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Feedforward compensation of scan-induced disturbances for a
high-precision robotic 3D measurement system

Daniel Wertjanz, Thomas Kern, Ernst Csencsics and Georg Schitter

Abstract— This paper proposes a feedforward compensa-
tion approach of scan-induced disturbances to improve the
uncertainty of an active-sample tracking 3D measurement
module. The measurement module acts as a robotic end-effector
and is designed for precise robotic measurement applications
directly in the vibration-prone environment of an industrial
production line. By means of a feedback control-induced stiff
link, a constant position of the electromagnetically levitated
measurement platform (MP) is maintained with respect to the
sample surface under test. Precise 3D imaging is enabled by
scanning the measuring light spot of a 1D confocal chromatic
sensor with a 2D fast steering mirror (FSM). Disturbances are
caused due to scanning-induced reaction forces on the MP,
impairing the system’s sample-tracking and 3D measurement
performance. Based on the identified disturbance dynamics,
a tailored feedforward control is designed to compensate the
causing reaction forces. To experimentally evaluate the system
performance, 3D measurements at the maximum frame of 1 fps
are performed with disabled and enabled feedforward control.
Evaluating the experimental results, the sample-tracking error
in the MP’s translational degree of freedom z is significantly
reduced by a factor of 7 down to 42nmrms, being close to
the MP’s static positioning noise. The reduced sample-tracking
error further enables a higher 3D measurement performance,
reducing the structural height uncertainty by 36% down to
180 nm rms.

I. INTRODUCTION

Besides novel production plants and automated assembly
techniques, inline quality inspection is considered as the most
important prerequisite for future production [1], [2]. Flexible,
fast and precise inline measurement systems are highly de-
manded [3], [4], as they can provide a continuous and 100 %
quality monitoring of industrially produced goods, enabling
realtime optimization of production parameter settings to
significantly increase product reliability and quality as well
as the overall throughput and the production yield [5], [6].
In particular, precise inline 3D measurements on freeform
surfaces [7] are a key technology for future production
of structures in the single- to sub-micrometer range, with
application fields ranging from the semiconductor to the
automotive and consumer electronics sector [4], [8], [9].

A fast and flexible alignment of a 3D measurement tool
(MT) at arbitrary measurement locations on a sample surface
can be achieved by employing industrial robots [10]. How-
ever, robots themselves are not suitable for the demanded
3D surface measurements with single- or sub-micrometer
resolution [11], as they are lacking the required high position-
ing precision. Currently, industrial robots achieve a precision
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of several tens of micrometers [12], limiting the achievable
resolution of conventional robotic 3D measurement systems.
Modern robot-based 3D measurement systems achieve reso-
lutions down to 50 um [13], [14].

Similar to the limited positioning precision of an industrial
robot, another challenge of integrating a precision 3D MT
directly into an industrial production line are environmental
vibrations, which may cause relative motion between the MT
and the sample surface. Due to motion blur, 3D measure-
ments are corrupted on the micrometer scale [15], which
is why precision quality monitoring is typically conducted
in vibration-free lab environments. Consequently, a 100%
quality control of goods with structural sizes in the single-
micrometer range is usually not feasible without impairing
the production throughput.

Aiming to tackle these challenging limitations, an active
sample-tracking measurement system for precise robotic in-
line 3D surface inspection has been reported recently [16],
[17]. In this concept, the electromagnetically levitated and
actuated measurement platform (MP) maintains a constant
alignment of the embedded compact and lightweight scan-
ning confocal chromatic sensor (SCCS) [18] in six degrees
of freedom (DoFs) relative to the sample surface to be
inspected. With integrated tracking sensors (TSs) measuring
the SCCS’s position relative to the sample surface, a feed-
back (FB) control-induced and contactless stiff link between
SCCS and sample is established. Thus, disturbing relative
motion is compensated and local lab-like conditions are es-
tablished, enabling 3D measurements on the sub-micrometer
scale directly in a vibration-prone environment.

However, considering the SCCS’ design [18], the center
of mass of the integrated 2D fast steering mirror (FSM)
and its pivot point do not coincide. Consequently, disturb-
ing forces and torques on the levitated MP are induced
when performing a scanning motion with the FSM, which
impedes the sample-tracking performance and uncertainty.
As the FSM scanning trajectory is known upfront, the
resulting disturbances are of deterministic nature. Hence, the
application of feedforward (FF) control techniques appears
as a valid approach to compensate these disturbances and
further improve the overall robotic 3D measurement system’s
performance [19]-[21]. With an appropriate identification
process of the crosstalk dynamics from the FSM to the
levitated MP, a decoupling of the two individually controlled
multi-DoF systems is targeted [22], [23]. In this way, the
resulting disturbances can be compensated instantaneously
rather than by the integrated sample-tracking controller in a
feedback manner.
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The contribution of this paper is the design and imple-
mentation of a FF control architecture to significantly reduce
the disturbances caused by the scanning-induced reaction
forces on the sample-tracking MP, improving the overall 3D
measurement uncertainty.

