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Optical scanning of a laser triangulation sensor for
3D imaging
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Abstract—In scan-based 3D systems the achievable measure- is smaller as compared to a classical mechanical scanning
ment time is strongly restrained by the moving mass. This gystem, which leads to a lower measurement time [15], [16].
limitation can be relaxed, by scanning the optical path instead Additionally, the optical scanning system forms a compact

of moving the entire sensor, such that a higher measurement it h that imolified int i in th t
speed can be achieved. This work deals with the design, control unit, suc at a simplilied 1ntegration 1n the measuremen

and the measurement results of a scanning triangulation sensor application can be realized [16]. Such optical scanning systems
in which the illumination and reflection paths of the sensor are have already been developed for confocal sensors [17] and
scanned by a fast steering mirror (FSM). The system architecture  ]aser line sensors [16].
is determined using ray-tracing simulations, such that the per-

formance of the scanning system can be determined in advance.

To scan the area of interest with the FSM, conventional raster MOVING Part sy Triangulation
trajectories as well as Lissajous trajectories are employed, which [] ; : ; sensor
prqvnde an early overview of the scan area. For tracking !hese _hyhR - - sample
trajectories, PID and dual tone controllers are used, respectively.

Experimental results demonstrate that for both scan trajectories T & N '

the sample can be captured correctly, with a framerate of one Triangulation N\ \M"'”g part

frame per second, a maximum spatial resolution of 130 xm and sensor ’
a field of view of 11.5x18.5 mm. sample

Index Terms—3D sensor, laser sensor, system analysis and (2) Mechnical scanning motion (b) Optical scanning motion
design, scan trajectories

linear axis

scanning mirror

Fig. 1. Schematic setups of scanning sensor systems. (a) shows a conventional
system, which varies the position of the sensor. (b) depicts an optical scanning
system, in which the optical path of the sensor is manipulated by a scanning
mirror.

I. INTRODUCTION
To meet the increasing quality requirements in produc-
tion processes, high-resolution three-dimensional measure- Due to their large measurement range as well as their high
ment systems are required [1]-[5]. Many of these systems are ~resolution, laser triangulation sensors are one of the most
based on optical measurement principles, as in addition to the ~commonly used optical sensors in dimensional metrology and
high resolution, a high measurement speed can be achieved quality control tasks [18]. The sensor projects a collimated
[6], [7]. Optical measurement systems are available as point light beam on the sample [10], [19]. At the point where the
sensors, line sensors or 3D scanners. The measurement range beam irradiates the sample, light is scattered. This scattered
of 3D scanners can reach from a few millimeter for structured light is imaged onto the detector, by means of a lens. With the
light sensors, up to several hundred meters for time of flight ~measured lateral position of the projected point on the detector
based sensors [8]. The achievable resolution is, however, and the geometry of the sensor the distance between the sensor

limited to several millimeters for a time of flight sensor [9] and the sample can be determined [20].
and 10um for structured light sensors [10]. Point and line Most often rotating polygons or galvanometers are used as
sensors can overcome this limitation and achieve resolutions scanners in optical scanning systems [16], [21]. The drawbacks
up to a few nanometre [11]. To generate a three-dimensional —of these systems are the large rotational inertia and the poor
image with an optical point or a line sensor, they are frequently ~linearity during fast linear scanning [22]. MEMS scanners
combined with external actuators, like coordinate measure- achieve high resonance frequencies as well as large actuation
ment machines [12] or linear stages [13] to enable a scanning ranges, but their application in scanning systems is limited due
motion [2]. In such mechanical scanning systems the location to the small aperture size [23]. Fast steering mirrors (FSMs)
of the sample, sensor (Fig. 1(a)), or even both is varied feature a small rotational inertia as well as a fast response
[14]. Therefore, the achievable measurement time is strongly time [22]. Due to their compressed design, it is additionally
determined by the actuation force and thus the positioning possible to integrate them into compact scanning systems [16],
bandwidth of the actuators. Manipulating only the optical path  [24]. They are driven by either electromagnetic [25], [26] or
(Fig. 1(b)) of the optical sensor can resolve this limitation, piezoelectric actuators [27], resulting in a large actuation range
since the moving mass of such an optical scanning system or a larger bandwidth, respectively. To scan the laser spot over
the area of interest scan trajectories are required. Raster and
The a_utho;s are with the Christian Doppler Laboralor){ for Precision Lissajous-based scan trajectories are commonly employed in
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scanning systems, like scanning probe microscopy (SPM) [28],
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force microscopes (AFMs) [31]. B. Geometric relations for data reconstruction

