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Abstract— Due to the trend towards small lot sizes and fast
changes of relevant product features in production processes,
the demands for flexible measurement systems with high pre-
cision and throughput are constantly growing. By using optical
scanning sensor systems, e.g. comprising a laser triangulation
sensor and a fast steering mirror, the demands on speed
and precision can be partially satisfied, leaving the flexibility
of adapting to various measurement tasks to be solved. A
common use-case is the need to measure a certain feature
on a sample with a higher spatial resolution than the rest
of the sample. By using machine vision such features can be
detected automatically, enabling an automated adaptation of the
scanning system to the measurement task. This work presents
the combination of an optical scanning sensor system with an
agglomerative clustering algorithm for detecting features and
their dimensions. Based on the identified features, offset and
scan amplitudes for high resolution rescans can be derived,
resulting in a flexible metrology tool. Experimental results show
that several individual features on a sample can be precisely
detected and that an automatically parametrized rescan can
significantly increase the lateral resolution of the acquired
image.

I. INTRODUCTION

Nowadays the fast changes of product features and small
lot sizes of increasingly customized products, like in the
PCB manufacturing or polymer processing, shown in Fig. 1,
increase the need for flexible manufacturing devices [1]–
[3]. At the same time the requirements on the product
quality increase, such that also the demand for high reso-
lution 3D measurement systems is increasing steadily [4].
To meet these requirements and obtain multidimensional
metrology systems, most commonly optical point or line
sensors are combined with external actuators like coordinate
measurement machines [5], linear stages [6], [7] or industrial
robots [8]. The achievable frame rate and spatial resolution
of such component-based translational scanning systems is
determined by the positioning bandwidth and the maximum
force of the used actuators. In the case of optical sensors,
it is, however, also possible to manipulate only the optical
path instead of displacing the entire sensor system. Since the
moving mass of such a compact rotational scanner can be
low compared to a classical translational scanning system,
measurement times can be decreased [9]. Recently such
a scanning system, which consists of a laser triangulation
sensor and a fast steering mirror (FSM), has been proposed
[10].

A common case in measurement applications is that cer-
tain areas on a sample need to be imaged with higher spatial
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resolution than the rest of the sample [11]. This enables for
example to check if the specified tolerances or dimensions
of a feature of interest are satisfied [12]. One approach to
achieve the required resolution in the specified area is to
scan the entire sample with the required resolution. However,
given physical system limitations, the achievable frame rate
can be significantly decreased by this approach. Considering
a constant scan speed the measurement time would increase
directly proportional with the increase in resolution. By scan-
ning just the sub-area containing the feature of interest with
the required resolution, this drawback can be avoided. This,
however, requires an adaptation of the measurement system
to the particular measurement task. Such an adaptation can
typically be realized by either programming or teaching
the features of an individual product to the measurement
system, which is in times of short production cycles and
quickly changing products, however, inefficient and resource-
intensive [12], [13].

(a) (b)

Fig. 1. The increasing number of customized products in (a) PCB
manufacturing or (b) polymer processing leads to fast changes of relevant
product features, such that flexible manufacturing devices are required.

Using machine vision, the individual features on a sample
can be recognized and rescanned adaptively, without the
need to statically tailor the measurement task to the spe-
cific product sample [14]. Since the features have striking
characteristics like gradients in height or color, the interest
points of various features can be detect with point detection
algorithms (e.g. harris point detection) [15]. The assignment
of individual interest points to one feature is, however,
difficult [16]. This issue can be solved by employing clus-
tering algorithms, with k-means or agglomerative clustering
algorithms being most commonly used for multiple feature
detection [17]. From the result of the clustering algorithm,
the center point as well as lateral dimensions of each feature
can be derived. Since the scan trajectories of the optical
scanning system are freely selectable, they can be adapted
to the required resolution and the derived dimensions of the
individual feature.

The contribution of this paper is the automated adaptation
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of a novel optical scanning system for 3D metrology with a
clustering algorithm, to detected and rescan features without
any information about the sample, leading to a flexible
metrology system. In Section II the experimental setup of the
scanning system is presented. To calculate the surface profile
from the measured data, the geometrical relations are derived
in Section III. The approach to detect the individual features
is presented in Section IV, followed by the experimental
results shown in Section V. The paper is concluded in
Section VI.

