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Abstract—This paper presents a robotic measurement system
for the precise double-sided inline inspection of optical elements.
The robotic system includes an electromagnetically actuated
measurement platform (MP), capable of inducing a stiff link
between the integrated high precision confocal chromatic sensor
(CCS) and the sample by means of feedback control. In this way,
disturbing relative motion between the CCS and the sample
are compensated, establishing the desired lab-like conditions
during the point-wise acquired 3D measurement. The high-
precision positioning capability of the MP is used to precisely
move the CCS’ measurement spot across the sample surface in
a tailored scan pattern. The robotic 3D measurement system
provides a lateral measurement area of 4 x 4 mm?” and achieves
a lateral and axial resolution of 5pum and 130 nm, respectively.
In addition, high-precision 3D measurements of arbitrary re-
gions of interest can be performed. Experimental results of a
commercial lenslet array demonstrate, that the robotic sample-
tracking system increases the double-sided surface and thickness
measurement performance by at least one order of magnitude
compared to the state-of-the-art approach, while enabling the
detection of surface defects on the sub-micrometer scale.

Index Terms—Mechatronics, optoelectronic sensors, robotic
3D measurement systems

I. INTRODUCTION

High-precision manufacturing of optical elements is a key
factor of modern industrial production [1]. Due to the ongoing
trend of miniaturizing opto-electronic devices, free-formed
optical elements with complex geometry and shape are highly
demanded [2]. The fields of application range from micro-
lens arrays for enhanced light absorption in solar cells [3] to
contact lens displays for augmented reality [4] and freeform
lenses for uniform light illumination [5].

In order to measure the surface shape and quality of
optical elements, precise and flexible measurement systems
are required [6]. Especially for industrially mass-produced
goods, such as injection-molded optical elements [7], inline
measurement systems for free-formed optics are of grow-
ing interest. Industrial robots (IRs) are an appropriate tool
to enable the desired measurement flexibility [8]. Besides
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a continuous and 100 % quality monitoring, robotic inline
measurement systems can enable realtime optimization of
production parameter settings to significantly increase the
product reliability and the production yield [9], [10]. How-
ever, the positioning uncertainty of modern IRs is in the
range of several tens of micrometers, which makes robots
directly equipped with 3D measurement tools not suitable for
high-precision inline measurements on the single or even sub-
micrometer scale [11].

Coordinate measurement machines (CMMs) are typically
deployed to perform high-precision surface measurements of
optical elements, which incorporate a multi-degree of freedom
(DoF) positioning system for a 1-D sensor [12]. In order to
avoid the unfavorable need of flipping the sample between
two sequentially acquired top and bottom surface measure-
ments, confocal chromatic sensors (CCSs) can be used to
enable the targeted double-sided measurements of optical
elements [13]. CMMs are usually operated in a vibration-
free lab environment, which is, however, in complete con-
trary to the vibration-prone environment of an industrial
production line. Similar to the limited positioning precision
of IRs, environmental disturbances can cause relative motion
between the measurement tool and the sample, resulting in
3D measurements corrupted by motion blur [14]. This task
is further aggravated when targeting thickness measurements
of optical elements, such as micro-lenses. High-precision 3D
measurements are therefore usually performed in a vibration-
free lab environment, spatially separated from the production
line. Consequently, a 100% quality control of mass-produced
optical elements is typically infeasible without impairing the
production yield.

In order to enable reliable and efficient high-precision
inline measurements, a robotic 3D measurement system has
been developed recently [15]. With an electromagnetically
levitated measurement platform (MP) actively tracking the
sample surface in six DoFs, disturbance-induced relative mo-
tion between measurement tool (MT) and sample is compen-
sated and local lab-like conditions are established during the
high-precision measurement. The robotic system incorporates
a high-precision 3D MT, which is currently limited to single-
sided 3D measurements of structural surfaces.
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Fig. 1: Robotic inline system for double-sided surface mea-
surements of transparent optical elements. A CCS is mounted
to a sample-tracking MP. Disturbance-induced relative motion
zg is actively compensated by maintaining a constant position
z. between CCS and sample.

The contribution of this paper is the integration of a
robotic inline measurement system for the double-sided high-
precision surface inspection of optical components.

