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ARTICLE INFO ABSTRACT

Keywords: This work presents the design, simulation, control and experimental result of an optical scanning
Optical Sensing and Sensors laser sensor for 3D imaging. The system design satisfies the Scheimpflug condition even though only
3D Sensor the illumination path is scanned by a compact fast steering mirror (FSM). To reconstruct the surface
Laser Sensor profile from measured quantities and model parameters, geometrical relations are used. The influence
Fast Steering Mirror of a misalignment on the achievable resolution is determined, using ray-tracing simulations. To scan
System Analysis and Design the area of interest an adapted scan trajectory is employed, such that a uniform spatial resolution is

generated. The system captures the sample with 100 x 100 pixels and achieves a frametime of 10 s.
The lateral scan area of 15 x 23 mm is obtained with a maximum lateral resolution of 60 ym. Through
the optical scan the measurement time can be reduced by a factor of 400 compared to a mechanical
scanning triangulation sensor system.

1. Introduction with the obtainable measurement area.

The main components of these sensors are a laser source,
an imaging lens and a detector [14]. In order to precisely
obtain the distance between sample and sensor, the diffusely
scattered laser light spot from the sample must be projected
sharply onto the detector [10]. To project an object in the
object plane sharply onto the image plane, as illustrated in
Fig. 1(a), the thin-lens equation must be satisfied, which can

For production of the future, fast and high resolution
three dimensional (3D) in-line metrology systems are re-
quired, since the number of produced goods is constantly
increasing [1, 2, 3]. In addition in-line metrology enables to
optimize the manufacturing process and machine tools set-
tings [4], such that the number of defective goods can be
reduced [5]. State of the art 3D measurement systems are

. . . . be given b
mechanical scanning systems, like coordinate measurement & Y
machines [6]. These systems manipulate the position of the 11 1 |
sample or sensor, e.g. a tactile probe or an optical point sen- f a + a’ M

sor, with external actuators [7]. The achievable scan speed of
such a mechanical scanning system is strongly restrained by with the focal length of the lens f, the distance between lens
the large moving mass [8]. If a higher throughput is required, ~ and object plane a and the distance between lens and im-
camera-based systems, e.g. based on structured light, are ~ age plane a'. The thin-lens equation is, however, only valid,
typically applied [9]. The maximum achievable resolution if all three planes are parallel, which is not the case for the
of these systems is about 10 ym and strongly depends on the components of a triangulation sensor. In order to generate
measurement range [10]. For example the achievable depth
resolution of Kinect 1 sensor increases quadratically with the

[~

distance, such that a depth resolution of a few millimeter  image plane \i\i/ intersection line
is achieved at the start of the measurement range (0.5 m), A image plane
which increases to 70 mm towards the end of the measure- 5 as i e
ment range (5 m) [11]. This measurement principle is, how- |
ever, strongly sensitive to reflective properties of the sample f E
and external illumination [12]. 3 {
Optically scanned point sensors, e.g. laser triangulation £ lens
sensors, can overcome this limitations, since illumination in- . plane
tensity is adjusted to the sample and optical filters reduce in- a
fluence of external illumination [10]. Due to their large mea-
surement range of up to 1 m and high resolution of down to /
30 nm, triangulation sensors are one of the most commonly object plane
used optical sensors for quality control tasks [13]. As with (a) Thin-lens equation (b) Scheimpflug condition

camera-based systems, the achievable resolution decreases

: Figure 1: Schematic illustration of (a) the thin-lens equation
B4 schlarp@acin. tuwien.ac.at (J. Schlarp) and (b) the Scheimpflug condition, as generalized form for
& . acin. tuwien.ac.at/en/ (J. Schlarp) tilted planes.
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a sharp projection, the components of the triangulation sen-
sor are aligned according to the Scheimpflug condition [15],
which is a generalized form of the thin-lens equation for non
parallel planes. The Scheimpflug condition is fulfilled, if the
object, lens and image plane intersect in a single line (inter-
section line), as depicted in Fig. 1(b).
In [16] two optical scanning systems are presented,
which manipulate only the optical path of a line sensor by st:;l:i;g
a fast steering mirror (FSM). Since the moving mass of an mirror
integrated compact optical scanning system can be signifi- ('a) Scanned illumination and reflec- (b) Scanned illumination path sys-
. . tion path system (SIRS) tem (SIS)

cantly smaller as compared to external mechanical scanning

systems, higher scan speeds can be achieved, without im-
pairing lateral resolution of the measurement system [17].
The first system design, presented in [16], manipulates both
optical paths of the sensor (see Fig. 2(a)), such that the basic
measurement geometry of the sensor is not affected and the
Scheimpflug condition is maintained. In the second system
design only the illumination path of the sensor is scanned
(see Fig. 2(b)), such that an FSM with a smaller aperture

intersection line intersection line
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size can be used, which enables an even higher scan speed. (¢c)  Scanned illumination  (d) Folded scanned illumination path