II. SCANNING LASER TRIANGULATION SENSOR SYSTEM

A. System hardware

The experimental setup of the optical scanning system,
shown in Fig. 2, consists of a laser triangulation sensor
(Type: ILD 2300-100, Micro-Epsilon GmbH, Germany),
with a measurement range of 100 mm and a FSM (Type:
OIM102, Optics In Motion LLC, Long Beach, USA) with
an aperture size of two inches. To acquire 3D images both
optical paths of the laser sensor are manipulated by the FSM.
By tilting the mirror surface around the x or yz′-axis, the
position of the laser spot on the sample is manipulated along
the y or x-axis, respectively. Both, the illumination and the
reflection path are redirected by the mirror surface, such
that the basic measurement geometry is not affected from
the perspective of the triangulation sensor. As a result, the
scanning system satisfies the Scheimpflug condition, leading
to a sharp projection of the diffusely reflected point from the
sample onto the detector [11].

B. Scan trajectory

To scan a two-dimensional area of interest an appropri-
ate scan trajectory is required. Raster scan trajectories are
commonly employed scan patterns [18]. They are generated
by driving the system axes of the FSM with one slow and
one fast triangular signal, resulting in a uniform scan speed
and spatial resolution. To track the triangular signal at least
the first seven harmonics of the fundamental frequency need
to be covered by the system bandwidth [19]. A high spatial
and temporal resolution requires a high system bandwidth,
which is challenging as it is typically limited by structural
modes of the system [19].

Recently also Lissajous trajectories have been applied to
precision scanning systems, such as atomic force micro-
scopes [20]. To generate these trajectories each system axis is
driven with a sinusoidal signal of a single frequency, with the
frequencies determining the spatial and temporal resolution.
Due to their multi-resolution property an early overview of
the entire scan are is generated and is continuously refined
with evolving scan time. The simplicity of the driving signals
further enables a tailoring of the scanner dynamics, such that
with resonance carefully tuned to the drive frequencies the
energy consumption can be significantly decreased [21]. Due
to these advantages, especially the multi-resolution property,
a Lissajous trajectory is used for the scanning triangulation
sensor system.

For choosing the two drive frequencies two conditions
need to be considered: (i) the maximum achievable fre-
quency, at which the entire actuation range is still available,
is limited to 52 Hz by the maximum actuator current of the
FSM and (ii) to reduce the crosstalk between the two system
axes the frequencies need to be well separated. According
to these conditions the two driving frequencies 52 Hz and
27 Hz are chosen, such that a framerate of 1 frame/s and a
spatial resolution of 0.058 (with respect to unity image size)
is achieved.

C. Motion control

Since the controller only needs to track the driving fre-
quency of the controlled system axis and reject the driving
frequency of the other system axis in the case of the applied
Lissajous trajectory, a dual tone controller can be used [21].
The loop gain of the system with dual tone controllers
shows high gain values only at the two drive frequencies
and quickly decreasing gains towards lower and higher
frequencies, which reduces sensor noise feedback [20]. The
controllers are implemented on a dSpace platform (Type:
DS1202, dSPACE GmbH, Germany) with a sampling rate of
20 kHz. The measured distance of the triangulation sensor
as well as the position of the FSM are also acquired and
processed using the dSpace platform. Fig. 2 also shows
manual linear stages that are used to align the sensor, with
respect to the FSM.

Fig. 2. Experimental setup of the scanning laser triangulation sensor. Both
optical paths of the laser sensor are manipulated by the FSM. To align the
sensor two manual linear stages are used.

III. GEOMETRICAL RELATIONS FOR DATA
RECONSTRUCTION

The measured quantities of the scanning system consist
of the distance zmeas which is acquired by the triangulation
sensor and the angular positions ∆ϕ, ∆ϑ of the FSM. Since
the surface profile of the sample is described by the absolute
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values xl, yl and zl, the profile cannot be directly obtained
from the measured quantities. By deriving the geometrical
relations the surface profile can be calculated from the
measured values. The calculation of these relations is based
on the setup geometry of the scanning system, shown in
Fig. 3.
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Fig. 3. Schematic setup of the scanning system. As the illumination path
does not hit the center of the mirror, an additional lateral displacement ∆y
needs to be considered. The total length of the dashed-dotted line (green)
represents the measured distance zmeas.