The combination of the double-sided measurement capa-
bility of a CCS with the high-precision positioning of the
MP appears as a viable approach to precisely scan the CCS’
measurement spot across the sample, avoiding a disturbance-
induced misalignment of the light beam.

II. ROBOTIC DOUBLE-SIDED SURFACE MEASUREMENT
SYSTEM

The concept of the robotic inline system for high-precision
double-sided surface measurements is schematically illus-
trated in Fig. 1. Acting as end-effector of an IR, an
electromagnetically levitated MP carries a high-precision
CCS, which is capable of point-wise measuring the top-
and bottom-side of a thin optical element. Integrated high-
precision tracking sensors (TSs) are measuring the CCS’ out-
of-plane and in-plane position z. and x, relative to the sample
surface. By means of feedback control, the out-of-plane posi-
tion 2. is maintained constant, introducing a contactless stiff
link between CCS and sample by compensating disturbance-
as well as robot-induced relative motion in zg.

With the MP actively tracking the sample, local lab-like
conditions are established for the CCS. Superimposed to the
compensation of the disturbance-induced relative motion, the
MP’s precise positioning capability is used to scan the CCS’s
measurement spot across the sample. With the MP acting as
fine actuator, the internal position sensor (IPS) system is used
as feedback signal to reposition the IR (coarse actuator) such
that the free-floating MP stays in its actuation range.

III. SYSTEM DESIGN AND PROTOTYPE

Considering the system concept in Fig. 1, the cross-section
of the CAD model and the implemented prototype of the
robotic measurement system are shown in Fig. 2. Being the
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(b) System prototype.

Fig. 2: System design and implemented prototype. The VCA-
actuated sample-tracking MP carries a high-precision CCS.
Via a DM, the CCS’ light beam is aligned to the transparent
sample. Integrated IPSs and TSs measure the internal and
external MP position in six DoFs.

system’s core components, the sample-tracking MP and the
CCS are discussed in the following.

A. Sample-tracking measurement platform

With the MP being actuated within the air gaps of eight
identical voice coil actuators (VCAs), an actuation range of
about 300 um is achieved in the translational DoFs [14].
Three capacitive TSs measure the MP’s out-of-plane position
relative to the sample. A position-sensitive device (PSD)-
based sensor system is integrated in order to measure the
according in-plane position, which uses laser-based markers
mounted on a custom-made sample box. In all six DoFs,
the integrated controller is designed for a sample-tracking
bandwidth of 450 Hz [15], ensuring a precise alignment of
the CCS relative to the sample. In the translational in- and
out-of-plane DoFs, a static positioning uncertainty of about
220nm @ 1o and 30nm @ 1o is achieved.

Additional six capacitive IPSs measure the MP’s position
relative to the supporting frame (internal position), i.e. relative
to the IR. Using this measured position, an internal position
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controller is integrated to stabilize the MP in its free-floating
center position when the TSs are out-of-range.

B. Confocal chromatic sensor

Using longitudinal chromatic aberration for distance and
thickness measurements, a CCS achieves an axial resolu-
tion in the nanometer range [16]. Therefore, the compact
CCS head IFS2404-2 (Micro-Epsilon, Ortenburg, Germany)
is selected to enable the point-wise acquired double-sided
measurement of optical elements. The selected CCS provides
an axial resolution of up to 40nm, a spot diameter of
10pum and a maximum measurement rate of 70kHz. An
adjustable deflection mirror (DM) is integrated to ensure a
good alignment of the CCS’ light beam on the sample.

Considering the double-sided measurement in Fig. 2a, the
two confocal chromatic components reflected at the sample’s
bottom- and top-side are redirected to a spectrometer through
a pinhole, with the according wavelengths A\; and Ao being
identified via a peak detection in the intensity profile. Using
the known refraction index of the transmission medium, in
this case air (n; =~ 1), as well as of the sample no, the sample
thickness is given by

aS()\l,)\27n1,n2):dQ()Q,')’Ll,TLQ)—dl()\l,nl), (1)

with di(A1,n1) and da(A2,m1,n2) the distances between
CCS and bottom side, and between CCS and top side. Con-
sidering air as transmission medium, the spectral components
of the CCS’ white light source are focused at distances
between 14 and 16 mm along its optical axis. Consequently,
the maximum measurable thickness (see Fig. 2a) of the
transparent sample under test is given by

ag max = My - N2, (2)

with m,, = 2 mm being the measurement range of the selected
CCS in air.