The contribution of this paper is the design, the integration In conventional mechanical scanning point sensor systems,
and the control of an optical scanning triangulation sensor the position of the sample or sensor is manipulated by external
system, which achieves a high image quality with a low position controlled actuators. Thereby, the surface profile of
moving mass. The system architecture and the geometrical the sample, described by the absolute values x,, ys and
relations of the scanning laser triangulation sensor are derived | can be directly reconstructed, from the position of the
in Section II. The experimental setup and the implemented  actuators and the measured distance. In the proposed optical
scan trajectories are shown in Section III. To track the desired  scanning system the measured variables include the value
trajectories, feedback position controllers are designed in = which is acquired by the triangulation sensor and the
Section IV. The measurement results are validated in Section  angular positions Aa and AS of the FSM. Since the surface
V and Section VI concludes the paper. profile cannot be directly obtained from these quantities, the

geometric relations to calculate the absolute values from the
measured quantities need to be evaluated [16].
II. SYSTEM DESIGN

A. Simulation #‘L"
i
. . . . ' sample
Potential system architectures of the optical scanning system : P
can be evaluated in advance by using ray-tracing simulations. |
This enables a quick and easy comparison of the crucial l'
parameters of the system, like the achievable lateral scan ]

S
S

range or aberrations and errors due to misalignment. For the
simulation the properties and positions of all optical compo-
nents are set in advance. Based on these specifications, the
ray-tracing simulation software (Matlab, Mathworks, Natick,
USA) calculates and depicts the resulting ray path.

The scanning system should achieve a lateral scan range in
the tenths of millimeter range. Since FSMs achieve a angular
range in the single digit range, the sample must be sufficiently
far away from the sensor to obtain the selected scan area,
such that a sensor with a measurement range of 100 mm is
selected. The laser triangulation sensor (Type: ILD 2300-100,
Micro-Epsilon GmbH, Germany) forms the base for the system
architecture. To observe the diffusely scattered point over the \
entire lateral scan range, the illumination and reflection path
are manipulated by the FSM. Since the wavelength of the laser
beam is large compared to the roughness of the mirror surface,
the basic measurement geometry from the perspective of the
triangulation sensor is not affected. As a result, the system
architecture satisfies the Scheimpflug condition, leading to
a sharp projection of the diffusely scattered point from the
sample onto the detector at every point of the scan area
[20]. Fig. 2 shows the results of the ray-tracing simulation
for the optical scanning system for different lateral positions.
The position of the laser spot on the sample is manipulated
along the y or z-axis, by tilting the mirror surface around Ay = zpsutan(a) — tan(a — Aa)], (1
the x or yz’-axis, respectively. Commercial FSMs are mostly
available with round or slightly elliptical mirrors of a specific
diameter, e.g. one inch, two inches. To maintain the basic
measurement geometry of the sensor, both optical paths need
to be manipulated by the same mirror. The distance between
sensor and FSM strongly affects the achievable lateral scan
range of the scanning system [16]. In order to manipulated
both optical paths close to the sensor, a mirror with an 0 =90° — 200 — 2A« (2a)
aperture size of two inches (Type: OIM102, Optics In Motion _

LLC, Long Beach, USA) is used. The lateral scan range is v =(246) cos(a +Aa), (2b)
maximized, if the mirror is placed parallel to the yz’ plane, in which A« and AS represent the deviations from the
which is tilted by 45° with respect to the z-plane. initial angular position of the mirror around the z and y2’

€

7
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Fig. 2. Illustration scheme for ray tracing process in the triangulation sensor.