As depicted in the setup geometry, the illuminating laser
beam does not hit the center of the FSM, such that there is
an additional translational displacement of the mirror surface,
and the measurement spot on the sample, in the y-direction.
This additional displacement can be considered by

∆y = zmir[tan(ϕ) − tan(ϕ− ∆ϕ)], (1)

with ϕ the orientation of the FSM and zmir its position in
z-direction. To determine the position at which the emitted
laser beam hits the sample, the two angles of reflection from
the FSM in the yz and xz-plane are required. By using the
law of reflection the angles can be calculated to

θ =
π

2
− 2ϕ− 2∆ϕ (2a)

γ = (2∆ϑ) · cos(ϕ+ ∆ϕ), (2b)

with ∆ϕ and ∆ϑ the angular positions of the mirror around
the x and yz′-axis, respectively. By using trigonometric
functions the geometrical relations of the optical scanning
system can be derived to

xl =[zmeas − ymir − ∆y] cos(θ) sin(γ) (3a)
yl =[zmeas − ymir − ∆y] sin(θ) cos(γ)

− ymir − ∆y (3b)
zl = − [zmeas − ymir − ∆y] cos(θ) cos(γ), (3c)

with ymir the position of the FSM in y-direction and zmeas

the measured distance (dash-dotted line, green). The param-
eters of the scanning systems are selected to maximize the
achievable lateral scan range. This is achieved by choosing
the angular orientation ϕ to 45◦ and positioning the FSM as
close as possible to sensor. To avoid a collision between
sensor and FSM the distances ymir and zmir are set to
10 mm and 16.5 mm, respectively. Since the actuation range
of the FSM is ±1.5◦, a lateral scan range of about ±8 mm
is obtained.

IV. FEATURE DETECTION

To detect the individual features on the sample, most
commonly k-means or agglomerative clustering algorithms
are used [15], [16]. For the k-means algorithm the number
of clusters is predefined, such that the algorithm must be
adapted if the number of features on the sample changes
[17]. However, for the agglomerative clustering algorithm
only the maximum distance between two points is set in
advance. Since the dimensions of the features generally do
not change within a product group, this parameter can be
kept constant even if the number of features changes.

The agglomerative clustering algorithm initially assumes
that each data point is a cluster. Subsequently the two closest
clusters are merged to a new set which consists of both
previous clusters and the previous clusters are removed. This
process is repeated until the distance between the two closest
clusters is larger than a predefined maximum distance [16].
Thereby, each data point in an image is assigned to a cluster
and each cluster represents a feature on the sample [15].

The calculation time of the clustering algorithm is strongly
determined by the number of measured points [15]. By
sub-sampling the entire acquired image, the computational
time can be reduced without significantly influencing the
result [22]. A more efficient approach is to already employ
the multi-resolution property of the Lissajous trajectories
and acquire only a low-resolution image of the sample for
the feature detection. This approach reduces not only the
computational time but also the measurement time.

After the clustering algorithm has converged, the required
scan area as well as the center point of each feature can be
determined. Each cluster is examined for the minimal and
maximal position in x and y-direction and the resulting scan
area is enlarged by a factor of 1.2, in order to assure that
the complete feature is rescanned. By rearranging Eqns. 3
to obtain ∆ϑ and ∆ϕ, the required offsets and scan ampli-
tudes in x and y-direction for each feature are determined.
Besides the scan amplitudes, the spot diameter of the used
triangulation sensor represents the ultimate limitation for the
highest lateral resolution that can be achieved. As a result,
it must be considered that the resolution of the determined
scan trajectory is larger than the spot diameter, as otherwise
only the measurement time is increased.

V. EXPERIMENTAL RESULTS

To validate the automated feature detection and trajectory
adaptation of the scanning triangulation sensor system a PCB
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sample containing a transistor and two SMD resistors is used
(shown in Fig. 4(a)). Initially an overview measurement of
the entire sample, shown in Fig. 4(b)), is acquired with the
optical scanning system and the already described geometri-
cal relations.

(a) Measurement object (b) Surface profile of the sample

Fig. 4. Measurement sample. (a) shows an image and (b) the measurement
result of the overview scan.

The agglomerative clustering algorithm is applied to the
acquired image to obtain center points and dimensions of
the various features. To detect the individual features the
maximum distance between the clusters is set to 0.3 mm,
which is appropriate since each dimension of the different
components is larger then 1 mm. In Fig. 5 the result of
the clustering algorithm is depicted. Each detected cluster,

Fig. 5. Result of the clustering algorithm. All three features (one transistor,
two SMD resistors) were detected separately. Also the center of each feature
is shown (black dot).

equaling a separate feature, is displayed in a different color
together with its calculated center of gravity (black). Com-
pared to the image of the sample in Fig. 4(a) the clustering,
results in objects of similar shape, position and orientation.
The position (center of gravity) and lateral dimensions of
the detected features are listed in Table II. With the lateral

dimension and Eqn. 3 the required offset and scan amplitudes
for each feature are determined. The effective maximum
lateral resolution for the rescan of two selected components
with the chosen scan trajectory are listed in Table I. The
resolution in the z-direction is determined by the laser
triangulation sensor, leading to a constant resolution for the
different scans.