Furthermore, the FSM can generally be positioned closer ~ Path  system - maintain- system maintaining Scheimpflug con-
? X ing  Scheimpflug condition dition

to the sensor, such that a larger lateral scan range is en-  (sismsC)

abled as compared to the system design which manipulates
both optical paths. However, the system design violates the
Scheimpflug condition, such that an additional measurement

Figure 2: System designs which manipulate the optical path
of a laser sensor. (a,b) show previously reported designs [16],

error is introduced [18].

The contribution of this paper is (a) design of an inte-

(c) depicts a design which satisfies the Scheimpflug condition,
while (d) shows the proposed design, which folds the optical
path of (c) by a static mirror.

grated optical scanning sensor system, which manipulates
only the illumination path of the sensor, while maintaining
the Scheimpflug condition, (b) image reconstruction from
the measured quantities with geometrical relations, (c) anal-
ysis of the influence of misalignment on the lateral resolu-
tion, and (d) validation of the system performance. This pa-
per is an extension of contribution [19] and provides a deeper
insight in system design, image reconstruction, effects of
misalignment and applied scan trajectory. The aim of the pa-
per is the development of an optical scanning point triangula-
tion sensor, achieving a high scan speed, suitable for in-line
metrology. In Section 2 the system design is presented and
quantified using ray-tracing simulations. Section 3 provides
a system overview, describes geometrical relations for image
reconstruction and investigates the effects of a misalignment.
The experimental setup, controller design and scan trajec-
tory are described in Section 4. Section 5 presents measure-
ment results and determines system performance. Finally,

(SIS) was proposed in [16]. The schematic of this system
design is shown in Fig. 2(b) and consists of a laser line sen-
sor, a static mirror and an FSM. The static mirror is used to
redirect the optical beam, which is generated by a laser mod-
ule inside the sensor, onto the center of the aperture of the
FSM. The orientation of the FSM is selected such that the
laser beam intersects with the primary unmodified illumina-
tion path of the sensors in the mid measurement range (see
Fig. 2(b)), which maximizes the resulting lateral scan area.

Fig. 3(a), for various distances between sensor and sample.
As can be observed, not only the size of the achievable lat-
eral scan area changes over distance, but also the center, such
that the lateral scan area at the start of the measurement range

As described earlier, a scanned illumination path system

The calculated lateral scan area of the SIS, is shown in

Section 6 concludes the paper and presents a brief outlook.

can not be captured over the entire measurement range. Fur-

thermore, the field of view of the imaging system inside the
laser triangulation sensor is generally limited, such that con-
ceivably the complete lateral scan area can not be captured
by the sensor at the start and end of the measurement range.

2. Scanning Triangulation Sensor Design

Ray-tracing simulations are used to investigate the ob-
tainable lateral scan range, the influence of alignment errors,
as well as aberrations of the optical system in advance. For
the simulation, the orientation, position and optical param-
eters, e.g. focal length, of the used components are initially
defined. Based on these settings, the simulation program
(type: Matlab, Mathworks, USA) calculates the resulting
optical path.

To observe the same scan area at the start and end of the
measurement range, the incident laser beam needs to be par-
allel to the object plane. The observable lateral scan area
is maximized, if the laser beam is congruent with the ob-
ject plane, since the field of view of the imaging system is
designed to capture the object plane. As discussed in Sec-
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Figure 3: Simulated lateral scan area of both system designs at
the start, mid and end of the measurement range. The center
of the scan area changes over the distance for the SIS.

tion 1, a sharp projection of the scattered laser spot on the
sample onto the detector is necessary, to precisely determine
the distance between sensor and sample. For point or line
triangulation sensors this can be realized by aligning the ob-
ject, lens and image plane according to the Scheimpflug con-
dition. For a three dimensional measurement system, how-
ever, the position and orientation of the object plane changes
during the scanning motion, such that it is difficult to fulfil
the Scheimpflug condition. By placing the mirror surface
of the FSM on the intersection line of the lens and image
plane the condition can be satisfied at each measurement
point [20], since the object plane rotates around the inter-
section line. The schematic setup of this scanned illumi-
nation path system maintaining the Scheimpflug condition
(SISMSC) is shown in Fig. 2(c). Figure 3(b) depicts the
calculated lateral scan area of the SISMSC. As can be ob-
served, the scan area only expands towards larger distances,
such that the scan area at the start of the measurement range
can be captured over the entire measurement range.