The determination of these relations is based on the
schematic shown in Fig. 2. Since the laser beam emitted from
the sensor does not hit the center of the FSM, an additional
translational shift in the y-direction occurs [16]. This lateral
displacement Ay, shown in Fig. 2, can be calculated by

with zpars the position in z-direction and « the orientation of
the FSM. To calculate the absolute values, the two angles ¢
and ¥ of the laser beam reflected from the FSM are required.
The angle ¢ is located in the yz plane (shown in Fig. 2), while
the angle ¥ is located in the xz plane. By using the law of
reflection [20], the two angles can be calculated to
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axis (shown in Fig. 2). With trigonometric functions the geo-
metrical relations for the scanning laser triangulation system
can be derived to

Ts =[Zmeas — Yrsm — Ayl cos(p) sin(9) (3a)

Ys =[%meas — yrsm — Ay]sin(p) cos(?) (3b)
—yrsm — Ay

2s = — |#meas — Yrsm — Ay] cos(p) cos(V), (3¢)

with yrgas the position of the FSM in y-direction and 2zy,eqs

the distance measured by the sensor (blue dash-dotted line).
To avoid a collision between FSM and sensor the distances
yrsy and zpgar, depicted in Fig. 2, are set to 10 mm and
16.5 mm, respectively. As described earlier, the lateral scan
range is maximized, if the orientation of the mirror around
the z-axis « is 45°. The field of view of the measurement
system is 4.3x8 mm at the minimum distance z; of 60 mm
and expands to 11.5x18.5 mm towards the lower end of the
measurement range of 158.8 mm.

III. SYSTEM HARDWARE AND SCAN TRAJECTORIES
A. Experimental setup

Fig. 3 shows the experimental setup of the scanning laser
triangulation sensor. As can be observed, the laser sensor and
the FSM form a compact unit, such that the system can be
easily integrated in the measurement application. The laser
sensor is mounted on top of two manual linear stages, in order
to align the various components with respect to each other.
Initially the illumination beam of the laser sensor is positioned
on the lower right corner of the FSM. Since the dimensions of
the FSM are known, the laser sensor can then be positioned
according to the chosen parameters for ypsys and zpsps.
Each axis of the mirror is actuated by two voice coil actuators
with moving magnets and static coils. In order to control the
current through the coils, two custom made current amplifiers
(Type: OPA544T, Texas Instruments Inc., Dallas, USA) with
a bandwidth of 10 kHz are used. The angular position of the
mirror is measured by an internal optical sensor system. Since
the sensing and actuation axes of the FSM are rotated by 45°,
a rotation matrix, to transform the actuation signals in the
sensing axes, is required. This matrix is implemented in a
dSpace platform (Type: DS1202, dSPACE GmbH, Germany)
with a sampling rate of 20 kHz.

B. Identification of fast steering mirror

To design a tailored feedback controller for the FSM,
the system dynamics of the system must be determined. To
identify these dynamics a system analyzer (Type: 3562A,
Hewlett-Packard, Palo Alto, USA) is used. The inputs of the
analog current controllers and the angular positions of the
mirror, serve as the system inputs and outputs, respectively.
In Fig. 4, the measured frequency response data (dashed blue)
of a single axis of the FSM is shown. Since the structure
of the FSM is symmetric the frequency response of both axes
are identical (data not shown). The crosstalk magnitude (dash-
dotted green) between the axes is over the relevant part of the
frequency spectrum 20 dB lower as compared to the single

I sample

/ laser sensor

current controller
and amplifier

fast steering mirror

manual linear stage

Fig. 3. Experimental setup of the scanning laser triangulation sensor. To align
the sensor according to the ray-tracing simulation two manual linear stages
are used.

axis transfer function, such that the use of one single-input-
single-output (SISO) controller per system axis is justified.

Fig. 4. Measured and modelled frequency response of a single system axis.
The natural frequency of the mass-spring-damper system is 22.4 Hz. The
measured crosstalk between the two axis is about 20 dB below the single
axis response.