IV. DOUBLE-SIDED MEASUREMENT SETUP
A. Measurement routine

In Fig. 3, the block diagram of the integrated robotic
sample-tracking system for double-sided surface inspection
is shown. The lateral scan trajectory (Zref, Yref) is calculated
by a trajectory generator and applied to the MP’s reference
position (., of the sample-tracking control. In order to ensure
a constant alignment of the CCS relative to the sample,
the reference position in the remaining DoFs is maintained
constant. For each discrete time step, the measured transla-
tional in-plane position z, y of the MP together with the
according distances d; and dy measured by the CCS are
stored. Subsequently, the acquired signals are applied to an
image processing procedure, in which invalid data points are
removed, the remaining measurement data is fitted into an
equidistant grid and smoothing filters are applied. In this way,
both measured distances are mapped into the xy-grid and two
individual 3D surface measurements for the sample’s bottom-
and top-side are obtained. Additionally, the 3D data of the
sample thickness can be calculated using the relation in (1).
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Fig. 3: Block diagram of the measurement setup enabling
precise robotic double-sided 3D surface measurements.

To extend the MP’s limited translational actuation range of
300 pum, a dual stage control approach is implemented [17].
Therefore, a parent-child configuration is implemented, in
which the IR (child) is repositioned, such that the MP
(parent) is maintained within its actuation range. Based on
the difference between the measured MP’s internal position
¢; and its center position (; ., the output u calculated by
the controller Crg is applied to the IR. The implemented dual
stage approach extends the MP actuation range to 4 mm in
z- and y-direction, limited by the PSD-based in-plane sensor
system [15]. The IR position control bandwidth of 0.5 Hz
enables a high-precision full-range in-plane motion of 4 mm
within a minimum time of 5s.

B. Measurement trajectory design

Considering the CCS’ measurement spot diameter of 10 um
and the dual stage-controlled MP’s lateral range of 4 mm,
a full-frame and dense 3D measurement would require
fo’;ﬁzi lines - 5s/line = 33 min. Considering the system’s tar-
geted inline application, a time-efficient measurement trajec-
tory is required. Being a suitable trade-off between a smooth
scan trajectory to avoid high accelerations and a dense scan
pattern performed within a reasonable measurement time, a
raster scan with a super-imposed sine motion in y-direction is
proposed and shown in Fig. 4 (red). Depending on the specific
sample under test, the MP’s scan trajectory (Zref, Yref) can
be adjusted by several measurement parameters, which are
applied to the trajectory generator (see Fig. 3). In this relation,
Zmg and Y denote the desired lateral measurement range, r
the line distance, 7' jine the measurement time for a single line
scan in x-direction as well as Agny and fny the amplitude
and frequency of the superimposed sine motion applied in
y-direction. As can be seen in Fig. 4, the superimposed sine
motion applied to the MP in y-direction (red) significantly
increases the scan pattern density for a certain line distance
r compared to a conventional raster scan (black). Although

Post-print version of the article: D. Wertjanz, T. Kern, E. Csencsics, and G. Schitter, “Robot-based measurement system
for double-sided inspection of optical components,” 2023 IEEE International Instrumentation and Measurement Technology
Conference (I2MTC), Kuala Lumpur, Malaysia, 2023. DOI: 10.1109/12MTC53148.2023.10175937

(©) 2023 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in
other works.


http://www.acin.tuwien.ac.at/en/publikationen/ams/
https://doi.org/10.1109/I2MTC53148.2023.10175937

Post-print version (generated on 19.07.2023)
This and other publications are available at:
http://www.acin.tuwien.ac.at/publikationen/ams/

AIC] I[N

p(t="t1+1/finy)
i p(t=1t)
--Conventional raster scan|,
Proposed raster scan |

800
£ 600 .
£ 400
=
200
0 ¥ | | IT:;.]ino)
p(t =0, 200 400 600 800 1000

z in um

Fig. 4: Scan trajectory (Zmg = Ymg = lmm, 7 = 250 um,
Txiine = 58, Agny = 125um, fgoy = 5Hz). The su-
perimposed and higher-frequent sine motion on the y-axis
significantly increases the scan pattern density for a certain
line distance 7.

the IR position control bandwidth is limited to 0.5 Hz, the
superimposed sine frequency fgny and the corresponding
amplitude A,y can be set up to several tens of Hertz and
100 um, respectively. In this configuration, the MP stays
within its actuation range and does not require the IR to follow
the faster superimposed scanning motion. For the exemplarily
shown trajectory, the pattern density is increased by about
factor 12.5, which corresponds to the increase of the travelled
MP distance.