3. System Description and Image
reconstruction

3.1. System Description

A laser line sensor (type: LLT 2810-25, Micro-Epsilon
GmbH, Germany) with a measurement range of 25 mm and
resolution of 10 um is selected as starting point for the scan-
ning system. From the sensor only the lens set, detector and
evaluation unit are used. The surface of the sample is illu-
minated by a laser beam, which is generated from a dot laser
module. To change position of the laser spot on the sample,
the orientation of the laser beam is manipulated by means of
an FSM. For the used laser line sensor, the intersection line
is too close to the circuit board of the evaluation unit, such
that the FSM surface cannot be positioned directly on the
actual intersection line, as described in Section 2. By insert-
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Figure 4: Schematic setup of the scanning triangulation sys-
tem with characteristic dimensions. The position of the laser
spot on the sample can be manipulated by the FSM. Through
the static mirror, the FSM is optically positioned on the inter-
section line.

ing an additional static mirror between the FSM and sample,
as depicted in Fig. 2(d), the optical path between the static
mirror and laser source can be folded around the surface of
the static mirror, such that the FSM is optically placed on
the intersection line. As can be observed in Fig. 4, the dis-
tance dpg,, between FSM and static mirror has to be equal
to the distance between static mirror and intersection line.
This distance together with the angular range of the FSM
determines the required aperture size of the static mirror.

To manipulate the illumination path a novel high per-
formance compact FSM is used [21]. The system dimen-
sions are as small as 32 x 30 mm. The orientation of the
FSM ¢ and static mirror is 45° with respect to the xz-plane,
to enable good alignment of the system components. The
outer diameter of the compact FSM is 32 mm, such that
the distance d gy, is selected to 20 mm. At this distance a
static mirror (type: PF05-03-PO1, Thorlabs Inc., USA) with
an aperture size of 12.7 mm is sufficient to redirect the laser
beam to the sample over the entire scan range.

3.2. Image Reconstruction

The measured quantities consist of Agp, Ad, which are
the angular positions of the FSM around the x-, yz’-axis,
and z,,,,,, which is the distance measured by the laser line
sensor. As can be observed in Fig. 4, the distance z,,,,, mea-
sured by the sensor is acquired in the xz-plane, such that the
reconstructed distance only corresponds to the distance be-
tween sensor and sample z, at y = 0 mm. To reconstruct the
surface profile of the sample from the measured quantities,
geometrical relations need to be determined.
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The lateral position of the laser spot on the sample can
be calculated with vector arithmetic. The direction dy, of the
laser beam generated from the laser dot module can be given
by

0
a= 0 [ 2)
-1

The direction of a reflected laser beam dgep can be calcu-
lated with the Housholder matrix [22] to

dRefl = <E - 2nMirrnMirrT) dInc’ 3)

in which nyy;,.. describes the normal vector of the mirror and
dy, the direction of the incoming laser beam. The normal
vector of the FSM can be described by the roll pitch yaw
angles [23] in the following form

T

0 1 0 0 CAS 0 SA&
—Sprap| O 1 0@
Co+rp IL75A9 0 cag

ve [URY
1| (0

Co+ap
Sp+Ag

with ¢; = cos(i), s; = sin(i), Ag and A the angular position
of the FSM around the x and yz’-axis, respectively. Solving
this equation leads to

—cos(@ + Ap) sin(A)

sin(e + Ag) . )
cos(@ + Ag) cos(AY)

DEsM=

The roll pitch yaw angles can also be used to determine the
normal vector of the static mirror, which can be given by

0
ngy=| —\/5 . ©)
-2
By applying (3) for the FSM and static mirror, the lateral

position x, and y, of the laser spot on the sample in the
x and y-direction can be calculated to

_ tan(A9)
Xy =2 ———— (72)
sin(g + A)
1 —2cos2(A8) cos?(p + Ap)
ys = ZS

2 cos2(A9) cos(@ + Ap) sin(p + Ap)’

with z the distance between sensor and sample in the ob-
ject plane of the sensor. The measured distance z,,,,, and
the distance z; can be linked with the similarity theorems
(see Fig. 4) in the following form

Ve —Z Z,—Z
meas lens s lens
(®)

Yiens Yiens = Vs '
in which y,,,, and z,,,, are the position of the lens in the
y and z-direction, respectively. By rearranging (7) and (8),
the surface profile which is described by x,, y, and z, can
be calculated from the measured quantities in the following
order

_ 1 — 2 cos2(A8) cos2(p + Ap)
Y7 2cos2(A8) cos(p + Ag) sin(p + Ag)

(%9a)

(7b)
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Figure 5: Obtainable lateral scan area of the scanning sys-
tem. The lateral scan range increases towards the end of the
measurement range.