The remainder of this paper is structured as follows. In
Section II, the system concept for precise robotic 3D mea-
surements and the prototype setup are presented. Based on
the problem formulation in Section III-A, the FSM-induced
reaction forces on the MP are modelled. After identification
of the real disturbance dynamics, a FF control architecture
is therefore synthesized in Section IV. In Section V, the
sample-tracking and 3D measurement performance improve-
ment is experimentally evaluated. Finally, Section VI con-
cludes this paper.

II. MODULE FOR PRECISE ROBOTIC 3D MEASUREMENTS

In Fig. 1, the system concept for precise robotic inline
3D measurements on freeform surfaces within a vibration-
prone environment is schematically illustrated for a single
DoF. The measurement module is mounted as end-effector to
the robot arm and comprises an electromagnetically levitated
and actuated MP, in which a SCCS is embedded, capable
of acquiring high resolution 3D measurements. With the
robot being used for flexible and coarse alignment of the
3D measurement module, integrated TSs measure the SCCS’
relative position to the sample surface z. By means of FB
control, the position z is maintained constant, introducing
a contactless stiff link between SCCS and sample by com-
pensating vibration- as well as robot-induced disturbances
zs. In this way, lab-like conditions for the precision 3D MT
are established directly in the challenging environment of an
industrial production line.
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Fig. 1: System concept for precise robotic inline 3D measure-
ments on freeform surfaces. By maintaining a constant po-
sition z between the SCCS and sample surface, disturbance-
induced relative motion is actively compensated. On the top-
right, the internal position signal z; represents the motion of
the actuated MP, compensating the sample motion zg.

The system prototype with the 3D measurement module
mounted to an industrial robot arm (KR 10 R900-2, KUKA
AG, Augsburg, Germany) is shown in Fig. 2. In the follow-
ing, the integrated active sample-tracking MP and the SCCS
are discussed.

(a) Robotic 3D measurement
system.

(b) 3D measurement module.

Fig. 2: Robotic 3D measurement system prototype. In a),
the measurement module is acting as end-effector of the
industrial robot arm. b) shows the SCCS embedded into the
MP, which is levitated and actuated by VCAs. IPSs measure
the MP position relative to the supporting frame. The TS
system used to measure the relative motion between the
SCCS and a sample surface includes three capacitive sensors
and two PSDs.

A. Measurement platform for active sample-tracking

Using eight identical voice coil actuators (VCAs) for
the MP’s quasi-zero-stiffness actuation, a balanced system
design, good decoupling between the axes as well as the
system’s operability in arbitrary robot poses are enabled [24].
To measure the MP’s position relative to the robot arm, the
measurement module comprises six capacitive internal po-
sition sensors (IPSs), enabling a FB-controlled stabilization
of the MP in a free-floating position when repositioning the
robot.

Three capacitive TSs are integrated in the MP to actively
track a sample surface in the out-of-plane DoFs [16]. As
compact, fast and precise in-plane sensors are hardly avail-
able, a position-sensitive device (PSD)-based sensor system
is used to measure the MP’s in-plane position relative to
the sample surface. Modulated laser diodes as markers for
the two PSDs are mounted together with aluminum targets
for the capacitive TSs and the sample itself to a custom-
made sample holder [17]. Using a single-input single-output
(SISO) FB control architecture, a sample-tracking control
bandwidth of 450 Hz is achieved in each DoF.

B. Scanning confocal chromatic sensor

As can be seen in Fig. 2b, the compact and lightweight
SCCS [18] is embedded in the MP. By manipulating the opti-
cal path of the high precision 1D confocal chromatic sensor
(CCS) with the 2D FSM, the SCCS’ measuring light spot
is precisely scanned across the sample surface. The FSM is
actuated by a hybrid-reluctance actuator (HRA) [25] and an
Ho, multi-input-multi-output (MIMO) FB control is applied
to accurately steer the two axes of the FSM. A calibration
data-based procedure is used to correctly reconstruct the 3D
measurement by the two measured FSM axis deflections
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and the distance measured by the CCS. In this way, the
3D measurement tool achieves a lateral and axial resolution
of down to 2.5um and 76 nm, respectively. Lissajous scan
trajectories can be applied to the FSM axes, resulting in 3D
image frame rates of up to 1 fps.

