L-structure with a height of 5.81 µm,
also several surface defects are visible.

Initially, the disturbance generator as well as the tracking
control are turned off and the SCCS performs a reference
3D measurement within a measurement time of Tm = 10 s.
Considering the 3D measurement area in Fig. 9, the resulting
3D reference image in Fig. 10a clearly shows the structural
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Fig. 8: Tracking error in each DoF for dis- and enabled tracking control. The vibrations (red) are successfully attenuated (black)
by actively tracking the sample surface. Sub-micrometer precision is achieved in all translational DoFs.

Fig. 9: Microscope image of the sample surface with a struc-
tural height of 5.81 µm. Several surface defects (red ellipses)
are also visible within the 3D measurement area (blue).

sample surface of interest, including the aforementioned sur-
face defects. The according cross section at y = 250 µm
(dashed red) is analyzed in Fig. 10d (dotted black). As can
be seen, a structural height of 5.89 µm is measured. Moreover,
on the bottom-left for x ∈ [30 µm, 80 µm], a surface defect
is detected. Next, a 3D measurement is conducted with the
vibrations applied to the sample surface but disabled tracking
control. Figure 10b shows the corrupted measurement results
due to the six DoF motion blur between the SCCS and the
sample surface. Illustrated by the according cross section in
Fig. 10d (red), the measured structural peak height of about
10 µm is not correct. Moreover, the surface defects in the
interval of x ∈ [30 µm, 80 µm] are also not visible. A repeated
measurement with enabled tracking control to attenuate the
disturbing vibrations yields the 3D measurement result in
Fig.10c. Enabled by the feedback control-induced stiff link
between the SCCS and the sample surface, the cross sections
of the reference and vibration-compensated 3D measurement
(solid black) in Fig. 10d are in good agreement. The measured
structural height of about 5.89 µm corresponds to a measure-
ment error of 80 nm. Additionally, the measurement result also

resolves the small surface defect indicted on the bottom-left.
In summary, the proposed six DoF sample-tracking control

establishes the targeted lab-like conditions for the SCCS by
reducing the disturbing vibrations by a factor of 10, en-
abling robotic 3D measurements with sub-micrometer resolu-
tion within challenging vibration-prone environments.

VI. CONCLUSION

With an eye towards robot-based precision 3D measurement
directly in the vibration-prone environment of an industrial
production line, a six DoF sample-tracking MP with an in-
tegrated SCCS as 3D MT is proposed. By means of two
PSDs mounted onto the MP and tailored laser diode-based
markers, relative in-plane motion between the MP and the
sample surface is measured on the sub-micrometer scale. A
SISO PID control architecture is designed and implemented,
achieving a six DoF tracking control bandwidth of about
450Hz. Disturbing vibrations are applied to the sample surface
in order to evaluate the system performance. Enabled by the
feedback control-induced stiff link between SCCS and sample
surface, experimental results demonstrate that a translational
in-plane vibration with 9.44 µm rms and a dominant com-
ponent at a frequency of 66Hz is reduced by a factor of
10 to 931 nm rms. Demonstrated by 3D measurements with
sub-micrometer precision within challenging vibration-prone
environments, the targeted lab-like conditions for the integrated
SCCS are successfully established.

Future work includes the integration of an automated robot
repositioning in order to enable precision 3D meaurements
on moving objects, such as conveyed goods in an industrial
production line.
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(a) Reference. (b) Tracking off. (c) Tracking on. (d) Cross section at y = 250 µm.

Fig. 10: 3D imaging performance evaluation. a) shows the reference measurement with the structural surface clearly visible.
The surface defects are inicated by the red ellipses. b) shows the 3D image for disabled tracking control in the vibrational
environment with motion blur corrupting the measurement result. By enabling the active vibration compensation, the measured
structural surface in c) is very similar as in the reference measurement. d) compares the cross sections (dashed red) in a)-c).
Whereas the structural height is not precisely measured with disabled tracking control (red), the reference (dotted black) and
vibration-compensated measurement (solid black) are in good accordance. A surface defect is indicated on the bottom-left.
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