Zmeas * Viens
z = (9b)
: Viens T ky : (chas - zlens)
tan(A9
X, =2z, - _tan(a9) (9¢)
sin(p + Ag)
o=z, k. ©d)

The measurement range z; of the laser line sensor is between
106 mm and 131 mm. Figure 5 shows the obtainable lateral
scan area (calculated with (9)) for an actuation range of +3°.
As can be observed, the lateral scan area increases towards
the end of the measurement range, due to the tilted angle of
incident. The lateral scan area is not squared, since both pa-
rameters x, and y, are dependent on both angular positions
Ag@ and AJ. Furthermore, the obtainable area is not equal
for the x and y-direction, which is caused by the orientation
of the FSM (¢ = 45°). A lateral scan area of 15 x 23 mm can
be observed over the entire measurement range. The maxi-
mum lateral resolution of the scanning system is determined
by the laser spot diameter on the sample. The laser spot size
on the sample is 60 ym in the center of the measurement
range and expands to 250 ym towards the edges of the mea-
surement range, due to divergence of the Gaussian beam.
Adapting the focus of the laser, such that a smaller spot size
(e.g. 30 um) is achieved in center of the measurement range,
would lead to a much larger spot size (e.g. 486.5 um) at the
edges of the measurement range. For a scanning system with
a smaller measurement range, a smaller spot size and sub-
sequent higher resolution can be achieved, since the length
of the illumination path varies less between the center and
edge of the measurement range. The angular resolution of
the FSM (1 mdeg) has only a minor effect on the achievable
lateral resolution, since the resulting position error (4.5 pm)
is low as compared to the laser spot size. The resolution in
the z-direction is mainly determined by the used laser line
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Table 1
Influence of a misalignment on the scan pattern.

Laser
Parameter Xp yr z; @r 9,
Shift x [mm] -0.1 0 0 0 -0.19
Shift y [mm] 0 01 0 019 0
Std. dev. x [um] 0 4.6 0 8.6 0.4
Std. dev. y [um] 4.6 0.2 0 0.7 8.6
FSM
Parameter Xpsm_ Yesm  Zesm Prsm Ipsm
Shift x [mm] 0 0 0 0 0.24
Shift y [mm] 0 01 01 034 0
Std. dev. x [um] 0 0 0 7.8 7.8
Std. dev. y [um] 4.6 6.6 0 1.3 11
Static mirror
Parameter Xsu_ Vs Zsm Psmu Osu
Shift x [mm] 0 0 0 0 -0.19
Shift y [mm] 0 -0.1 -0.1 0.27 0
Std. dev. x [um] 0 4.6 4.6 1 15.5
Std. dev. y [um] | © 66 66 13 11

sensor, which is 10 ym.

3.3. Effects of misalignment

Manufacturing tolerances and misalignment during the
assembly strongly influence the achievable resolution of an
optical measurement system [24]. To verify which parame-
ters are vital during the alignment and to determine the re-
quired tolerances up front, a ray-tracing simulation is per-
formed. For the simulation the position or orientation of
the dot laser module, FSM and static mirror is modified by
0.1 mm or 0.1° from the reference position. Figure 6(a) de-
picts the effects of a misalignment on the scan pattern. As
can be observed, a misalignment leads to a constant shift,
which has no influence on the achievable resolution, and a
distortion (see 6(b)) of the scan pattern. The lateral position
of the laser spot on the sample is calculated using (9), such
that a distortion of the scan pattern can not be obtained by
the measurement system, which leads to an additional mea-
surement error.