The dynamics can be modelled by a mass-spring-damper
system with time delay
Kuw?

Gls) = 52 4+ 2Cws + wfe
in which K=11.4 is the DC gain, ws=140.68 rad/s is the
first resonance frequency, (=3.21e-2 is the damping ratio and
To,=50 ps is the sampling time of the dSpace platform. The
modelled frequency response (solid red) is also depicted in
Fig. 4. To select appropriate drive frequencies to scan the area
of interest, the maximum frequency of a sinusoidal signal, at
which the full scan range of the FSM can still be reached,
has to be determined. This frequency is limited by the power

—sT,

“
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dissipation of the actuator coils (30W), which is reached at
a drive frequency of 52 Hz. If a higher drive frequency is
selected the achievable actuation range and, consequently, the
scan range decreases.

C. Scan trajectories

To scan the area of interest, appropriate scan patterns are
required. Lately Lissajous-based scan trajectories, shown in
Fig. 5(a), have been utilized for precision scanning systems
such as scanning probe microscopy [31]. This trajectory is
generated, by driving each system axis with a sinusoidal signal
of a single frequency. Since the controller only needs to track
the drive frequency of the controlled system axis and reject the
drive frequency of the other system axis, a dual tone controller
can be utilized [32]. Thereby, the tracking performance of
the controller can be improved compared to a classical PID
controller [32]. To determine the two drive frequencies of the
FSM two conditions need to be considered: (i) the maximum
achievable frequency is limited to 52 Hz due to the peak
power dissipation of the FSM and (ii) the frequencies need
to be well separated, in order to minimize inter-axis crosstalk
[32]. According to these conditions the drive frequencies are
chosen to 52 Hz and 27 Hz, such that a framerate of 1 frame/s
and a spatial resolution of 0.058 (with respect to unity image
size) is achieved [33]. The framerate of the scanning system
is relatively low as compared to fringe projection techniques,
which achieve up to 60 frame/s [34], [35]. However, the scan
speed can be further improved by applying a high performance
hybrid reluctance force based FSM [26]. If the maximum
lateral scan range of 18.5 mm is selected to scan the area
of interest, a spatial resolution of 1.07 mm is obtained with
the designed trajectory. For lateral scan ranges below 2.2 mm
the spatial resolution is determined by the 130 pm laser spot
diameter, such that smaller scan ranges do not furhter enhance
the resolution.

(a) Lissjous scan (b) Raster scan

Fig. 5. Trajectories of (a) a Lissajous scan and (b) a raster scan. The spatial
resolution of the Lissajous scan is nonuniform, which can be observed at the
edges of the scan area.

Raster scan trajectories, shown in Fig. 5(b), are the most
commonly employed scan patterns for atomic force micro-
scopes [31], such that the results measured with this trajectory
serve as reference for the Lissajous scans. To generate raster
trajectories, one of the system axes is driven with a slow and
the other one with a fast triangular signal, such that a uniform
spatial resolution and scan speed is achieved [36]. To compare
the measurement results of the Lissajous and the raster scan,

the same spatial resolution and framerate is selected. The
framerate is determined by the frequency of the slow triangular
signal, while the resolution is defined by the frequency ratio
between the two triangular signals. Therefore, the frequencies
for the slow and fast triangular signal are derived to 2 Hz and
34 Hz, respectively.

In Fig. 6 the simulated imaging process over the measure-
ment time is illustrated. Since the raster scan captures the
image line by line, the interesting feature is detected late in the
scan process. Due to the multi-resolution property, the feature
can already be detected at an earlier stage in the Lissajous
case. This can be used to, if necessary, reposition the sample
earlier compared to the raster scan.

Lissajous scan
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Fig. 6. Simulated image process with the Lissajous and raster trajectory. A
preview of the entire scan area is provided and continuously refined by the
Lissajous imaging process. Thereby, interesting features can be to detect early
in the imaging process. In the raster imaging process the image is acquired
line by line.