TABLE I
RESOLUTION OF THE DIFFERENT SCANS.

x [µm] y [µm] z [µm]

Sample 483 548 30

First Feature 225 226 30

Second Feature 159 128 30

To reduce number of measurement points and thus the
computational time of the clustering algorithm, a sub-
sampled measurement of the entire scan area can be used.
Due to the multi-resolution property of Lissajous trajectories
the measurement can be stopped after a fraction of the entire
frame time, resulting in a lower resolution measurement of
the entire scan area. For evaluation an overview image of
the entire sample, acquired in 0.25 s (one quarter of the scan
time), is fed to the clustering algorithm. This reduces the
computational time from 1.48 s to 0.237 s, which equals a
reduction by a factor of 6.2. The calculated centers of gravity
of all clusters are shown in Fig. 5 (black circles) and listed in
Table II. The maximum shift of the center points compared
to the full-resolution image is 0.11 mm. Since the scan area
is enlarged by a factor of 1.2 and the smallest detected lateral
dimension is 1.6 mm, a rescan with the obtained parameters
still captures the entire feature.

TABLE II
CALCULATED DIMENSIONS AND CENTER POINTS OF THE INDIVIDUAL

FEATURES.

Feature 1 Feature 2 Feature 3

xmin -2.72 mm 0.95 mm 1.02 mm

xmax -0.07 mm 2.93 mm 3.3 mm

xcenter -1.44 mm 1.98 mm 2.15 mm

xcenter,Tmess/4 -1.53 mm 2.08 mm 2.14 mm

ymin 0.33 mm -1.68 mm 1.07 mm

ymax 3.34 mm -0.17 mm 3.03 mm

ycenter 1.78 mm -0.94 mm 2.07 mm

ycenter,Tmess/4 1.84 mm -0.98 mm 2.08 mm

The scan trajectories of the overview scan and the rescan
of the SMD resistor are compared in Fig. 6. It can be seen
that the achievable resolution in x and y-direction in case of
the rescan can be improved by a factor of 3.

In Fig. 7 the results of the rescan for the transistor (a) and
one SMD resistor (b) are shown. Compared to the overview
scan shown in Fig. 4(b) the increased level of detail is
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Fig. 6. The scan trajectories for the overview scan (solid, blue) and the
rescan of the SMD resistor (dashed, red) are shown. By rescanning this
feature with the adapted scan trajectory, the achievable resolution can be
significantly increased.

apparent in the resulting high-resolution images. Even the
soldering contacts on the SMD resistor are observable (ma-
genta, circle). If a CAD-model of the sample is available, an
overlay could be used to determined whether the dimensions
and positions of the individual components comply with the
specifications.

(a) Transistor (b) SMD resistor

Fig. 7. The measured surface profile of two detected features (transisor,
SMD resistor) are shown. Even the soldering contacts on the SMD resistor
are observable (magenta, circle).

In summary it was shown that with the proposed scanning
triangulation sensor system features on a sample can auto-
matically be detected and rescanned with a higher resolution,
enabling a flexible adaptation of the measurement system to
an arbitrary task.

VI. CONCLUSION

In this paper an optical scanning system is extended
by an agglomerative clustering algorithm, to automatically
detect features on a sample and rescan them with a higher
resolution. By determining the geometrical relations of the
scanning system, the surface profile of the sample can be
reconstructed from the distance measured with the sensor
and the measured mirror position. Due to the multi-resolution

property of Lissajous trajectories, the scan process for an
overview scan of the entire sample can already be terminated
after a fraction of the entire scan time without loosing critical
information. This reduces the measurement time and number
of measurement points, such that also the computational
time of the clustering algorithm can be decreased without
significantly altering the result. Since the result of the
algorithm only depends on the chosen maximum distance
between the clusters, the algorithm can be easily adapted
to the measurement application. The experimental results
show, that each feature is detected individually and can be
rescanned automatically with a tuned amplitude and offset,
resulting in detailed scan with higher lateral resolution.
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