III. PROBLEM ANALYSIS AND MODELLING

Considering the system prototype in Fig. 2b, the according
CAD model of the measurement module is illustrated in
Fig. 3 [16]. With the FSM’s center of mass not coinciding
with its pivot point, unintended reaction forces are acting on
the magnetically levitated MP, which impedes the sample-
tracking performance and thus, may decrease the overall 3D
measurement performance.

Robot arm

Supporting frame

Yrsm

SM

Fig. 3: CAD model of the robotic 3D measurement module.
The FSM is actuated by a HRA and precisely manipulates the
optical path of the CCS. The FSM’s center of mass M pgns
does not coincide with its pivot point P.

A. Crosstalk analysis

To evaluate the effect of reaction forces caused by the
FSM motion on the sample-tracking performance, the MP’s
sample-tracking error during the operation of the SCCS is an-
alyzed. Considering the case for which the highest crosstalk
is expected, i.e. operation at the maximum frame rate of 1 fps,
Lissajous scanning frequencies of f, = 59Hz, f, = 47Hz
are applied to the FSM. The resulting MP’s sample-tracking
error is compared with the MP’s static positioning error in
Tab. I. As can be seen, the FSM-induced additional sample-
tracking error is highest in the MP’s translational DoF z,
decreasing the sample-tracking performance by a factor of
10. In the remaining DoFs, the tracking error is kept close
to the MP’s noise floor.

To compensate the FSM-induced reaction forces in the
translational DoF z of the MP, a FF control approach is
considered as suitable solution. In this relation, the sample-
tracking error during full-frame 3D imaging at the maximum
rate of 1fps (worst case) is targeted to be reduced to the
same order of magnitude as the MP’s static positioning noise
obtained with disabled SCCS.

TABLE I: RMS sample-tracking error for scanning and static
FSM operation.

DoF  SCCS disabled SCCS @ 1 fps
T 180 nm 192 nm

Y 240 nm 259 nm

z 30nm 290 nm
fors 0.61 prad 0.63 prad
by 1.06prad 1.11 prad
b= 8.35 prad 8.41 prad

B. Modelling of reaction forces

With consideration of the sample-tracking robotic 3D
measurement system’s CAD model in Fig. 3, the reaction
forces caused by the operating SCCS and acting on the
MP are modelled by deriving the motion of the FSM’s
center of mass. Therefore, two coordinate systems are in-
troduced, one located in the MP’s center of mass My, p
(CSap)[z,y, 2]T and the other one in the FSM’s pivot point
P (CSrsm)@rsmsyrsm, 2rsm)?.

The FSM’s center of mass Mpg)s is located at d =
[0,0,—d.]" = 10,0, —~1.9mm]7 in CSpgas with respect to
the pivot point P. As the FSM’s center of mass is rotated
around the #- and ¢-axis, fundamental rotation matrices

1 0 0

R.(0) = |0 cos(d) —sin(0) (1a)
0 sin(d) cos(9)
cos(¢) 0 sin(¢p)

R,(¢) = 0 1 0 (1b)
—sin(¢) 0 cos(¢)

are applied to the FSM’s center of mass
Mrsu = Ry (7/4) Ry(0)Ry(¢)d )

in order to obtain its motion with respect to the MP’s
coordinate system CSj;p. Using Newton’s third law, the
reaction forces and torques acting on the MP are equal
and opposite in direction with respect to the forces and
torques generating the FSM’s center of mass motion. Thus,
the reaction forces on the MP result to

Frsmmp = —mrsyMpsar, (3)

with mpgyr = 6.2g being the FSM’s moving mass. Sim-
ilarly, the torques generating the FSM’s rotational motion
¥ = [0, ¢]T act equally and in opposite direction on the MP.
Rotating the FSM’s torques into C'Sy;p yields

esmmp = Ry (1/4) Ra(6)Ry (9)Eaxsl m @)

with I = [Iz, Iy, 017 = [254.9gmm?,253.2gmm?, 0]7
being the FSM’s moments of inertia in the pivot point with
respect to CSpgps. In this relation, the calculated forces
and torques from Eq. (3) and (4) act as external disturbance
inputs

FFSM,MP:| )

Frsm—omp =
TFSM,MP

on the MP dynamics, causing an unintended MP motion.
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IV. SYSTEM ANALYSIS AND CONTROL DESIGN

Based on the findings in Section III-B, the disturbances
acting on the MP caused by FSM-induced reaction forces
are identified. Figure 4 presents the simplified block dia-
gram of the integrated measurement module control scheme.
Based on the measured FSM position error ey, the Heo-
MIMO controller output ugpgnm is calculated and applied to
the HRA. The HRA-generated force is applied to the dy-
namic FSM system Gggn. Similarly, the measured sample-
tracking error e¢ is applied to the SISO proportional-integral-
derivative (PID) controller Cpgp. With the controller output
upmp applied to the VCA system (Kvca), the forces Fyp
are generated and applied to the dynamic MP system Gyp.