15 UX Ox OX O 15 |2 R R

10 10
5 Ox Oox Oox OX _ 5 R o ® ®
2 o 2 o
s 5 Ox Ox Ox OX a 5 ® ® ® ®

O Reference O Reference
-10 X Misalignment, -10 X Misali
45 0% O0x ox Ox L8 @ @ @
-5 .10 -5 0 5 10 15 -1%5 .10 -5 0 5 10 15
X [mm)] X [mm)]

(a) Distortion and Shift (b) Only Distortion

Figure 6: Simulated effects of a misalignment. The calculated
scan pattern is (a) shifted and (b) distorted.

To characterize this error, initially the scan pattern is
calculated with and without a misalignment. Subsequently
the lateral shift, which minimizes the distance between the
points from both calculations, is determined. This lateral
shift is subtracted from the calculated scan pattern with mis-
alignment. The resulting scan pattern is shown in Fig. 6(b).
Finally, for each point the distance between the two corre-
sponding points in the x and y-direction is calculated. Ta-
ble 1 shows the resulting shift and standard deviation of the
error for each component. As can be observed, the orien-
tation and position of the static mirror strongly influences
the achievable resolution, such that this component has to
be aligned with particular attention. A misalignment of ¢
or 9 can, however, be easily identified during the alignment,
since this leads to a shift of the laser spot position during
a movement between the start and end of the measurement
range.

4. System hardware and scan trajectory

Figure 7 depicts the experimental setup of the scanning
system. In order to align the various components accord-
ing to the system design, the laser source is mounted on a
post assembly and the remaining components are mounted
on manual linear stages. To control the FSM a rapid proto-
typing system (Type: DS1202, dSPACE GmbH, Germany)
with a sampling rate of 40 kHz is used. The measurement
of the triangulation sensor is triggered by the dSpace plat-
form, such that the measured distance is synchronized with
the angular positions of the FSM.

4.1. Identification

To design tailored feedback controllers for the FSM, a
model of each system axis is necessary. To derive this
model, the system dynamics of the two system axes are
measured with a system analyzer (type: 3562A, Hewlett-
Packard, USA). The current through the coils serve as the

stage

Figure 7: Experimental setup of the optical scanning system
and long time exposure of a low resolution raster scan trajec-
tory.
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system inputs, while the angular positions of the mirror are
the system outputs (see [21]). For the identification the sys-
tem analyzer uses a chirp signal (between 1 Hz and 10 kHz),
with an amplitude of 100 mA [25].

Figure 8 depicts the measured frequency response of the
tip (solid red) and tilt axis (solid magenta). Due to manu-
facturing tolerances the resonance frequency of the tilt axis
is higher (415 Hz) as compared to the tip axis (315 Hz),
such that separate models for each system axis are derived.
Beyond the resonance frequency an increasing phase lag as
well as a slope of -50 dB is observable for both system axes.
This fractional order slope can be explained by eddy cur-
rents in the flux conducting parts of the actuator, which can
be modelled by a lag-lead term [21]. At about 2 kHz the
noise floor of the system is reached at about -60 dB. Fig-
ure 8§ also shows the magnitude response of the cross-talk
frequency responses (dashed dotted green and orange) be-
tween the two system axes. Since the magnitudes are about
16 dB lower as compared to the single axis transfer function
(TF) over the relevant part of the frequency spectrum, each
system axis can be controlled by a single-input-single-output
(SISO) controller. According to [21] the dynamics of each
system axis can be modelled by

eddy current

w2 ~
s+w
P(s)=K - . L. eTe | (10)
s2 4 20yws +awy  StT@Wy =
N P time delay

mass spri‘n,g damper
with the parameters according to Table 2, and DC gains of
Kyp;, = 0.1663 and Ky, = 0.0935 of the tip and tilt axis,
respectively. The time delay of T; = 100us is used to model
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Figure 8: Measured and modelled frequency response of the
tip and tilt axis. The resonance frequencies of the tip and tilt
axis are at 315 Hz and 415 Hz, respectively. The measured
crosstalk between the two axes is about 16 dB lower than the
single axis response.

the entire delay from the current input to the sensor output
including the phase lag of the dSpace platform and sensor
system. The modelled TFs of the tip (dotted blue) and tilt
axis (dashed cyan) are also shown in Fig. 8.