IV. MOTION CONTROL

To control the system axes of the FSM the cascaded control
structure, shown in Fig. 7, is applied to each system axis.
The identified system G(s) (see Section III-B) consists of the
plant model P(s) and the inner control loop with the analog
current controller C7(s) and the amplifier A(s). Due to the
low crosstalk between the two system axes the use of a SISO
controller C'p(s) for each system axis is justified.

. G(s)

_,? I:)CP(S) L [ C,(s)f—’| AG) }—I‘»{ P() 0,

dSPACE  Current control and physical plant

[C)

Fig. 7. Control structure applied to each FSM axis. The analog current
controller C'; (s) controls the output current of the amplifier A(s). The angular
position ©, of the mover is controlled by the position controller C'p(s).

For tracking the Lissajous trajectory a dual tone controller
[32] is applied to each system axis, as already mentioned in
Section III-C. This motion controller shows a high control
effort localized at the two frequencies as well as a steep roll-on
and roll-of at low and high frequencies, respectively. To design
the controller with an H.,-approach weighting functions for
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the sensitivity and the input sensitivity function need to be
set in advance. The weighting function for the sensitivity
function consists of two inverse notch filters with peaks at
the two drive frequencies, such that a good tracking at these
two frequencies is achieved [32]. For the weighting function
of the input sensitivity function an inverse lowpass and an
inverse highpass are combined. The TF reaches its minimum
between the driving frequencies, such that a reduced control
effort at high and low frequencies is enforced. For the chosen
drive frequencies of f;; =27 Hz and fi5 =52 Hz the tailored
dual tone controller can be derived with an H.,-approach [32]
and results to
2 2

H S+ Waz; H 32 + 2<bz,¢ Whz; S + w521
CDU,(LZ (5) =k- =l : =1

S + Wap,

» 5)

3
H 52 + QCbpq, Whp; S + wl?p,
i=1 Fig. 8. Measured and modelled complementary sensitivity function of a dual

with coefficients according to Table I and the gain k =179.75. tone controlled system axis. Only at 27 Hz and 52 Hz the magnitude is unity.

TABLE II
TABLE 1 COEFFICIENTS OF DESIGNED PID POSITION CONTROLLER.
COEFFICIENTS OF THE DUAL TONE CONTROLLER
Parameter ‘ kp kg k; wi

Index 1 2 3 Value \ 2567 583 34032  4.375¢3 radls
Wazinges [radss] 1.26e6 -7.87
Wap;naer 1ads] | 4.07e4 -
Cozindes -2.65e-3  2.55e-2 achieved, which is sufficient to track the desired raster trajec-
Whz,paes Tad/s] | 2.35e2 1.41e2 tory. Due to the phase margin of 45°, a low gain peaking of
Copinden 6.67e-1  1.00e-4  9.96e-5 2.8 dB at 155 Hz can be achieved.
Wopinges [1adis] | 1134 3272 1.70e2

Fig. 8 depicts the measured and modelled complementary
sensitivity function of the feedback controlled FSM. As can
be observed the single axis TF reaches the 0 dB line exactly
at the two drive frequencies f;; and fj». Furthermore, the
phase lies at 0° at these frequencies, which means that the
reference and output signal are in phase. Due to the positive
and negative 20 dB/dec slope at low and high frequencies,
the sensor noise feedback is decreased [32]. Compared to a
classical PID controller an improved tracking performance can
be achieved [32].

To track the raster trajectories with the low-stiffness FSM
PID controllers are most commonly used [37]. For the tri-
angular drive signals at least the first seven harmonics of
the fundamental frequency need to be covered by the system
bandwidth [38]. Since the frequency of the fast triangular
signal is 34 Hz, a system bandwidth of at least 238 Hz is
necessary. The PID alpha tuning method [39] is used to design
the PID controller for the required crossover frequency f. of
240 Hz in the following form 3.6152e+04 To ensure that a
robust controller design is accomplished an a-value of three
is selected, which leads to the coefficients, for the proportional
gain k,, integral gain k; and the derivative gain kg, listed in

Fig. 9. Measured and modelled complementary sensitivity function of a single
PID controlled system axis. The -3 dB system bandwidth is 422 Hz.