As discussed in Section III-B, the FSM motion-induced
crosstalk Frsnm—mp acts as external disturbance input
directly on the MP dynamics Gp, resulting in an additional
MP motion . In order to compensate this unintended motion,
a FF controller Cpp is designed subsequently.

FSM control KFSM—>MP
Yr €y u e F
—-@={ Crsw )4 {Kuma

Tracking control
&

Fig. 4: Simplified block diagram of the measurement mod-
ule’s control scheme. The active sample-tracking control
to maintain the MP’s position ¢ constant is disturbed by
unintended forces Frsn—mp generated by the motion-
controlled FSM system. A FF controller Cgy is applied to
compensate the resulting disturbances.

A. Identification of FSM motion-induced crosstalk

Based on the FSM’s MIMO controller output upsp =
[ug, ug), the reaction force

FrsmoMmp = Kr rsmKuRA UFSM (6)

is generated and acting on the MP, which depends on the
motor constant of the HRA Kygra as well as on K rsm
including the relation from Eq. 5. As the MP is electromag-
netically levitated in all DoFs, the crosstalk dynamics
¢ 1
=————— =Gmp )
Frsm-mp 1+ CvpKvcaGup

Smp

(O]

with Sypp the sensitivity of the sample-tracking FB control,
need to be measured in closed-loop operation, i.e. the MP
being stabilized with respect to a sample surface. Considering
constant FSM dynamics Ggsm, the relation Kpsnvismp =
Kr rsmKura is a static gain, yielding Frsm—omp
ursm and

¢ 1

—— —————— = const. (8)
ursm GMpSmp

Krsmomp =

In Fig. 5, the crosstalk identification from the FSM’s ¢-
axis to the MP’s translational DoF z is exemplarily shown.
By measuring u:—Sz = Ky,G, (dashed-dotted red) and
correcting the result by the known MP dynamics G, (black),
the gain Ky, (solid red) between the FSM’s controller
output us and the MP position z is obtained. As can be
seen, K. shows the expected constant behavior for scan
frequencies up to 200 Hz.
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Fig. 5: Crosstalk identification from the FSM’s ¢-axis to
the translational MP position z and FF controller design to
compensate the FSM motion-induced cross coupling.

B. Feedforward control design

Based on the previously identified crosstalk dynamics,
a FF controller Cgp (see Fig. 4) is designed in order to
compensate the FSM-induced reaction forces acting on the
MP. The entire MP position can be written as

¢ = [(ump + urr) Kvca + Frsmomp] Gup,  (9)

!
=ump

with upr = Cprursm the FF controller output. Using
Eq. (6), the FF controller
K
Crp = ——g o (10)
vCcA

is obtained in order to achieve the desired dynamic MP
behavior ( = upp GMmp.

Applying the FF controller design from Eq. (10) to the
identified FSM motion-induced cross coupling (¢ — z) in
Fig. 5 yields the relation Ky_,./Kyca,. in dotted red, with
Ky ca,. (dashed-dotted black) being the gain of the VCA
system in DoF z. With consideration of the maximum FSM
Lissajous scanning frequencies (fy, = 59Hz, f; = 47 Hz),
K4./Kvca,, is fitted by a first order low-pass with a gain
of —43dB and a cut-off frequency of 1kHz, yielding the
frequency response of the desired FF controller Crp ¢
(solid green). Following the same controller synthesis for
the FSM’s #-axis-induced cross coupling Ky_, ., the final FF
controller

Crro—- 0

Crrz = 0 Crrgos (11)
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is integrated into the overall measurement module’s control
architecture, aiming to improve the sample-tracking perfor-
mance in the MP’s DoF z during SCCS operation (see Tab. I).

V. EXPERIMENTAL SYSTEM PERFORMANCE EVALUATION

To investigate the performance improvement by the inte-
grated FF compensation of the FSM-induced reaction forces,
the robotic 3D measurement system is aligned to the sample
holder [17]. A calibration standard (Nanuler Calibration
Standard, Applied NanoStructures Inc., Mountain view, CA,
USA) with a structural height of 5.81 ym is used as sample
surface under test.