Table 2
Coefficients of the modelled FSM system axes.
Axis | Index | ®ipgex [rad/sl  ingex
Tip 0 1.98e3 0.033
Tilt 0 2.61e3 0.0187
Tip and Tilt 1 6.28e4 -
Tip and Tilt 2 1.26e4 -

4.2. Feedback Control

Based on the parametric nominal model feedback con-
trollers are designed for the tip and tilt axis using an
H,-approach [26, 27]. The controllers are derived by min-
imizing the H-norm of the used extended model of a single
axis. Figure 9 depicts this model, which consists of the con-
troller C, identified system dynamic P and weighting func-
tions W and W, for the sensitivity function and input sen-
sitivity function, respectively. Furthermore, the reference
mirror position r, sensed position p, resulting error e, con-
trol effort u and measurement noise » are observable in the
model. In order to guarantee a sufficient phase margin, the
open loop crossover frequency is selected to 700 Hz. To
enforce a good tracking within the selected bandwidth the
requirements on the sensitivity function is formulated by the
weighting function

W(s) = 0.1 - - Zws 11
5)=01-——,
S S+ Dus

with the crossover frequency z,, = 2z - 700 Hz and
Pws =27 -0.01 Hz. The weighting function Wy has a
tamed inverse high pass behaviour, such that a good track-
ing at low frequencies is achieved [28]. In order to reduce
the control effort at high frequencies the weighting function
Wy, of the input sensitivity function is selected to

+
Wiy (s) = 0.0707 - - Zwx 12)
S+ Duu
-.......4...,W. -,wz n
r e i u
—><?—o—> C o—> P N

Figure 9: Block diagram of the extended model for the deriva-
tion of a feedback controller for one system axis. The weight-
ing functions W and W}, for the sensitivity function and input
sensitivity function are used to shape the controller C.
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with z,,,, = 2z -10kHz and p,,,, = 27 - 100 MHz. This leads
to a low pass behaviour of the resulting system at higher fre-
quencies. With the selected weighting functions and model
of the two system axis, described in Section 4.1, the feedback
controller of both axes can be derived to

3 2
2 2
Hs+a)azi Hs +2Cbziwb1,s+wbz,.
= =
Cis)=V- " = , (13)

2 2
Hs+wap, Hs +2§bp,~a’bp,<s+“’bp[

i=1 i=1

with the coefficients according to Table 3, and the gain
V = 1.374e7 and V' = 1.376¢€7 for the tip and tilt axis,
respectively.

The resulting TF of the controller (dotted green) of the
tip axis is shown in Fig. 10. For low frequencies a high
gain can be observed, such that a zero steady-state error is
achieved. For a high phase margin at the selected crossover
frequency, the phase of the controller increases between
100 Hz and 1 kHz. The measured open loop frequency re-
sponse (dashed red) of the tip axis with the implemented
controller is also depicted in Fig. 10. The crossover fre-
quency of the system is 642 Hz. At this frequency a phase
margin of 40° can be observed, the gain margin of the sys-
tem is 10 dB, such that the open loop gain can addition-
ally increase by a factor of three before the closed system
goes unstable [29]. During operation only the stiffness of
the FSM changes, which is further described in [21]. How-
ever, the crossover frequency of the open loop system is on
the mass line, such that the changing dynamics do not in-
fluence the stability of the closed loop system, as the mass
line is not affected by the change in stiffness (see [21]). At
around 315 Hz a peak in the magnitude response is observ-
able, which matches the resonance frequency of the tip axis.
The control effort at this frequency is only slightly reduced
by the controller.

Table 3
Coefficients of the controller for the tip and tilt axis.
Tip Axis
Index 1 2 3 4
@4z, ., [rad/s] | 1.26e4  1.26e5  6.28¢8 -
@, [rad/s] | 0033 63e4 4.82¢5 9.40¢6
bZ|ndex 0.15 1 - -
Wy, .. [rad/s] | 1.98e3  1.26e5 - -
bPindex 0.87 0.56 - -
@y, [rad/s] | 2.39e4  4.68¢5 - -
Tilt Axis
Index 1 2 3 4
@, [rad/s] | 1.26e4 1.26e5 6.28¢8 -
@, [rad/s] | 0032  63e4 4.79e5 9.53¢6
é"’Zlndex 0.2 1 - -
@z, ., [rad/s] | 2.61e3  1.26e5 - -
BPindex 0.88 0.56 - }
@y, 4o, [r2d/s] | 2.39e4  4.63e5 - .

[ Controller — -Open loop —Closed loop
@ 60k _ |
= Siea o
g 40+ S 4
g -
3 ~<.
2 20f e : 1
gio T~ A
E -2
= 0 ==Z 1
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Figure 10: Measured controller TF (dotted green), loop gain
(dashed red) and complementary sensitivity function (solid
blue) of the tip axis. The crossover frequency of the open
loop system is 642 Hz, with a phase margin of 40°.