V. EXPERIMENTAL PERFORMANCE EVALUATION

With the active sample-tracking robotic measurement sys-
tem operational, the achieved lateral and axial resolution is
determined in a first step. Based on these results, the double-
sided and thickness measurement performance is demon-
strated on an optical freeform surface.

A. 3D measurement resolution and uncertainty

A step-height-standard (Nanuler Calibration Standard, Ap-
plied NanoStructures Inc., Mountain view, CA, USA) with
a structural height of 5.81 um is used to evaluate the lateral
and axial resolution of the robotic 3D measurement system
in a single-sided measurement configuration. Therefore, the
calibration standard is placed on the custom sample holder
and the robotic system is aligned to it [15]. Considering
the scan pattern discussed in Section IV, the parameters
Tmg = lmm, Ymg = 0.8mm, r = 20pm, Tyjipe = 10s,
Agny = 10pm, fgny = 10Hz are set, and the generated
trajectory is applied to the MP. These parameters correspond
to a total measurement time of 7;, = 800s.

The obtained single-sided 3D measurement is shown in
Fig. 5a. A plane is fitted into the 3D data and subtracted
from the 3D point cloud. As can be seen on the top-right,
a part of the step-height-standard’s magnification boxes are
visible, with the pitch of 50 pm in x- and y-direction correctly

z in um

560
0 200 400 600 800 1000 310 330 350
z in pm r in pm

(a) Single-sided overview scan. (b) Rol scan.

Fig. 5: Single-sided 3D measurement for evaluating the sys-
tem’s lateral and axial resolution. a) shows an overview scan
of the sample’s structural surface. In b), the 3D measurement
result of the Rol indicated in a) is shown.

measured. By evaluating the structural height in the surface
, a mean height of 0.1 um with an uncertainty
of 145nm @lo is obtained. For the scan area A, on the
structural step in Fig. 5a (bottom), a height of 5.98 um with
an uncertainty of 115nm @ 1o is measured. Comparing the
measured mean structural height of with the defined structural
height of 5.81um, an accuracy of about 99% is achieved.
In this relation, the mean uncertainty of 130nm @ 1lo is
considered as the axial resolution.

Looking at the top-left in Fig. Sa, the 10 pm pitch grating in
the region of interest (Rol) is not visible for the applied mea-
surement parameters. Therefore, a detailed Rol scan (2 =
Ymg = 40 um, r = 20 pm, Tx,line = 10s, Asin,y = 10um,
fsiny = 1Hz) within a measurement time of T}, = 80s is
performed. Using this measurement configuration, the 10 um
pitch of the grating structure becomes clearly visible. It is
notable, that the structural height is not measured correctly
due to the CCS’ spot diameter of 10um being twice the
width of the grating valley. Nonetheless, top and valley of
the grating structure can be clearly distinguished, which is
why a lateral resolution of better than 5 pm is stated.

B. Double-sided robotic 3D measurements

In order to demonstrate the double-sided surface and
thickness measurement capability of the robotic measurement
system, a PMMA lenslet array (MLA1, Thorlabs Inc., United
States) with a nominal thickness of 1.2 + 0.1mm and a
refractive index of no = 1.4906 is used. The lenslet array
is placed on the sample box and measured from the back-
side, i.e. the flat surface is the bottom-side (see Fig. 2a).
To evaluate the performance of the developed system, a
benchmark measurement is required. Therefore, the MP is
stabilized with respect to the IR, resembling an IR directly
equipped with a CCS and without sample-tracking capability,
which is considered as the state-of-the-art approach.
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Fig. 6: Benchmark measurement of the lenslet array with the CCS rigidly connected to the IR and without sample-tracking.
Motion blur corrupts the 3D surface measurement of the flat bottom-side in a). A structural height uncertainty of 26.33 um @ 1o
is measured. In b), the measured sample thickness reveals the structure of the lenslet array.