A. Increase of sample-tracking performance

With the MP being actively tracking the sample surface,
the sample-tracking error is evaluated during the operation
of the SCCS at maximum frame rate, i.e. applying Lissajous
scanning frequencies fy = 59Hz and f, = 47Hz to the
FSM. The tracking error obtained in the time domain for the
conventional, purely FB-controlled operation of the measure-
ment module is shown in Fig. 6 (black). As can be seen, the
individual disturbance components generated by actuation of
the FSM axes and the resulting reaction forces superimpose,
yielding a beat frequency of Af = f4 — fo = 12Hz
and a tracking error of 290 nmrms. Repeating the same
measurement for the additionally enabled FF compensation
of the FSM-induced reaction forces, the tracking error in red
is obtained. With a residual tracking error of 42nmrms, the
sample-tracking performance is significantly increased by a
factor of 7. Compared to the MP’s static positioning noise of
30nmrms (see Tab. I), the tracking error is reduced to the
same order of magnitude.

——FB (290 nm rms)
——FB +FF (42nmrms)

M\IJIMIMIJI«IM.I I\

e, in nm

0 02 04 0.6 0.3 1
tins
Fig. 6: Sample-tracking error in DoF z for the SCCS op-
erating at the maximum frame rate of 1fps. For the purely
FB-controlled operation (black), the disturbances induced by
the scanning FSM axes superimpose, yielding beats with a
frequency of A f = 12 Hz. The additional FF control reduces
the RMS tracking error from 290 nm to 42 nm (red).

B. Improvement of 3D measurement uncertainty

Finally, the 3D measurement improvement by the addi-
tional FF approach for compensation of the FSM-induced
reaction forces is evaluated. With consideration of the ex-
periments performed in Section V-A, the according 3D mea-
surement results of a structural step with a height of 5.81 um
are shown in Fig. 7. For disabled FF control (Fig. 7a), the

250,

280 nm. 1‘111%‘ -

'S

z in pm

I N)

0
0 100 200 300

z in um T 1 um

(a) 3D image @ 1 fps without FF. (b) Zoomed image of a).

0 A9
0 100 200 300 150 200
T in pm x in pm

(c) 3D image @ 1 fps with FF. (d) Zoomed image of c).

Fig. 7: 3D imaging performance evaluation on a structural
step. a) and c) show the 3D measurement results at a
frame rate of 1fps for disabled and enabled FF control.
By analyzing the dashed red area in b) and d), the RMS
measurement uncertainty in the structural height is reduced
from 280 nm to 180 nm.

measurement uncertainty in the structural height (z) within
the flat scan area (dashed red) is evaluated to 280 nm rms
(Fig. 7b). By analyzing the according 3D measurement result
for enabled FF control, the structural height uncertainty in
the same scan area is reduced to 180 nmrms, equalling an
increase in the 3D measurement uncertainty by 1 — 180nm —

280 nm
36%

In summary, the proposed FF control scheme for the
robotic 3D measurement system significantly reduces the
disturbances caused by the FSM-induced reaction forces
acting on the MP, reducing the sample-tracking error by
a factor of 7 down to 42nmrms and improving the 3D
measurement uncertainty by 36%.

VI. CONCLUSION

This paper proposes a FF control approach for an active-
sample tracking 3D measurement module, which acts as
a robotic end-effector and is targeted for precise robotic
measurement applications directly in the vibration-prone
environment of an industrial production line. By means of
a FB control-induced stiff link, a constant position of the
electromagnetically levitated and actuated MP with respect
to the sample surface under test is maintained. In this way,
lab-like conditions for the embedded SCCS are established,
which is capable of performing precision 3D measurements
with frame rates up to 1 fps. The SCCS includes a 2D FSM
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to precisely scan the measuring light spot of a 1D CCS
across the sample surface. Based on the identified disturbance
dynamics of the FSM-induced reaction forces acting on the
sample-tracking MP, a tailored FF control is synthesized
and implemented. Experimental results successfully proof
the targeted compensation of the disturbances caused by the
operating SCCS. In the time domain, the sample-tracking
error in the MP’s translational DoF z is reduced by a
factor of 7 down to 42 nmrms, which is close to the MP’s
static positioning noise. The reduced sample-tracking error
further improves the 3D measurement performance of the
SCCS operating at 1fps by reducing the structural height
uncertainty by 36% down to 180 nm rms.
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