Figure 10 also depicts the measured complementary sen-
sitivity function (solid blue) of the system. Due to the low
magnitude of the loop gain at around 300 Hz, the magnitude
and phase of the complementary sensitivity function slightly
decrease around this frequency. By selecting a higher cross-
over frequency, the magnitude of the loop gain could be
increased, such that this decline could be avoided. Due
to the high time delay of the sensor system (100 us), the
crossover frequency can not be increased, without impairing
the phase margin. The achieved -3 dB bandwidth of the tip
axis is 1.4 kHz, the maximum peaking of 2.9 dB is reached
at 400 Hz. For the tilt axis the same -3 dB bandwidth is
achieved, with a slightly higher peaking (3.42 dB).

4.3. Scan Trajectory

Appropriate scan patterns are required to scan the area of
interest on the sample. Raster trajectories are applied in var-
ious applications, like scanning electron microscopes [30],
atomic force microscopes [31] and imaging systems [17]. A
raster trajectory is generated by applying a slow triangular
signal to one system axis and a fast triangular signal to the
other axis. The resulting scan trajectory has a uniform scan
speed and angular resolution [17].

However, a uniform spatial resolution (see Fig. 11(a)) is
favoured for an imaging system. Since the geometrical re-
lations are known (see (9)), the required reference signals
for the fast and slow axis can be calculated up front. For
the optical scanning system an image with 100 x 100 pixels
is desired. Since the sample rate of the laser line sensor is
1 kHz, the scan speed of the fast reference signal is selected
to 10 Hz. For the slow reference signal only the rising half
of the trajectory is used to scan the sample (see Fig. 11(b)),
such that the frequency needs to be 200 times smaller as
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Figure 11: Raster trajectory. (a) demonstrates the dual axis
operation with uniform spatial resolution. The lateral scan
range depends on the distance z, between sensor and sample.
(b) depicts the reference signals for both system axes, which
contain a fast and slow signal component, since both lateral
positions depend on both angular positions.

compared to the fast signal. With the chosen frequencies
of 10 Hz and 0.05 Hz, a frametime of 10 s can be achieved.
It can be seen that the framerate is strongly determined by
the sample rate of the applied laser line sensor. Since the
compact FSM can be operated with the maximum actuation
range of +3° and a triangular signal up until 200 Hz, a fram-
erate of 2 frames per second at a resolution of 100 x 100 pix-
els would be possible.

Figure 11(b) shows the reference signals for both sys-
tem axes, which contain a fast and slow signal component.
This is caused by the dependency between both lateral and
angular positions (see (9)). The lateral resolution should be
equal in the x and y-direction. The achievable scan range
in the y-direction is, however, larger (see Fig. 5), such that
the actuation range of Ad is only +2°. As can be observed
in Fig. 11(b), the actuation range of Ag increases with the
measurement time, which is also caused by the dependency
between the angular and lateral position (see Fig. 5). Fig-
ure 11(a) demonstrates the dual axis operation, with the
selected scan trajectory. As described in Section 3.2, the
achievable lateral scan range depends on the distance be-
tween the sensor and sample, such that the in Fig. 11(a)
shown lateral scan range is scaled by this distance. The actu-
ation range of both axes of the FSM can be selected, such that
large area scans as well as high resolution sectional scans can
be performed.

5. Validation of the measurement results

To evaluate the performance of the scanning system the
hollow cylinder shaped feature on a Duplo brick (type: Du-
plo Brick 2 x 4, Lego, Billund, Denmark), which is shown
in Fig. 12(a), is measured. To validate the measurement re-
sults of the designed optical scanning system, reference mea-
surements are acquired with a mechanical scanning trian-
gulation sensor system, which is shown in Fig. 12(b). As

can be observed, this system consists out of two position
controlled linear stages (type: VT-80 62309160, Physik In-
strumente GmbH, Germany) and a laser triangulation sensor
(type: ILD 2300-100, Micro-Epsilon GmbH, Germany).
Figure 12(c) depicts the measured surface profile of
the optical scan, which features a similar shape to the in
Fig. 12(a) shown sample. An incorrect value at x = 5 mm
and y = 0 mm can be obtained in the surface profile, which
is caused by multiple reflections at the edge of the cylinder.
This type of artefact can be handled by inserting a threshold,
which determines the valid height of the sample. In general
the rough dimensions of the used sample are well known,
since the measurement system is used to determine the devi-
ations from the nominal dimensions. Along the y-axis the
edges of the cylinder do not appear as steep as along the
x-axis. This is caused by shading effects in the optical path
of the laser sensor (see Fig. 4), such that certain areas on
the sample can not be obtained. To reconstruct the surface
profile, the missing measurement points are linear interpo-
lated, which leads to the decreased slope along the y-axis.
The surface beneath the cylinder shaped feature seems to be
slightly bent at y = —5 mm (magenta circle), which is caused
by a defocus of the reflected beam on the detector. As de-
scribed earlier, the FSM is placed on the intersection line,
such that the Scheimpflug condition is maintained. How-
ever, a rotation of the object plane also leads to a rotation