Applying the generated scan trajectory for the parame-
ters Tmg = Ymg = 4mm, r = 100pm, Tyjpe = 55,
Agny = 50um, fgny = 10Hz with a total measurement
time of T,,, = 400s to the IR, the measured bottom-side
and thickness of the sample are shown in Fig. 6. As can be
seen in the 3D measurement of the flat bottom-side (Fig. 6a),
motion blur corrupts the 3D measurements, which is caused
by the limited positioning precision of the IR. The measured
uncertainty of 26.33 um @ 1o in the structural height is in the
order of a typical IR’s positioning precision of several tens of
micrometers [11]. Consequently, the state-of-the-art approach
is not expedient to detect surface defects on the single- nor
on the sub-micrometer scale.

As the relation for measuring the sample’s thickness in (1)
is a relative one per definition, the lenslet array’s structure
becomes visible in the corresponding thickness measurement
in Fig. 6b. Although the sample’s structural pitch of 1 mm in
x- and 1.4 mm in y-direction is measured correctly, the entire
3D measurement of the sample’s thickness appears rather
blurry.

Repeating the measurement with the active sample-tracking
approach, the 3D measurement of the bottom-side and the
sample thickness are shown in Fig. 7. In the 3D measure-
ment of the bottom-side (see Fig. 7a), a structural height
uncertainty of 554nm @ 1o is measured. As indicated in
dotted white, structural indentations with a depth of about
lpum are measured on the same lateral positions as the
individual lenses are located in Fig. 7b. These measured
surface defects may be caused by the curing process of the
injection-molded manufacturing process. Compared to the
benchmark measurement of the sample’s thickness in Fig. 6b,
the thickness measurement obtained by the sample-tracking
approach in Fig. 7b appears less blurry.

In order to quantify the system’s measurement performance
compared to the benchmark approach, the cross-sections at
x = 2325 um of both double-sided measurements, indicated
by the dashed white line in Fig. 6 and 7, are evaluated and
shown in Fig. 8. The cross-sectional measurement can be
efficiently performed within a measurement time of 5s. A

maximum sample thickness of 1.28 mm is measured by both
approaches, which is well within the nominal thickness of
1.2+ 0.1 mm stated in the lenslet array’s data sheet. Evaluat-
ing the structural height of the flat bottom-side, the sample-
tracking robotic system reduces the surface measurement
uncertainty from 24.03pum @ 1o to 559nm @ 1o, equalling
a performance increase by more than factor 40. A lens
segment height of 57pm and 88um is measured with the
benchmark and the sample-tracking approach, respectively.
Considering the lens segment’s nominal height of 92 um to
be true, the sample-tracking system reduces the double-sided
measurement error by about factor 10.

In summary, the developed robotic sample-tracking system
improves the double-sided and thickness measurement perfor-
mance of optical elements by at least one order of magnitude
compared to the state-of-the-art approach and achieves an
axial resolution of 130 nm.

VI. CONCLUSION

In this paper, a robotic measurement system for the precise
double-sided inspection of optical elements is developed. By
means of a feedback control-induced contactless stiff link,
disturbing relative motion between the CCS and the sample
are compensated, establishing lab-like conditions during the
point-wise acquisition of the double-sided 3D measurement.
The high-precision positioning capability of the MP enables
the precise scanning of the CCS’ measurement spot across the
sample, avoiding a disturbance-induced misalignment of the
light beam. The robotic 3D measurement system achieves a
lateral measurement area of 4 x 4 mm? with a lateral and axial
resolution of 5 pm and 130 nm, respectively. Moreover, high-
precision Rol scans can be performed at arbitrary locations.
The system’s double-sided 3D measurement performance
is experimentally evaluated on a commercial lenslet array.
Compared to the robotic state-of-the-art approach, the sample-
tracking system increases the double-sided surface and thick-
ness measurement performance for the transparent optical
elements by at least one order of magnitude and enables the
detection of surface defects on the sub-micrometer scale.
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Fig. 7: Robotic high-precision double-sided inspection of the lenslet array. The structural height uncertainty of the sample’s flat
bottom-side is evaluated to 554 nm @ 1o in a). In b), the corresponding sample thickness indicates the lenslet array’s structure
with the pitch of 1 mm in x- and 1.4 mm in y-direction correctly measured.
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