V. VALIDATION OF THE MEASUREMENT RESULTS

To validate the measurement results of the Lissajous scans,

Table II. The differential action is stopped at w;.

In Fig. 9 the measured and modelled complementary sen-
sitivity function of the PID controlled system axis is shown.
With the controller a system bandwidth of 422 Hz can be

various samples are measured and the results are compared to
the results of the raster scan. Fig. 10 shows the measurement
results of a hollow cylinder shaped feature on a duplo brick
(Type: Duplo Brick 2 x 4, Lego, Billund, Denmark), which
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is positioned at a distance z; of 130 mm. To make the
measurement results comparable, a RANSAC algorithm is
applied, which detects the plane area beneath the feature [40].
By subtracting the detected plane from the measurement result,
a tilt of the measurement object can be corrected, as described
in [16]. As can be observed in the sectional view of Fig. 10,
the results of the Lissajous scan show good agreement with the
raster scan. In the sectional view along the y-axis some minor
artefacts at the edges of the feature are observable in both
scans, which are caused by shading effects in the optical path
of the laser sensor (Fig. 2). The illumination path is blocked,
if the edge of the sample along the x or y-axis is steeper than
the angle ¥ or ¢, respectively. During the scan along the y-axis
also the reflection path may be blocked, which is observable
in the sectional view of Fig. 10(d) for the edges at -3 mm and
5 mm. The angle of the reflected beam depends on the effective
distance z; and varies between 71° and 79.1°, such that only
edges with a smaller gradient can be measured correctly.
Blocking of the optical path is detected by the triangulation
sensor and no distance 2,45 is obtained. Such missing points
may be marked in the measured image or interpolated in
order to generate the surface profile. In the surface profiles
a good agreement between the Lissajous scan and the raster
scan is observable. The height of the brick is determined to
4.64 mm with a standard deviation of 225 pm for the raster
scan and 4.678 mm with a standard deviation of 183 um
for the Lissajous scan. The height is also measured with a
classical mechanical scanning system, consisting of the same
laser triangulation sensor and two position controlled linear
stages (Type: VT-80 62309160, Physik Instrumente GmbH,
Germany), resulting in a measured height of 4.663 mm.
The measurements from both scan trajectories show good
agreement with the mechanical scanning system, which has
a resolution of 1.5 pm.

In summary, the feasibility of a rotational scanning laser
sensor is demonstrated and it is shown that Lissajous scans
acquire a comparable image quality as raster scans, providing
an additional benefit for the scanning application due to the
early overview of the entire scan area.

VI. CONCLUSION

In this paper the design, control and the measurement results
of a rotational scanning laser sensor for 3D imaging are
shown. By determining the system architecture of the scanning
system with ray-tracing simulations, the lateral scan range
as well as the optical path can be estimated in advance.
With the geometrical relations the surface profile can be
reconstructed from the measured quantities. If Lissajous-based
scan trajectories are used, an overview of the entire scan area
is provided already after a fraction of the measurement time.
Raster scans are the most commonly employed scan patterns,
such that the measurement results of these trajectories serve
as reference. To track the Lissajous and raster trajectories
tailored dual tone and PID controller, which are based on the
identified system dynamics, are designed. The measurement
results show, that the calculated surface profile of the Lissajous
scan show good agreement with the raster scan and measured

<<

(a) Measurement object (b) Selected feature

(c) Sectional view x-axis (d) Sectional view y-axis

(e) Surface profile raster scan (f) Surface profile Lissajous scan

Fig. 10. Comparison between the raster and Lissajous scan. The artefacts in
the Lissajous scan at the edges are caused by multiple reflections. The results
of the two scans show good agreement.

height of a classical mechanical scanning system. Therefore,
it can be concluded that the rotational scanning motion does
not affect on the achievable precision of the sensor system.
Current research work is concerned with the performance of
the scanning system regarding the achievable resolution and
scan speed.
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