point sensor

5 5

N K Ky ]
X [mm Y [mm Xfmm] 5 5

Y [mm)

(c) Optical scan (d) Mechanical scan

Figure 12: Measurement result. (a) shows the sample and
selected area of interest. (b) depicts the mechanical scanning
triangulation sensor system. (c) and (d) show the measured
surface profile of the optical and mechanical scanning triangu-
lation sensor system. In (c) the surface beneath the sample
is slightly bent (magenta circle), which is caused by the fixed
focal length of lens inside the triangulation sensor.
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of the detector plane (see Fig 1(b)), since the focal length of which achieve closed loop bandwidths of 1.4 kHz. To

the lens inside the triangulation sensor is fixed. The resulting
error can be partially corrected by a correction polynomial,
which was realized in [18], or by applying a varifocal lens.
Figure 12(d) shows the measurement result of the mechani-
cal scan. The edges can be detected more precisely with the
mechanical scanning triangulation sensor system, due to the
different sensor geometry (smaller angle of reflection) and
the constant incidence angle of the illumination path.

To validate the achievable system performance of the op-
tical scanning system the height of the hollow cylinder is
determined. To calculate this height, only points which are
on top of the feature should be used for the calculation. By
applying a threshold for the height (80% of the maximum)
points which are on the plane beneath the feature can be re-
moved from the used data set. Artefacts caused by multiple
reflection, would strongly influence the calculated height.
Therefore, the height of the feature needs to be roughly deter-
mined in advance, which is realized by calculating the me-
dian value of the data set. The median value is hardly influ-
enced by artefacts, such that this calculation method is more
robust compared to a mean value calculation. Finally, for
the data points which are within +1% of the median value,
the mean value and standard deviation is calculated. For the
mechanical scan triangulation sensor system the height is de-
termined to 4.493 mm with a standard deviation of 23.9m.
This height is determined with the optical scanning system
to 4.44 mm with a standard deviation of 24.5 ym, which
agrees to the result of the mechanical scan. To capture a sin-
gle point with the mechanical scanning triangulation sensor
system takes 0.4 s, such that the measurement time to gen-
erate an image with 100 x 100 pixels is 67 minutes. To scan
the sample with the same resolution takes only 10 s for the
optical scan, such that the overall measurement time can be
reduced by a factor of 400 compared to a mechanical scan-
ning triangulation sensor system.

In summary the design of an integrated optical scan-
ning triangulation sensor system is successfully validated,
enabling comparable measurement results at a 400 times
higher scan speed as compared to a mechanical scanning tri-
angulation sensor system.

6. Conclusion and Outlook

This paper presents the development and evaluation of
an integrated optical scanning laser triangulation sensor. To
maintain the Scheimpflug condition, the FSM is placed on
the intersection line of the lens and image plane. With the
determined geometrical relations the surface of the sample
can be reconstructed from the measured data. At the start
of the measurement range a lateral scan area of 15 x 23 mm
can be observed, which expands towards the end of the mea-
surement range. Using ray-tracing simulations, the influence
of misalignment on the achievable lateral resolution, which
is 60 ym at the maximum, is analyzed. Based on the iden-
tified system dynamics, feedback controllers for both sys-
tem axes of the FSM are designed, using the H  -approach,

scan the sample a scan trajectory, which generates a uni-
form spatial resolution, is applied, such that an image with
100 x 100 pixels is acquired in 10 s. To validate the sys-
tem performance reference measurement with a classical
mechanical scanning triangulation sensor system were per-
formed. The measurement results show, that the calculated
height of 4.44 mm and standard deviation of 24.5um of the
optical scan matches with the results of the reference mea-
surement which is 4.493 mm and 23.9um. However, the
measurement time can be reduced by a factor of 400 through
the optical scan. Future work focuses on the correction of
the error caused by the fixed focal length, as well as further
system evaluation with resolution test targets.
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